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Objective. The fate of DNA from bacteria that do not survive in the root canal is uncertain, yet DNA longevity may
confound recovery of authentic etiologic participants in the disease process. This study assessed the recovery of PCR-
detectable DNA in ex vivo human root canals and some environmental factors on the decay of microbial DNA.
Study design. Heat-killed Enterococcus faecalis cells were inoculated into instrumented human root canals ex vivo,
and samples were taken at intervals over 2 years and analyzed by polymerase chain reaction. In an in vitro assay,
heat-killed E. faecalis cells and extracted E. faecalis DNA were inoculated into various media, DNase, and culture of a
DNase-producing species, Prevotella intermedia. Recovery of DNA was assessed by gel electrophoresis.
Results. In ex vivo human teeth, amplifiable DNA was recovered after 1 and 2 years (in 14/15 and 21/25 teeth,
respectively). In vitro experiments showed that extracted DNA incubated in different media (water, 10%-50% sera, and
DNase) progressively decomposed to levels below the detection limit. In corresponding assays, cell-bound DNA was
more resistant to decay.
Conclusion. Amplifiable DNA is preserved after cell death, but the critical determinant is the form of DNA. Free DNA
undergoes spontaneous and enzymatic decomposition, whereas cell-bound E. faecalis DNA persists for long periods.

(Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2010;110:789-794)
Over the past decade molecular methods, particularly
the polymerase chain reaction (PCR) technique, have
been increasingly used to analyze the bacterial flora in
the infected root canal. Compared with traditional cul-
turing methods, the molecular approach targets specific
DNA sequences, which has led to reports of a more
diverse root canal flora in teeth with apical rarefac-
tion.1,2 Sequence-specific DNA of difficult-to-culture
species, such as Treponema denticola and Tannerella
forsythensis have been more frequently reported,3-5 and
previously undetected species, such as Firmicutes spp.,
Bacteroidetes spp., and Tannerella forsythensis, have
been described.2,6-9 The specificity of molecular tech-
niques allows species to be distinguished and charac-
terized with greater resolution than by phenotypic and
biochemical analysis used in classic methods.
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The accuracy of molecular methods depends on care-
ful, contamination-free recovery of DNA from species
genuinely involved in the root canal infection. Under
favorable conditions, DNA can be preserved for long
periods of time, as shown in reports of microbial DNA
recovery of Yersinia pestis from 400-year-old pulp spec-
imens10 and Mycobacterium tuberculosis in a 1,000-
year-old mummy.11 In vitro experiments have shown
that DNA from dead cells of Enterococcus faecalis can
be detected by PCR 1 year after cell death.12

Although all oral bacteria have the potential to in-
vade the pulp space, the specific ecology of the root
canal environment permits only a limited number of
species to survive and multiply. This is reflected by
dynamic changes in the composition of the root canal
infection and apparent loss of some species over time.13

What happens to cell remnants and DNA of dead mi-
croorganisms has been the subject of some specula-
tion.14-16 The kinetics of DNA decomposition from
dead microbial cells is an important but relatively un-
known process, yet there are implications for studies of
endodontic infection involving PCR amplification of
DNA. Should DNA from dead microbes persist, it
could occasionally mean that the recovered DNA re-
flects the history of the infection and that some species
so identified could be of minor or no importance for the
disease. While it has been shown that amplifiable DNA

is recoverable from dead cell cultures after 1 year in
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vitro,12 it is as yet unknown if amplifiable DNA persists
and is recoverable from root canals of human teeth.
Another question of interest is the influence of DNases
released by microorganisms in the neighboring milieu
and whether this affects DNA decomposition.

The purpose of the present study was to assess the
influence of different factors on the decay of post–cell
death E. faecalis DNA. Specifically, the aims were to:
1) assess recovery over time of PCR-detectable DNA in
root canals of ex vivo teeth that were instrumented and
inoculated with dead E. faecalis cells; and 2) assess in
vitro the influence of microbial nucleases on the fate of
microbial DNA.

MATERIALS AND METHODS
Ex vivo experiments

Preparation of bacteria. Overnight cultures of E.
faecalis (strain JH2-2) were harvested, washed, and
resuspended in distilled filtered sterile water. The cells
were heat killed by incubation at 60°C for 36-72 hours
and resuspended in ultrapure water (Sigma, St. Louis,
MO, USA). This method has been previously shown to
kill bacteria, leaving cell walls intact.17 Heat-killed
cells were confirmed to be dead by plating aliquots
from each batch. Aliquots of the suspension (0.1 mL)
were stored at �20°C until use.

Selection of teeth. Forty-four permanent intact teeth
with mature root apices and no cracks were selected
from collections of anonymous extracted teeth stored in
50% glycerine/50% ethyl alcohol. All teeth were
soaked in 2.5% NaOCl for 10 minutes and then rinsed
in sterile saline solution for 15 minutes. After drying,
the apices were covered with 2 layers of nail varnish.
The teeth were embedded to the cementoenamel junc-
tion in plaster, radiographed, numbered, and stored at
25°C in 100% humidity.

For experiments, the teeth were randomly divided
into 3 groups: 2 groups of 13 teeth each and 1 group of
18 teeth. Three teeth in each group were used for
control samples.

Root canal instrumentation and inoculation. All pro-
cedures were performed with a strict aseptic technique
to ensure accurate sampling from root canals. After
cleaning the tooth surface with pumice, teeth were
isolated with rubber dam, taking great care to have a
tight seal between rubber dam and tooth. Teeth were
carefully cleaned with H2O2 (30%, 1 minute) followed
by NaOCl (2.5%, 2 minutes), and the operating field
was further scrubbed with 5% iodine tincture. The
cervical area was sealed with glue (Cervitec; Ivoclar
Vivadent, Schaan, Liechtenstein) at the rubber dam–
tooth interface. Disinfection was completed with a final
iodine tincture wash. Before entering the pulp, a surface

control sample was obtained by scrubbing the access
surface with a foam pellet (Disposable Mini-Sponge
Applicator; 3M Espe, St. Paul, MN, USA) soaked in
5% thiosulfate solution. The pellet was transfered to 5
mL Fluid Thioglucolate Medium (FTM)18 and incu-
bated at 37°C for 7 days. Using the same procedure, a
second sample was taken with the pellet in 1 mL
Tris-EDTA (TE; Sigma) and immediately frozen at
�20°C.

A conventional access cavity was prepared, and root
canals were instrumented up to a size #40 Hedström file
to just short of the apical foramen. Between instru-
ments, canals were irrigated with copious sterile saline
solution. After cleaning and shaping, samples were
obtained by filling the canals with sterile saline solu-
tion, creating dentin shavings by filing the walls, and
absorbing the canal contents onto paper points. Alter-
nate points were transfered to 5 mL FTM or 1 mL TE
buffer and incubated or stored as described above. Root
canals were then inoculated with 10 �L thawed heat-
killed E. faecalis cells (1010 cfu/mL). Control teeth
were inoculated with 10 �L distilled filtered sterile
water. One or two disposable minisponge applicators
were inserted into the coronal root canal, and access
cavities were sealed with �4-mm-deep zinc oxide–
eugenol cement.

Postinoculation sampling. Inoculated and control
teeth were incubated (25°C; 100% humidity) and sub-
sequently sampled at 3, 6, 12, and 24 months. At the
respective interval, teeth were polished with pumice
and 2 mm of the temporary filling removed. Rubber
dam, disinfection, and surface control samples were
performed as above. After removal of the remaining
temporary filling, the canals were filled with sterile
saline solution, dentin shavings created by filing the
walls, and the canal contents absorbed onto paper
points and transfered to FTM and TE, respectively, as
described above. Samples for PCR were frozen
(�20°C) until processing. Teeth that had been sampled
at 6 and 12 months were resealed with zinc oxide–
eugenol, the canals were left empty, and the teeth were
resampled at 24 months as above.

Detection of E. faecalis DNA by 16S rRNA gene
PCR. Tubes were thawed (37°C; 10 minutes) in heat
blocks, vortexed for 1 minute, and the contents trans-
fered to Eppendorf tubes and centrifuged (16,100g, 2
minutes). DNA from E. faecalis was extracted from cell
pellets according to the manufacturer’s protocol (Bac-
terial Genomic DNA kit; Gene Elute, Sigma). Briefly,
pellets were resuspended thoroughly in 200 �L lyso-
syme solution (45 mg/mL) with added mutanolysin
(250 U/mL) and incubated at 37°C for 30 minutes.
RNase A (20 �L) was added at room temperature (2
minutes), then proteinase K (20 �L) and Lysis Solution

C (200 �L) incubated at 55°C (10 minutes). Ethanol
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(200 �L, 99.5%) was added to the lysate and mixed
thoroughly. The tube contents were transfered into
binding columns, centrifuged (9000g, 1 minute), and
washed with the manufacturer’s recommended solu-
tions. After addition of elution solution, columns were
incubated at room temperature for 5 minutes. Eluates
(200 �L) were transfered to sterile DNA- and RNA-
free tubes (Sarstedt, Numbrecht, Germany) and frozen
(�20°C) until use.

Enterococcus faecalis–specific oligonucleotide prim-
ers19 were used that produce a 138-bp amplicon. PCR
amplifications were prepared in a 25 �L final reaction
volume: 10 �L total DNA template, 6 pmol each primer,
100 �mol/L dNTPs (Qiagen, Hilden, Germany), 2.5 �L
10� PCR buffer (Qiagen; MgCl2 was added to a final
concentration of 2.5 mmol/L Mg2�), 1.7 U HotStarTaq
DNA Polymerase (Qiagen), and Ultrapure water (Sigma)
to make up the final reaction volume.

PCR amplification was performed in a DNA thermo-
cycler (Mastercycler gradient; Eppendorf, Hamburg,
Germany). Initial denaturation was uniform at 95°C (15
minutes), followed by 35 cycles of 94°C (30 seconds),
68°C (35 seconds), and 72°C (35 seconds), and a final
step of 72° C for 5 minutes. Ultrapure water (Sigma)
replaced the bacterial DNA template in the negative
control. E. faecalis (strain JH2-2) was used as positive
control.

Amplification products were analyzed by gel elec-
trophoresis (1.5% agarose in 0.5% TBE buffer; Gibco,
Invitrogen, Grand Island, NY, USA), stained with 1
�g/mL ethidium bromide (Sigma), and photographed
in ultraviolet light. A 100 bp DNA ladder (Invitrogen,
Fredrick, MD, USA) was used as a molecular weight
marker.

In vitro experiments
Spontaneous decay of DNA. DNA from E. faecalis

was extracted as described above. Sera from 4 healthy
human adults were pooled (PHS) and inactivated at
56°C for 30 minutes. Decay of both extracted and
cell-bound DNA was assessed in various media.

Extracted DNA was inoculated into Ultrapure water
(Sigma), PHS (10% and 50% diluted in Ultrapure wa-
ter) and Elution Solution (Sigma) for up to 21 days
(1,000 ng DNA, 100 �L). At test intervals, 20 �L was
withdrawn from each tube and stored frozen (�20°C)
for later analysis by gel electrophoresis.

Heat-killed cell-bound DNA was inoculated into
the same media as above (3,200 ng DNA, 160 �L).
Samples (10 �L) with cell-bound DNA were isolated
and precipitated with ethanol before analysis. The
DNA pellet was washed with 70% ethanol and re-

suspended in 10 �L Ultrapure water (Sigma).
After precipitation, DNA products were analyzed by
gel electrophoresis.

Decay of DNA by DNase I. DNase I (Invitrogen,
Carlsbad, CA, USA) was diluted to 8 concentrations
(0.5, 0.3, 0.13, 0.06, 0.03, 0.02, 0.01, and 0.004 U).
Extracted DNA (4 �L, 78 ng) and cell-bound DNA,
respectively, were incubated in different concentrations
of DNase I (4 �L) and 1 �L DNase buffer. Samples
were incubated at 37°C for 30 minutes. The reaction
was stopped by adding EDTA (1 �L, 25 mmol/L) and
incubation at 65°C for 10 minutes. For control samples,
78 ng DNA was incubated with 1 �L DNase buffer and
Ultrapure water. Samples containing cell-bound DNA
were isolated and precipitated as above. DNA products
were analyzed by gel electrophoresis.

Coincubation experiments. A DNase-producing
strain of Prevotella intermedia (ATCC 25611) was
grown on blood agar or Fastidious Anaerobe Agar
(FAA; Laboratory M, Bury, U.K.) with 10 mg/L vita-
min K (37°C, 4 days) in an anaerobic box (10% H2 and
5% CO2 in N2). Cells were harvested from plates and
resuspended in phosphate-buffered saline solution.

Aliquots (6 �L) of a P. intermedia suspension (OD
2.3) were placed in Eppendorf tubes, to which either
extracted DNA (3 �L, total 21 ng DNA) or heat killed
E. faecalis cells were added and the tubes incubated at
37°C. At intervals, the tubes containing extracted DNA
were centrifuged (13,000g, 1 minute) and the superna-
tant removed and stored frozen (�20°C) until further
analysis by gel electrophoresis.

In parallel, experiments with cell-bound DNA were
performed. The products were kept frozen for later
analysis. Tubes were thawed (37°C, 10 minutes) in heat
blocks, DNA was extracted as described previously,
PCR amplification with E. faecalis–specific oligonucle-
otide primers was performed (35 cycles), and amplifi-
cation products were analyzed by gel electrophoresis.
As a control, cell-bound and extracted DNA was added
to a non–DNase-producing strain of Streptococcus
mutans (NCTC 10449). The samples were analyzed as
above.

All in vitro experiments were repeated 2-4 times.

RESULTS
Ex vivo

The results of the ex vivo study are presented in
Table I. One year after inoculation, the DNA was
recoverable in 14 of 15 teeth. After 2 years, amplifiable
E. faecalis DNA was detected in 21 of 25 teeth. Taken
together, the results demonstrate that amplifiable DNA
is recoverable from root canals 2 years after cell death.

Extensive controls were undertaken throughout the
study to check for contamination. Samples for PCR and

culture were taken from the surface of all teeth before
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entering the pulp space, and no bacterial growth or
PCR-detectable E. faecalis DNA was recovered in any
case. Of samples taken after canal instrumentation,
there were no recoverable viable bacteria and no am-
plifiable E. faecalis DNA.

After 3-12 months’ incubation, contamination con-
trol samples from all tooth surfaces before reentry were
negative for bacterial growth by cultivation, but there
was PCR-detectable E. faecalis DNA at the surface of
1 of 44 teeth. This tooth belonged to the 3-month group
and was excluded from these results. Surface control
samples taken at 24 months were negative for both
culturing and PCR.

In vitro
Extracted E. faecalis DNA incubated with sera (10%

and 50%) decomposed within 24 hours. Extracted DNA
decomposed to below the detection limit in 7-13 days in
water, but was recoverable for �21 days in elution
solution (Table II).

DNase I enzymatically degrades DNA, as shown by
complete decomposition of 78 ng DNA by DNase I in
�30 minutes. The DNase activity in P. intermedia
culture resulted in degradation of extracted DNA to a
nondetectable level by 3 hours. In comparison, there
was no degradation over 3 hours when extracted DNA
was incubated in an S. mutans culture.

Cell-bound DNA was more resistant to decay in all
media over the test period (Table II). In summary,
extracted E. faecalis DNA was more susceptible to
decay than cell-bound DNA.

DISCUSSION
Longevity and durability of microbial DNA is of

great relevance to diverse disciplines from paleomicro-
biology to endodontic research. In the former, DNA
longevity has been essential for addressing questions
about disease history in century-old specimens,10,20,21

although in studies of the root canal microbiota DNA
longevity may confound recovery of authentic etiologic

Table I. Recovery of amplifiable Enterococcus faeca-
lis DNA from ex vivo human teeth
Postinoculation time (mo) Experimental teeth* Control teeth*

3 9/9 0/3
6 10/10 0/3
12 14/15 0/3
24† 21/25 0/5‡

*Number of teeth with positive polymerase chain reaction/total num-
ber of teeth.
†Teeth sampled at 6 and 12 months were resampled at 24 months.
‡One control not done for technical reasons.
participants in the disease process. Using a PCR assay,
the present study sought to clarify some factors affect-
ing DNA longevity and recoverability. After inocula-
tion of heat-killed E. faecalis cells in human teeth ex
vivo, amplifiable DNA was recovered after 1 and 2
years (in 14/15 and 21/25 teeth, respectively). In ex-
periments with nuclease-producing bacteria, coincuba-
tion of cell-bound and free DNA showed that longevity
depended on the relationship of DNA to heat-killed
cells, i.e., free DNA decayed rapidly whereas cell-
bound DNA was more resistant to decay regardless of
the medium and presence of nucleases.

Breakdown of DNA occurs due to spontaneous de-
composition or enzymatic fragmentation of the DNA
strand. Spontaneous decomposition occurs by hydroly-
sis, oxidation, and methylation, and the rate of the
decay is dependent on temperature, humidity, pH, and
oxygen tension.22,23 It has been previously shown in an
in vitro study that DNA from dead E. faecalis cells is
PCR detectable 1 year after cell death.12 By inoculating
heat-killed E. faecalis cells into human teeth ex vivo,
the present study went a step closer to real-world con-
ditions in the human root canal, revealing that ampli-
fiable DNA is recoverable 1 and 2 years after cell death.
In vitro, there is an �1,000-fold decay over 1 year,12

and it is reasonable to think that a similar reduction in
quantifiable DNA occurred in human teeth ex vivo. Yet
after 2 years, the amount of DNA was above the am-
plifiable detection limit, possibly owing to stabilization
of the DNA molecule which is known to bind to min-
erals24 and adsorb to hydroxyapatite in dentin and
bone.22

The infected root canal is a dynamic environment in
which some species fade and others flourish depending
on environmental and nutritional factors over time.13,25

As the available nutrition changes from glycoproteins
to peptides and amino acids,26,27 the microbial mix
matures and thriving proteolytic bacteria dominate the
infection. Many of these species produce DNases that
conceivably influence DNA decomposition of the de-
clining saccharolytic species. Microbial nucleases are
known to contribute to DNA degradation in nonsterile
environments.28 Therefore, we investigated the effect
of nuclease-producing species on DNA decay. A spe-
cies common to root canal infections, P. interme-
dia,29-31 was selected for its potent nuclease capabili-
ty.32 When extracted DNA from E. faecalis was
incubated in a P. intermedia culture, there was rapid
DNA decomposition to below the detection limit (Table
II), which is consistent with a study showing DNA
decomposition within 6 hours in a growing culture of
DNase-producing bacteria.33 The accelerated rate of
DNA decay is likely due to the presence of microbial
nucleases. This was explored further by incubation of

extracted DNA with DNase I, which is known to have



OOOOE
Volume 110, Number 6 Brundin et al. 793
the capability to split the DNA molecule.34 Under these
conditions, DNA was destroyed within minutes when
exposed to DNase I (Table II).

In contrast, when heat-killed E. faecalis cells were
incubated in a P. intermedia culture or with DNase I,
amplifiable DNA remained present throughout the ob-
servation period. These results demonstrate the impor-
tance of DNA form to its longevity in the environment.
DNA in heat-killed E. faecalis cells possesses a much
greater ability to resist decomposition than free DNA. It
is possible that the results with E. faecalis, which has a
tough cell wall, may not be transferable to other spe-
cies, yet under favorable conditions longevity of mi-
crobial DNA has been described for various spe-
cies.10,11

In vivo, the necrotic root canal likely contains small
amounts of serum that perfuses from the inflamed peri-
apical tissue. While it sustains the microbial flora, it
may also influence DNA decomposition. Human serum
contains a DNase concentration of 3-23.9 ng/mL.35,36

Therefore, we assessed recovery of amplifiable DNA in
various media and found that incubation of extracted
DNA in serum resulted in rapid decomposition com-
pared with incubation in water (no detectable DNA by
gel electrophoresis at 24 hours and 7-13 days, respec-
tively). It should be noted that the serum in these
experiments had been heat treated, which might inac-
tivate the DNase but could also affect DNase inhibitors
in sera which are heat labile.37 Although DNA decom-
position occurred with heat-treated serum, it is reason-
able to assume that untreated serum would have the
same effect, but confirmation and a mechanism awaits
clarification by further experiments.

The present study shows that in vitro there is the
potential for preservation of amplifiable DNA after cell
death and that a critical determinant for DNA longevity
is the form of DNA, i.e., whether the cells die with
intact cell walls or lyse and release their DNA into the
local milieu. If the DNA is free in the environment, it
is likely to undergo spontaneous and enzymatic decom-
position, however cell-bound DNA may persist for long
periods. Exactly how bacteria die in the root canal and
what is the fate of cell constituents remain unanswered,
yet it is likely that both forms occur in infections in

Table II. Enterococcus faecalis DNA decay in vario
product

DNase I Sera (10%)

Extracted DNA �30 min �24 h
Cell-bound DNA No decay in 30 min �21 d

*Assessed by polymerase chain reaction (PCR).
vivo.
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