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Introduction: Enterococcus faecalis is a major pathogen in the etiology of apical
periodontitis after root canal treatment. A loop-mediated isothermal amplification
method, which amplifies DNA with high specificity, efficiency and rapidity under
isothermal conditions using a set of four specially designed primers and a DNA
polymerase with strand-displacement activity, was developed for the rapid detection of
E. faecalis in clinical specimens from root canals.

Methods: Primers for detecting E. faecalis from the azoA gene were designed. The
specificity of this assay was evaluated using various oral bacteria and the sensitivity was
evaluated using serially diluted E. faecalis chromosomal DNA. In addition, loop-
mediated isothermal amplification assays were applied to the rapid detection of E. faecalis
from endodontic samples.

Results: The loop-mediated isothermal amplification products amplified with the primer
set were specific for E. faecalis. To confirm the specificity of the amplicon, the amplified
products were digested with the restriction endonuclease Sau3Al. The lower detection
limit of the E. faecalis primer set without the loop primer set was 10 pg/tube for a 50-min
loop-mediated isothermal amplification reaction. Using loop primers increased the
detection sensitivity by several orders of magnitude. Furthermore, E. faecalis was
detected with the loop-mediated isothermal amplification assay in four root canals from
18 individuals and the detection results were consistent with those of conventional
polymerase chain reactions.

Conclusion: These results indicate that the loop-mediated isothermal amplification
assay is very useful for rapid detection of E. faecalis and diagnosis of endodontic
infection.
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Apical periodontitis is an infectious dis-
ease that is caused predominantly by
anaerobic bacteria, which generally sur-
vive in the apical portions of root-filled
teeth (13, 20-22, 31). Enterococcus fae-
calis, which possesses various survival and
virulence factors (30), is a major pathogen

in the etiology of apical periodontitis after
root canal treatment. Many studies have
reported the existence of E. faecalis in
root-filled teeth with apical periodontitis
(7, 8, 13, 19, 20, 22, 24, 29, 31).

Genetic analyses have been developed to
detect and identify the microorganisms

associated with endodontic infections. The
polymerase chain reaction is one of the most
widely used techniques (5, 12, 24, 26, 28).
Although polymerase chain reaction-based
detection of bacteria is sensitive and speci-
fic, it requires specialized equipment, such
as thermal cyclers, and several operations.
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Recently, Eiken Chemical developed a
novel nucleic acid amplification method
called loop-mediated isothermal amplifi-
cation (14, 16-18). The loop-mediated
isothermal amplification reaction requires
a DNA polymerase with strand-displace-
ment activity and a set of four specially
designed primers, called inner and outer
primers. First, a stem-loop DNA struc-
ture, in which the sequences of the two
ends of DNA are derived from the inner
primer, is constructed (17, 18). Subse-
quently, self-primed DNA synthesis
occurs rapidly at the 3 end of the
stem-loop DNA structure, and one inner
primer hybridizes to the loop on the
product in the loop-mediated isothermal
amplification cycle and initiates strand
displacement DNA synthesis, yielding
the original stem-loop DNA and a new
stem-loop DNA with a stem that is twice
as long as the original. The final products
are the stem-loop DNA of the target
DNA. Loop-mediated isothermal amplifi-
cation is a novel approach for nucleic
acid amplification, with high specificity,
selectivity and rapidity (27). The primary
characteristic of the loop-mediated iso-
thermal amplification method is its ability
to amplify nucleic acids under isothermal
conditions at temperatures between 60
and 65°C (17, 18). Importantly, this
method does not require denaturation of
the DNA template. The second charac-
teristic of this method is its high specif-
icity. The loop-mediated isothermal
amplification reaction requires a DNA
polymerase  with  strand-displacement
activity and a set of four specially
designed primers, to improve specificity.
Furthermore, the amplification efficiency
of the loop-mediated isothermal amplifi-
cation method is extremely high because
there is no time loss with thermal
change, the reaction being isothermal
(17, 18).

The loop-mediated isothermal amplifi-
cation assay has proven to be a beneficial
tool that facilitates genetic testing for the
rapid diagnosis of infectious disease (3, 9,
10, 27, 32). In this study, we developed

and evaluated a loop-mediated isothermal
amplification method for the rapid detec-
tion of E. faecalis.

The following bacterial strains were
used in this study: E. faecalis
[ATCC19433 (JCM5803), ATCC19433
(JCM7783), ATCC29212], Candida albi-
cans (ATCC18804), Actinomyces viscosus
(ATCC15987, ATCC15988, ATCC43146),
Actinobacillus actinomycetemcomitans
(TN-1), Streptococcus mutans (Xc, GS-
5), Streptococcus sobrinus (OMZ176),
Streptococcus mitis (903), Streptococcus
sanguinis (ATCC10556), Streptococcus

gordonii  (DL1), Streptococcus oralis
(ATCC10557), Streptococcus salivarius
(HT9R),  Porphyromonas  gingivalis

(W83, W50, 381), Treponema denticola
(ATCC35404, ATCC35405), Fusobacteri-
um nucleatum (ATCC10953), Tannerella
forsythia (ATCC43037), Prevotella inter-
media (ATCC25611), Prevotella melanin-
ogenica (ATCC25845) and Prevotella
nigrescens (ATCC 25261). The E. faecalis
strains were grown in Trypticase Soy
Broth (Becton-Dickinson Co., Sparks,
MD) at 37°C under anaerobic conditions.

Routine molecular biology techniques
were performed as described elsewhere
(25). Chromosomal DNA was isolated
from the bacteria using an IsoQuick
Nucleic Acid Extraction kit (ORCA
Research, Bothell, WA) or a Pure Gene
DNA Isolation kit (Gentra Systems, Min-
neapolis, MN).

The oligonucleotide primers used in this
study are listed in Table 1. The loop-
mediated isothermal amplification method
requires a set of four specially designed
primers [F3, B3, the forward inner primer,
and the backward inner primer] that
recognize a total of six distinct sequences
(F1, F2, F3, B1, B2 and B3) in the target
DNA (32). The two inner primers, the
forward inner primer and backward inner
primer, contain two distinct sequences that
correspond to the sense and antisense
sequences of the DNA, one for priming
in the first stage and the other for self-
priming in later stages. forward inner
primer consists of complementary

Table 1. Oligonucleotide primers for loop-mediated isothermal amplification

sequence F1 (Flc) and direct sequence
F2 (F2). Backward inner primer consists of
complementary sequence Bl (Blc) and
direct sequence B2 (B2). The two outer
primers, F3 and B3c (the sequence com-
plementary to B3), are located outside the
F2-B2 region. To increase amplification
efficacy, two loop primers, the forward
loop primer (LF) and backward loop
primer (LB), were designed using PRIMER
EXPLORER software, version 3.0 (Fujitsu,
Tokyo, Japan), as shown in Fig. 1. The
specific primers for E. faecalis were
designed from the azod gene, which
encodes azoreductase (2). The specificities
of the designed primers were initially
confirmed using BLAST on the National
Center for Biotechnology Information
server (http://www.ncbi.nlm.nih.gov/) and
then confirmed using loop-mediated iso-
thermal amplification.

The loop-mediated isothermal amplifi-
cation reaction was carried out in a 25-ul
volume containing 1.6 uM each of forward
inner primer and backward inner primer,
0.2 uM each of F3 and B3, 0.8 um each of
LF and LB, 1.4 mM each of deoxynucle-
oside triphosphate (ANTP), 0.8 M betaine
(Sigma, St Louis, MO), 20 mM Tris—HCI
(pH 8.8), 10 mm KCl, 10 mm (NHy4),SOy,
8 mM MgSQy, 0.2% Tween-20, 8 U of the
Bst DNA polymerase large fragment (New
England Biolabs, Beverly, MA), and 5 pl
target DNA. The mixture was incubated at
66°C using a conventional heating block,
and then heated to above 80°C for 2 min
to terminate the reaction.

The amplified products were subjected
to agarose gel electrophoresis. The loop-
mediated isothermal amplification prod-
ucts were digested with the appropriate
restriction enzymes (Sau3Al for E. faecalis
amplicons) and electrophoresed in 2%
agarose gels. The sensitivities of the
loop-mediated isothermal amplification
assays were confirmed using serially dilu-
ted chromosomal DNA. Furthermore,
loop-mediated isothermal amplification
amplicons were detected in the reaction
mixture directly with the naked eye on
adding 1.0 pl 1 : 10-diluted original

Primer Type  Sequence' Amplicon size (bp)  Target  Source (strain)
Enterococcus faecalis

Ef-F3 F3 5’-GCCGGAAATCGATGAAGA-3’ 220 azoA ATCC 19433
Ef-B3 B3 5-TCCAGCAACGTTGATTGT-3’

Ef-FIP FIP 5’-CACTTTTTGTTGTTGGTTTTCGCTTTATTATCTGCTTGGGGTGC-3’

Ef-BIP  BIP 5-ATCTGCAGACAAAGTAGTAATTGCTCCAAGCTTTTAAGCGTGTC-3’

Ef-LF LF 5-AAATGCTGCGCCAGCTCG-3"

Ef-LB LB 5-TCCAATGTGGAACTTAAACGTACC-3’

! Accession number: AY422207 for Enterococcus faecalis azoA gene. FIP, forward inner primer; BIP, backward inner primer.
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Fig. 1. Nucleotide sequences of Enterococcus faecalis azoA gene used for loop-mediated isothermal
amplification (LAMP) primer. The sequences used for LAMP primers are shown in bold type.

SYBR Green I (Molecular Probes, Eugene,
OR) to the mixture and observing the
solution color (32). The solution turned
green in the presence of a loop-mediated
isothermal amplification amplicon, while it
remained orange with no amplification.
Otherwise, the turbidity derived from the
white magnesium pyrophosphate precipi-
tate in the mixture was detected with the
naked eye (14).

To apply the loop-mediated isothermal
amplification assay to clinical specimens,
18 samples were taken from 18 patients
with teeth that had previously been root-
filled for at least 4 years and all of which
showed radiographic evidence of apical
periodontitis. No tooth showed signs of
associated swelling or purulent exudate.
The patients were aged 10-72 years (mean
35.9 years), six were female and 12 were
male.

Endodontic samples were taken from
infected root canals, as previously reported
(6, 7). The teeth were individually isolated
from the oral cavity with a previously
disinfected rubber dam. After isolating the
tooth, the plaque was removed and the
tooth, surrounding dam and clamp were
cleaned with 30% hydrogen peroxide, then
swabbed with 5% potassium iodide. In
multi-rooted teeth, the largest canal or the

canal related to a periapical radiolucency
was selected. A sterile paperpoint moist-
ened in sterile saline was placed in the root
canal, and left for 10 s. The paperpoint
was transferred into 200 pl cell lysis
buffer. The cells were boiled at 100°C
for 5 min, and the supernatant served as
the template (32).

The polymerase chain reaction tech-
nique was performed as previously des-
cribed (12). The chromosomal DNA from
endodontic samples was amplified using
the polymerase chain reaction primers
CAA GGC ATC CAC CGT and GAA
GTC GTA ACA AGG targeted against the
16S/23S rDNA intergenic region. The
polymerase chain reaction temperature
conditions included an initial step of
95°C for 2 min, followed by 40 cycles
of 95°C for 30 s, 55°C for 1 min, 72°C
for 1 min, and a final step of 72°C for
10 min.

The loop-mediated isothermal amplifi-
cation reaction for E. faecalis was per-
formed at 66°C for 60 min and the results
were checked by electrophoresis on 2%
agarose gels. A successful loop-mediated
isothermal amplification reaction with spe-
cies-specific primers produces many bands
of different sizes (10, 19). A characteristic
ladder of multiple bands is seen in Fig. 2.
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Fig. 2. Restriction analysis of loop-mediated
isothermal amplification (LAMP) products.
Lane M, 100-base-pair DNA ladder (Promega);
lane 1, amplified products of Enterococcus
faecalis azoA; lane 2, E. faecalis azoA digested
with Sau3AL

The loop-mediated isothermal amplifica-
tion products amplified with the primer set
F3, B3, forward inner primer, backward
inner primer, LF and LB demonstrated
specificity for E. faecalis, and were neg-
ative for the DNA of other oral bacteria
species. To confirm the specificity of the
amplicon, the amplified products were
digested with the restriction endonuclease
Sau3Al, and subjected to agarose gel
electrophoresis (Fig. 2).

The sensitivity of this assay for
E. faecalis was evaluated using a serial
dilution of E. faecalis chromosomal
DNA. The E. faecalis primer set without
the loop primer set had a lower detection
limit of 10 pg/tube for a 50-min reaction
(Table 2). The lower detection limit of the
E. faecalis primer set with the pair of
loop primers was 100 fg/tube for a 50-
min reaction (Table 2).

Root canal samples from 18 individuals
were subjected to the E. faecalis loop-
mediated isothermal amplification assay.
E. faecalis was detected in four root
canals; these results were comparable to
the results of polymerase chain reaction-
based detection. We confirmed the
inhibitory effects of the oral specimens
on loop-mediated isothermal amplification.
The presence of loop-mediated isothermal
amplification inhibitors was assessed using
lysates spiked with E. faecalis-negative
root canal specimens and the effects were
negligible (data not shown).

It is generally believed that the major
cause of root canal failure is infection of



134 Kato et al.

Table 2. Detection sensitivities of loop-mediated isothermal amplification

Without loop primers
Genomic DNA (fg/tube)’

With loop primers
Genomic DNA (fg/tube)

Primer set (min) 0 10' 10> 10° 10*

10° 10° 107 10® 10° o0 10" 107

10°

10* 105 10° 107 10°

Enterococcus faecalis

+ o+ o+

+ o+
+ 4+
+ o+
+ 4+
+ o+
A

Ly, clearly visible; —, not visible.

the apical portion of the root-filled tooth
(7, 8, 11, 13, 19-22, 24, 31), and a
polymerase chain reaction-based examina-
tion to check for infected root canals has
been developed (24, 29). However, the
polymerase chain reaction method has
several intrinsic disadvantages (14, 17,
18), such as requiring expensive reaction
equipment for rapid thermal cycling, as
well as the time, labor and costs of the
detection tests. By contrast, the loop-
mediated isothermal amplification method
needs only a water-bath at a constant
temperature of 66°C or a conventional
heating block. Other characteristics of the
loop-mediated isothermal amplification
method are its high specificity and high
amplification efficiency, which enable the
rapid detection of bacterial DNA (14, 17,
18). As the loop-mediated isothermal
amplification method uses four primers
that recognize six distinct regions on the
template DNA, its specificity is extremely
high. Recently, several studies have repor-
ted the application of loop-mediated iso-
thermal amplification for the clinical
diagnosis of infectious diseases (3, 4, 9,
10, 23, 32). In this investigation, we used
the loop-mediated isothermal amplifica-
tion method for the rapid detection of
E. faecalis, which plays a major role in the
etiology of persistent apical periodontitis
lesions (30).

First, we evaluated the specificity of the
loop-mediated isothermal amplification
assay for this organism. We confirmed
the specificity of the bacteria-specific
primers using various oral bacterial DNA
samples, because more than 700 bacterial
species constitute the normal inhabitants of
the oral cavity (1, 6). Furthermore, we
evaluated the detection limits of these
assays using serially diluted chromosomal
DNA. The lower detection limit, with loop
primers in a 50-min reaction, was 100 fg/
tube for E. faecalis. Adding a set of loop
primers to B3, F3, backward inner primer
and forward inner primer accelerated the

loop-mediated isothermal amplification
reaction. These results accord with previ-
ous studies (15, 32).

We applied this assay to endodontic
specimens from 18 individuals: four sam-
ples were positive and the same results
were obtained using polymerase chain
reaction-based detection. These results
suggest that loop-mediated isothermal
amplification-based detection can be
applied to oral specimens. We are now
comparing the relationship between the
clinical endodontic condition and the
existence of E. faecalis.

In conclusion, loop-mediated isothermal
amplification was developed for the rapid
and accurate detection of E. faecalis, one
of the most frequently detected bacterial
species in persistent endodontic infection.
We showed that loop-mediated iso-
thermal amplification is suitable for rapid
screening of oral bacteria in infected root
canals.
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