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A new in situ DNA amplification technique for microscopic detection of bacteria carrying a specific gene is
described. Loop-mediated isothermal amplification (LAMP) was used to detect stxA2 in Escherichia coli
O157:H7 cells. The mild permeabilization conditions and low isothermal temperature used in the in situ LAMP
method caused less cell damage than in situ PCR. It allowed use of fluorescent antibody labeling in the
bacterial mixture after the DNA amplification for identification of E. coli O157:H7 cells with an stxA2 gene.
Higher-contrast images were obtained with this method than with in situ PCR.

Understanding of the structures and functions of microbial
communities in natural environments often requires enumer-
ation of specific microorganisms within that ecosystem. In nat-
ural ecosystems, nutritional requirements for bacterial growth
are often lacking; most microorganisms cannot be grown in
cultures with conventional techniques and many exhibit low
levels of metabolic activity, making their detection with meth-
ods such as fluorescent in situ hybridization (FISH) problem-
atic (3, 24). In the field of environmental microbiology, many
culture-independent techniques have come into use over the
last decade (23, 26).

Among such culture-independent techniques, FISH and flu-
orescent antibodies have been widely used because they can
provide information about absolute abundance, morphology,
cell size, and physiological activity of specific bacteria in their
natural environment (1, 6, 9, 10, 18, 30). However, it has still
been difficult to detect single-copy genes present in the cell by
FISH (3, 13). Methods for phylogenetical identification of bac-
teria carrying specific genes have considerable potential in
microbial ecology.

In situ amplification of a specific sequence can facilitate the
detection of a single-copy functional gene inside a bacterial cell
(7, 11). Various versions of prokaryotic in situ PCR and re-
verse transcription-PCR have been developed to detect spe-
cific genes at the single-cell level (4, 5, 8, 22, 29). For previous
reports, the HNPP-Fast Red TR system (10, 32) was used for
high-sensitivity detection of in situ PCR products (12, 27).
However, in situ PCR has several disadvantages: (i) high back-
ground which can result from leakage of amplified products
and cell destruction due to permeabilization treatments and/or
thermal cycling, which makes it difficult to use fluorescent
antibodies for simultaneous cell identification, (ii) false-nega-
tive results caused by impermeability of the cell wall and pre-
vention of PCR amplification by DNA polymerase inhibitors,
and (iii) false-positive results due to diffusion of the labeled
amplicon and its adhesion to cells giving negative results

and/or nonspecific incorporation of labeled nucleotide by nick
translation activity.

Recently, Notomi et al. have developed a new DNA ampli-
fication method called loop-mediated isothermal amplification
(LAMP) of DNA (16). The characteristics of this method are
high specificity, high sensitivity, and the use of isothermal re-
actions. The possible advantages of in situ LAMP include (i)
the use of an isothermal and low reaction temperature (63°C),
causing less cell damage and making it possible to use fluores-
cent antibodies for simultaneous cell identification, (ii) the
generation by LAMP of large tandem repeats of the target
sequence, preventing amplicons from leakage outside the cell,
and (iii) the use of low-molecular-weight DNA polymerase (2),
which enters the cell easily, for in situ LAMP.

In this report, the LAMP reaction was adapted to reduce
background while amplifying a specific gene inside the cell.
Fluorescent antibody labeling was also applied to identify spe-
cific cells and examine the reliability of in situ LAMP. Simul-
taneous visualization of a functional gene and surface antigen
was carried out by both in situ LAMP and in situ PCR for
comparison.

The mechanism of LAMP is summarized in Fig. 1A (16).
Primer FIP hybridizes to F2c in the target DNA and initiates
complementary strand synthesis, leading to the production of
dumbbell form DNA (structure 2), which quickly converts a
stem-loop DNA by self-primed DNA synthesis (structure 3).
This stem-loop DNA then serves as the starting material for
LAMP cycling. FIP hybridizes to the loop in the stem-loop
DNA and primer strand displacement DNA synthesis (struc-
ture 4), generating as an intermediate one-gapped stem-loop
DNA with an additional inverted copy of the target sequence
in the stem and loop formed at the opposite end via the primer
BIP sequence. The final products (structure 5) are mixtures of
stem-loop DNAs with various stem lengths and cauliflower-
like structures with multiple loops formed by annealing be-
tween alternately inverted repeats of the target sequence in the
same strand. The positions of the LAMP primers for this study
are summarized in Fig. 1B. Primers VT2BIP (5�-TGCTCTG
GATGCATCTCTGGTCATATCTGGTTTCATCATATCTG
GCG-3�) and VT2FIP (5�-GCGTTTTGTCACTGTCACAGC
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AGATAGCCTGACGAAATTCTCTCTGT-3�) were used for
in situ LAMP. Each primer for the stxA2 gene contains two
distinct sequences corresponding to the sense and antisense
sequences of target DNA. Outer primers were used in the
original LAMP method (16), but only inner primers (VT2BIP
and VT2FIP) were used in this study because no difference was
observed at the end of the reaction with and without the outer
primers.

Escherichia coli K-12 W3110 and E. coli O157:H7 Okayama
O27 were used. E. coli O157:H7 Okayama O27 has one stx1

gene and two stx2 genes (31), while E. coli K-12 has no stx gene.
These two strains were grown in cultures at 37°C in aerobic
Luria-Bertani medium (1% tryptone, 0.5% yeast extract, 0.5%
NaCl [pH 7.0]).

Exponentially growing E. coli K-12 and E. coli O157:H7 cells
were harvested by centrifugation, washed twice with phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1
mM Na2HPO4, 1.5 mM KH2PO4 [pH 7.2]), and suspended in

freshly filtered paraformaldehyde (4% in PBS) for 16 h at 4°C.
After fixation, cells were washed twice in PBS and suspended
in 50% ethanol with sterile distilled and deionized water. Fixed
cells were washed twice with PBS, and a 10-�l aliquot (about
106 to 107 cells) was spotted inside a hole (6 mm in diameter)
of ML-250 polyester seal (Nichiban, Tokyo, Japan), which was
attached to gelatin-coated glass slides (Matsunami Glass Ltd.,
Osaka, Japan), and allowed to vacuum dry. After the polyester
seal was peeled off of the glass slides and dehydration in an
ethanol series (50, 80, and 100% ethanol for 1 min each) was
completed, samples were incubated with lysozyme solution (0.5
mg of lysozyme [Nacalai Tesque Inc., Kyoto, Japan] ml�1, 100
mM Tris-HCl [pH 8.2], 50 mM EDTA) for 10 min at room
temperature, rinsed with sterile distilled and deionized water,
and dehydrated again as described above.

Permeabilization was furthered by treatment for 5 min at
room temperature with proteinase K (Roche Diagnostics) at a
final concentration of 0.1 �g ml�1. After permeabilization,

FIG. 1. (A) Summary of steps in the LAMP reaction. (B) Systematic representation of the location of primers used in this study. The strand
represents the positions of primers used for in situ LAMP. The numbers listed indicate the numbers of bases for the beginning of the stxA2 gene
in E. coli O157:H7 (GenBank accession no. AP000422).
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RNA was removed from cells by DNase-free RNase A (Sigma)
treatment at a final concentration of 0.5 mg ml�1 for 20 min at
room temperature. Finally, samples were rinsed with sterile
distilled and deionized water and dehydrated in an ethanol
series. Treated bacterial cells on the glass slides were sealed
with a total of 50 �l of the LAMP buffer containing VT2FIP
and VT2BIP primers (0.8 �M each), dATP, dGTP, and dTTP
(0.02 mM each), 0.002 mM Cy3-labeled dCTP (Amersham
Pharmacia), 1 M betaine, 20 mM Tris-HCl (pH 8.8), 10 mM
KCl, 10 mM (NH4)2SO4, 4 mM MgSO4, 0.1% Triton X-100,
and 16 U of Bst DNA large-fragment polymerase (New En-
gland Biolabs) under an AmpliCover Disk (Perkin-Elmer Ap-
plied Biosystems), following the manufacturers’ instructions.
The LAMP reaction was carried out by incubation at 63°C for
2 h with a thermal cycler (GenAmp In Situ PCR System 1000;
Perkin-Elmer Applied Biosystems). After the amplification,
the glass slides were rinsed twice with sterile distilled and
deionized water at room temperature for 15 min. Then, sam-
ples were counterstained with 1 �g of 4�,6-diamidino-2-phe-
nylindole (DAPI) ml�1 for 10 min.

The glass slides were observed under an epifluorescence
microscope (E-400; Nikon, Tokyo, Japan) with the Nikon filter
sets UV-2A (30-350, DM400, and BA420), B-2A (Ex450/490,
DM505, and BA520), and HQ-Cy3 (G535/50, FT565, and
BP610/75) for UV, blue, and green excitation, respectively.
Images were taken by a cooled charge-coupled device camera
(Sensys 1401; Photometrics, Tucson, Ariz.) and stored as dig-
ital files. Exposure times for UV, blue, and green excitation
were 0.2, 1, and 2 s, respectively.

As shown in Fig. 2, the bacterial cells having the stxA2 gene

(E. coli O157:H7 Okayama O27) were detected under green
excitation without using image analysis. Enzymatic signal am-
plification in direct in situ PCR has been described previously
(11, 12, 27), and the drawbacks of this method include high
levels of background and the necessity of image analysis for
precise detection. A labeled nucleotide incorporated in DNA
synthesis by Taq polymerase to DNA nicks invariably causes a
false-positive signal (17). The DNA polymerase for in situ
LAMP is Bst DNA large-fragment polymerase, which does not
have nick translation activity. The specificity of the reaction
was further confirmed by using E. coli O157:H7 ATCC 43888
without stxA2 and E. coli O157:H7 Okayama O27 with other
primers that do not have target sites in Okayama O27 (data not
shown).

Permeabilization employed here for in situ LAMP was
milder than that employed for in situ PCR because the largest
molecule required for LAMP is the Bst DNA polymerase (67
kDa), which passes more easily into target cells than the 94-
kDa Taq DNA polymerase used for PCR (2, 14).

The specificity of in situ LAMP was confirmed, and then this
method was applied to serological identification of bacteria
carrying specific genes. After in situ amplification by LAMP,
the sample glass slides were rinsed with sterile distilled and
deionized water at room temperature for 15 min. They were
then stained at room temperature for 30 min with 2 �g of
FITC-labeled anti-E. coli O157:H7 antibody (goat, polyclonal;
Kirkegaard and Perry Laboratories Inc., Gaithersburg, Md.)
ml�1 (12) in PBS including 30 mg of bovine serum albumin
ml�1. Finally, samples were counterstained with 1 �g of DAPI
ml�1 for 10 min and observed as described above.

FIG. 2. In situ LAMP of the stxA2 gene in fixed cells of E. coli O157:H7 Okayama O27 (A and D) and E. coli K-12 W3110 (C and F) and a
fixed-cell mixture of E. coli O157:H7 Okayama O27 and E. coli K-12 W3110 (B and E). (A, B, and C) Under UV excitation (exposure time, 0.2 s),
all DAPI-stained bacterial cells were visualized. (D, E, and F) Under green excitation (exposure, 2 s), only cells having stxA2-amplified products
emitted red fluorescence of Cy3-labeled dCTP.
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In situ PCR was also carried out as described by Tani et al.
(27) except using different primers. Primers VT2B3 and
VT2F3c for the stxA2 gene (12) were used for indirect in situ
PCR. The Cy3-labeled oligonucleotide probe VT2c (5�-ATG
CATCTCTGGTCATTGTAT-3�) was used for detection by in
situ hybridization of in situ PCR-amplified gene products,
which are located between VT2B3 and VT2F3c.

A FISH step was used for detection of amplicons inside cells,
because detecting an unlabeled amplicon of in situ PCR by
FISH is more specific for the gene target and yields a lower
level of background (28). Following in situ PCR, the samples
were sealed with hybridization solution (900 mM NaCl, 5 mM
EDTA, 20 mM Tris-HCl [pH 7.5], 0.01% sodium dodecyl sul-
fate [SDS], 50% formamide) under an AmpliCover Disk. Sam-
ples were heated at 94°C for 10 min, chilled on ice, and then
incubated at 42°C for 16 h in a moisture chamber with the
hybridization solution described above containing Cy3-labeled
VT2c probe (5 ng �l�1 final concentration). After the incuba-
tion, glass slides were washed at 45°C for 30 min with washing
buffer 1 (300 mM NaCl, 5 mM EDTA, 20 mM Tris-HCl [pH
8.2], 0.01% SDS), washed at 45°C for 30 min with washing
buffer 2 (300 mM NaCl, 5 mM EDTA, 20 mM Tris-HCl [pH
8.2], 0.01% SDS, 1 �g of DAPI ml�1, 10 �g of fluorescein
isothiocyanate [FITC]-labeled O157 antibody ml�1, 1 mg of
bovine serum albumin ml�1), and observed as described above.

Triple staining with Cy3-dCTP for detection of the stxA2

gene, FITC-labeled antibody for detection of O157 antigens,
and DAPI for nucleic acid was performed to permit simulta-
neous serological identification of cells and detection of a

specific toxin gene. Figure 3 shows the results of in situ LAMP
with an antibody-staining method for bacterial mixtures of E.
coli K-12 W3110 and E. coli O157:H7 Okayama O27 (Fig. 3A,
B, and C). Under UV excitation (Fig. 3A), all bacterial cells
showed blue fluorescence of DAPI. Under blue excitation (Fig.
3B), E. coli O157:H7 Okayama O27 cells showed green fluo-
rescence of FITC-labeled antibody. Under green excitation
(Fig. 3C), only the stxA2-possessing cells (E. coli O157:H7
Okayama O27) showed bright orange-red fluorescence of Cy3-
labeled dCTP incorporated into the LAMP product, allowing
easy distinction between the cells giving positive results and
those giving negative results. The fluorescently labeled anti-
body-positive cells were identical to the LAMP-positive cells
(Fig. 3B and C). The LAMP reaction is isothermal and occurs
at a lower temperature (63°C) than PCR (94°C at maximum).
This milder temperature and the elimination of thermal cycling
may make it possible to use antibody after amplification, so this
method might detect the stxA2 gene and identify the cells at the
single-cell level.

Figure 3 also shows the results of direct in situ PCR-FISH
with the fluorescent antibody method used for the bacterial
mixtures of E. coli K-12 W3110 and E. coli O157:H7 Okayama
O27 (Fig. 3D, E, and F). Under UV excitation (Fig. 3D), all
bacterial cells showed blue fluorescence of DAPI. Under blue
excitation (Fig. 3E), E. coli O157:H7 cells showed green fluo-
rescence of FITC-labeled antibody. Under green excitation
(Fig. 3F), only the stxA2-possessing cells (E. coli O157:H7
Okayama O27) showed bright orange-red fluorescence of Cy3-
labeled VT2c probe targeting the stxA2 amplicon, allowing easy

FIG. 3. (A, B, and C) In situ LAMP of stxA2 gene in fixed-cell mixture of E. coli K-12 W3110 and E. coli O157:H7 Okayama O27. (D, E, and
F) In situ PCR amplification of stxA2 gene in a fixed-cell mixture of E. coli K-12 W3110 and E. coli O157:H7 Okayama O27. Under UV excitation
(exposure time, 0.2 s), all DAPI-stained bacterial cells were visualized (A and D). Under blue excitation (exposure time, 1 s), E. coli O157:H7 cells
emitted green fluorescence due to the presence of FITC-labeled anti-E. coli O157:H7 antibody (B and E). Under green excitation (exposure, 2 s),
cells having stxA2-amplified products emitted red fluorescence of Cy3-labeled dCTP (C) or Cy3-labeled probe (F).
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discrimination between the cells giving positive results and
those giving negative results. By in situ PCR, however, the
antibody combination resulted in high levels of background,
perhaps caused by antigen falling off the cell surface (Fig. 3E)
due to the high temperatures required for PCR cycles. Thus,
fluorescent antibody labeling was not able to be combined with
in situ PCR to confirm whether results were falsely negative or
falsely positive. In addition, all excitation images (UV, blue,
and green) showed altered cell morphology consistent with
collapse compared to those of cells subjected to in situ LAMP.
The in situ PCR cells appeared blurred due to the destruction
of cell structures.

The change in absolute cell numbers on glass slides was
measured during each step of in situ LAMP and in situ PCR
(i.e., after the first ethanol dehydration, lysozyme permeabili-
zation, proteinase K permeabilization, RNase A treatment,
and amplification of target DNA) (Table 1). After each oper-
ation, glass slides were stained with DAPI at room tempera-
ture for 10 min and mounted in nonfluorescence immersion oil
for observation and cell counting. For each step, at least 1,000
cells in 20 different fields were counted. The microscopic enu-
meration results were obtained from three parallel samples.

Gene amplification in both in situ LAMP and in situ PCR
resulted in the loss of cells from the glass slide (Table 1).
Increasing temperatures may cause detachment of cells from
the glass slides. In situ LAMP, however, showed smaller cell
decreases than in situ PCR; that is, it may be more quantita-
tive.

Although the original LAMP method requires an initial de-
naturation of target DNA (95°C and 5 min) along with Bst
DNA polymerase denaturation at the end of the reaction (80°C
and 10 min) (16), the in situ LAMP method used in this study
eliminated the initial heating for denaturation of template
DNA and final denaturation of the polymerase to avoid cell
destruction. The elimination merely resulted in a slower initi-
ation of amplification, and no difference was observed at the
end of the reaction. Thus, the method is technically simple and
does not necessitate the use of special equipment such as a
thermal cycler.

Microbial communities in natural environments are com-
plex, and the permeability of their cell wall structures is not
uniform. Permeabilization conditions for in situ gene amplifi-
cation need to be optimized so that all reagents can enter the
cell without diffusing the amplified products outside. Many
different permeabilization procedures have been used for in
situ hybridization with horseradish peroxidase-labeled probes
(19, 20, 25), tyramide signal amplification (15), and multiply-
labeled polyribonucleotide probes (21). By concentration of
samples onto membrane filters and subsequent embedding of

filters in agarose, efficient permeabilization was achieved with-
out decreases in bacterial cell numbers under severe conditions
(19). Embedding samples in gel before in situ LAMP enables
enumeration of bacterial cells carrying specific genes in a nat-
ural environment without diffusing amplified products outside
the cell or causing species-selective cell loss and destruction in
mixed microbial communities.
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