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A ligase chain reaction assay based on a single-base-pair difference in the V9 region of the 16S rRNA gene

(16S rDNA) was developed to distinguish between Listeria monocytogenes and other Listeria species. For this
purpose, two pairs of primers were designed, with one primer of each pair being radioactively labeled. The
ligated product was separated from the primers by denaturing polyacrylamide gel electrophoresis and then
detected by autoradiography. To achieve a higher sensitivity, the 16S rDNA was initially amplified by
polymerase chain reaction prior to the ligase chain reaction. The ligase chain reaction was tested on 19 different
Listeria species and strains and proved to be a highly specific diagnostic method for the detection of L.
monocytogenes.

Listeria spp. are gram-positive bacilli, and while most
species within the genus are nonpathogenic to humans, L.
monocytogenes has the potential to cause listeriosis (12). It
is primarily a livestock pathogen, but it has been seen
sporadically in humans for many years. It is increasingly
clear that L. monocytogenes is the predominant (and per-
haps only) pathogenic species found in food (10). The
selective detection of L. monocytogenes is of great impor-
tance, as the ecology of Listeria spp. is not well understood
and the detection of Listeria spp. other than L. monocyto-
genes may not be an accurate indicator of a food's safety
(10).
Various systems for detecting L. monocytogenes by using

either monoclonal antibodies or nucleic acid probes alone
(reviewed in reference 12) or nucleic acid probes in conjunc-
tion with the polymerase chain reaction (PCR) have been
reported (7, 8, 11, 13, 17, 21, 22).
The use of 16S rRNA as a distinct signature for bacteria

has become the method of choice for identifying and differ-
entiating microorganisms when no other nucleic acid se-
quence constitutes a unique desired target (24). A DNA
probe based upon a 16S rRNA sequence (rDNA), which
detects all Listena spp., has been developed, although the
sequences that discriminate it from other genera were not
reported (14). Also, a 16S rRNA-based oligonucleotide
probe specific for L. monocytogenes has been designed and
was used in a hybridization assay (19).
The 16S rRNA nucleotide sequence from a number of

Listena spp. has been determined either after reverse tran-
scription (9) or from PCR-amplified genomic rDNA (5).
Differences in single base pairs between L. monocytogenes
and L. innocua were described for the V2 and the V9 regions
(5, 9, 19).
The ligase chain reaction (LCR) has been shown to be a

highly sensitive and specific method for discriminating be-
tween DNA sequences differing in only a single base pair (2;
reviewed in reference 3). LCR is based on the principle of
ligation of two adjacent synthetic oligonucleotide primers
which hybridize uniquely to one strand of the target DNA.
The junction of the two primers is positioned so that the
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nucleotide at the 3' end of the upstream primer coincides
with a potential single-base-pair difference in the targeted
sequence, which defines different alleles or species. If the
base pair at that site matches the nucleotide at the 3' end of
the upstream primer, the two adjoining primers can be
covalently joined by the ligase. In the LCR, a second pair of
primers complementary to the first pair are present, again
with the nucleotide at the 3' end of the upstream primer
denoting the sequence difference. In a cycling reaction with
a thermostable Thermus aquaticus DNA ligase, the ligated
product can then serve as a template for the next reaction
cycle, leading to an exponential amplification process anal-
ogous to PCR amplification. If there is a mismatch at the
primer junction, it will be discriminated by the thermostable
ligase, and the primers will not be ligated. The absence of the
ligated product therefore indicates at least a single-base-pair
change in the target sequence (3). This was demonstrated by
using LCR to discriminate between normal 3A_ and sickle
s-globin genotypes in humans (2).
We describe the use of the LCR to discriminate L.

monocytogenes from other, nonpathogenic Listena spp. A
primary PCR amplification of the 16S rDNA was combined
with a secondary LCR amplification to yield a highly sensi-
tive and specific method for identifying L. monocytogenes.

(The results presented in this article are part of M.
Wiedmann's thesis, which will be submitted to the Ludwig-
Maximilians-Universitat, Munich.)

MATERIALS AND METHODS

Preparation of genomic DNA and PCR of 16S rDNA.
Listeriae were grown in 5 ml of Listeria enrichment broth
(BBL, Becton Dickinson Microbiology Systems) at 37°C on
a shaker at 150 rpm. Cells from an 8-h culture (approx. 109
cells) of Listeria spp. were pelleted, resuspended in 100 ,ul of
distilled water, and then placed in a boiling-water bath for 10
min. A 1-,u aliquot of this lysate was used for PCR amplifi-
cation of the V2 region with two primers for the 16S rDNA
(5, 20), 16S-5 (5'CCGAATTCGTCGACAACAGAG' lTlGA
TCATGG3') and mpl9-INT (5'CGGAAACCCCCTAACAC
TTA3'), or for amplification of the V9 region with two
universal primers for the 16S rDNA (5, 20), 16S-3 (5'CCC
GGGATCCAAGCTTTAACCTTGTTACGACTT3') and
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TABLE 1. Sequences and melting temperatures of primers used in the LCR

Primer Sequence (5'-3') Tm (OC)

V2 region-specific pairs
Lm 1 (labeled) AGTGTGGCGCATGCCAGCTCTTTTGA 78
Lm 3 GGACCGGGGCTAATACCGAATGATAA 70

Lm 2R (labeled) TATCATTCGGTATTAGCCCCGGTTT 72
Lm 4R GGAAAAGCGTGGCATGCGCCACACTT 76

V9 region-specific pairs
Lm la (labeled) GTACAAAGGGTCGCGAAGCCG 68
Lm 3a AAGCTACACACGTGCTACAATGGATA 70

Lm 2Ra (labeled) ATCCATTGTAGCACGTGTGTAGC 68
Lm 4Ra AACGGCTTCGCGACCCTTTGTACT 70

mpl8-INT (5'ATTAGATACCCTGGTAGTCC3'). The am-
plified DNA was phenol-chloroform extracted, ethanol pre-
cipitated, and dissolved in TE buffer (10mM Tris-HCl, 1 mM
EDTA [pH 8.0]) by standard procedures (18). Alternatively,
the amplified DNA was used directly in the LCR. These
preparations were analyzed for the presence of the expected
16S rDNA fragment of 840 bp for the V2 region or of 720 bp
for the V9 region by electrophoresis in a 1.5% agarose gel in
TBE buffer (89 mM Tris-borate, 2mM EDTA [pH 8.2]). The
DNA concentration was estimated by visual comparison
with a standard DNA preparation.

Primers for LCR and LDR. For the LCR, two sets (Lm 1,
Lm 2R, Lm 3, and Lm 4R for the V2 region and Lm la, Lm
2Ra, Lm 3a, and Lm 4Ra for the V9 region) of four different
primers were used. The primer sequences are shown in
Table 1. For the ligase detection reaction (LDR) of the V9
region, either the primer pair Lm la plus Lm 3a or the pair
Lm 2Ra plus Lm 4Ra was used.

Primers Lm 1, la, 2R, and 2Ra were 5'-end labeled with
[,y-32P]ATP (Amersham) as described previously (2).
LCR and LDR conditions. The LCR and LDR were

performed as described previously (2, 23) with minor modi-
fications. One set of primers (50 fnol of each primer) were
incubated in the presence of target 16S rDNA (5 fmol) in 50
,ul of reaction buffer (50 mM Tris-HCl, 100 mM KCl, 10 mM
MgCl2, 1 mM EDTA, 10 mM dithiothreitol, 1 mM NAD+,
0.01% Triton X-100, 20 ,ug of salmon sperm DNA) with 75
nick-closing units of T. aquaticus DNA ligase (purified as
described previously [4]) and overlaid with 50 ,u1 of mineral
oil. The reaction cycle was 1 min at 94°C followed by 4 min
at 65°C, and this cycle was repeated 25 times. Annealing
temperatures of 70 and 74°C were also tested in the LCR

Lma 3

L. monocytogenes

L. innocua

performed with the primers for the V2 region. The reaction
was stopped by adding 40 p,l of formamide containing 10 mM
EDTA, 0.2% bromophenol blue, and 0.2% xylene cyanole.
Alternatively, bacterial lysates (prepared as described
above) were also used directly in the LCR.
As described previously, only one pair of primers was

used in the LDR, whereas two pairs of primers were used in
the LCR.
To evaluate the overall sensitivity of the PCR-coupled

LCR, serial dilutions of an 8-h L. monocytogenes culture
were used to prepare boiled lysates and tested with the
primers for the V9 region. These samples were analyzed for
the PCR product after PCR amplification, and then 5 p,l of
the PCR product was used for the second LCR step.

Electrophoresis. LCR samples were heated to 90°C for 5
min, and 10 pl1 was loaded on a 16% polyacrylamide minigel
(8 by 7.3 cm in Mini-PROTEAN II Electrophoresis Cell;
Bio-Rad) containing 7 M urea. Electrophoresis was carried
out in TBE buffer (89 mM Tris-borate, 2 mM EDTA [pH
8.2]) at 175 V constant voltage for 1 h. Gels were autoradio-
graphed on Kodak X-Omat AR film at -20°C for 12 h.

RESULTS

L. monocytogenes and L. innocua show single-base-pair
differences at nucleotide 193 (V2 region) and at nucleotide
1259 (V9 region) in the 16S rDNA (5, 9, 19). All other
Listeria spp. are far more divergent in that region (9). These
two sites were used to design primers for an LCR assay (Fig.
1 and 2).
An LCR assay based on those single-base-pair differences

was developed which is successful in distinguishing L.

A Lm 1

5' GGAAACCGGGGCTAATACCGAATGATAAAGTGTGGCGCATGCCACGCTTTTGAA 3' -219
3' CCTTTGGCCCCGATTATGGCTTACTATTTCACACCGCGTACGGTGCGAAAACTT 5'

T
Lim 2R

Lm 4R

5' GGAAACCGGGGCTAATACCGAATGATAGAGTGTGGCGCATGCCACGCTCTTGAA 3' -219

FIG. 1. Nucleotide sequence of the V2 region site in L. monocytogenes and in L. innocua used for LCR and locations of primers Lm 1,
Lm 2R, Lm 3, and Lm 4R. Oligonucleotides Lm 3 and Lm 4R contained 2-nucleotide tails to prevent ligation of the 3' end. The primers were
25 (Lm 1), 25 (Lm 2R), 26 (Lm 3), and 26 (Lm 4R) nucleotides long. X's mark differences between L. monocytogenes and L. innocua.
Nucleotides that are identical in L. monocytogenes and L. innocua are shown as colons. The target nucleotide for LCR is shown in boldface.
Primers are noted by a bar when the nucleotides are identical to those in L. monocytogenes; the nucleotide at the ligation junction is also
depicted for clarity. The sequences of each primer (in the 5'-x.3' orientation) are shown in Table 1.
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Lm 3a
Lm la

L. monocytogenes

L. innocua

5'CTGGGCTACACACGTGCTACAATGGATAGTACAAAGGGTCGCGAAGCCGC 3' -1281
3'GACCCGATGTGTGCACGATGTTACCTATCATGTTTCCCAGCGCTTCGGCG 5'

A
Lm 2Ra

Lm 4Ra

5'CTGGGCTA.X...............CCG -1281
5'CTGGGCTACACACGTGCTACAATGGATGGTACAAAGGGTCGCGAAGCCGC 3, -1281
.----- -----V9 .

FIG. 2. Nucleotide sequence of the V9 region site in L. monocytogenes and in L. innocua used for LCR and locations of primers Lm la,
Lm 2Ra, Lm 3a, and Lm 4Ra. Oligonucleotides Lm 3a and Lm 4Ra contained 2-nucleotide tails to prevent ligation of the 3' end. Primers were
21 (Lm la), 23 (Lm 2Ra), 26 (Lm 3a), and 24 (Lm 4Ra) nucleotides long. Other details are explained in the legend to Fig. 1.

monocytogenes from other Listena spp. This method was
tested on 19 different L. monocytogenes strains and other
Listena spp. (Table 2). Even species closely related to L.
monocytogenes, such as L. innocua, could be reliably dis-
tinguished.
When crude bacterial lysates were used without prior PCR

in the LCR assay with the V9 primers, a ligation product was
detectable with a 24-h autoradiogram exposure (data not
shown). PCR amplification of either the V2 or the V9 region
of the 16S rDNA was successful in generating DNA frag-
ments which were suitable for use in the LCR. There was no
significant difference in sensitivity or specificity whether
phenol-chloroform-extracted or unpurified DNA from the
PCR step was used for the LCR (data not shown).
The two complementary pairs of primers designed for the

V9 region had a low variation in melting temperature (68 to
70°C). When this set of primers was used in an LCR assay
(as well as in LDR) (Fig. 3), clear differentiation between L.
monocytogenes and other Listena spp. was possible. In Fig.
4, representative results of the LCR for 13 Listeria spp. with

TABLE 2. Listeria strains used in the LCR

Species and strain Serotypea Source or referenceb LCRproduct

L. monocytogenes
A/F2380 ND USDA-ERRC +
C/ATCC 15313 NT USDA-ERRC +
D/LCDC91-329 1/2a USDA-ERRC +
E ND USDA-ERRC +
SLCC 53 1/2a UVM +
SLCC 2371 1/2a UVM +
SLCC 5779 1/2a UVM +
ATCC 19112 1/2c UVM +
Scott A 4b Univ. of Minnesota +

L. innocua
SA 3 VT ND USDA -

SH3V ND Univ. of Minnesota -

P5V5 ND Univ. of Minnesota -

L. ivanovii
KC 1714 ND USDA -

L 29/R1-7 ND UVM/FDA -
L 30/R1-8 ND UVM/FDA -

L. seeligen ND Univ. of Minnesota -

L. welshimeri
H2.V.G. ND USDA -

CCK9LG ND Univ. of Minnesota -

L. grayi KC 1773 ND USDA
(ATCC 19120)
a Information about the serotypes was provided from the laboratories that

provided the strains. ND, not determined; NT, not typeable.
b USDA, U.S. Department of Agriculture; ERRC, Eastern Regional Re-

search Center; UVM, University of Vetmont, FDA, Food and Drug Admin-
istration.

the primers for the V9 region are shown. On the autoradio-
gram, the two labeled primers are visible at the bottom of the
gel; the lower band is primer Lm la (21 nucleotides), and the
higher one is primer Lm 2Ra (23 nucleotides). The ligated
products for primer pairs Lm la plus 3a and Lm 2Ra plus
4Ra are both 47 bases long, and therefore only one band
appears on the autoradiogram.
The addition of 0.01% Triton X-100 to the reaction mixture

gave higher yields of ligation product with both LDR and
LCR (Fig. 3). This was quantified by excising the bands from
gels after a 25-cycle LCR and measuring the specific activi-
ties of the ligation product and the unligated primers by
liquid scintillation counting. With 5 fmol of target DNA, a
slightly higher amount of false-positive ligation was detected
when 0.01% Triton X-100 was used than in LCR reactions
without Triton X-100.
When 0.01% Triton X-100 was used, approximately 80%

of the starting primers were ligated after 25 LCR cycles at a
concentration of 5 fmol of target DNA (data not shown).
Since only one pair of primers was used in the LDR, only
one band for the unligated labeled primer is seen (primer Lm
2Ra, 23 nucleotides), while in the autoradiogram of the LCR,
two bands of unligated primers are seen (see above for
explanation).
When L. innocua served as a target in the LCR with the

V9 primer set, a very small amount of ligation product was
detected only when the gel was autoradiographed for more
than 20 h. In species distantly related to L. monocytogenes
(e.g., L. seeligeri and L. grayi), no ligation product was
observed (Fig. 4) even when the gel was autoradiographed
for more than 36 h.
When different dilutions of target cells were used for the

PCR-coupled LCR, small numbers of target cells (150 to
15,000 CFU) gave no detectable PCR product in ethidium
bromide-stained gels, but the second LCR step revealed the
presence of L. monocytogenes.
The LCR primers for the V2 region exhibited a high degree

of ligation in the absence of target DNA. Since the melting
temperature of those primers ranged from 70 to 78°C, cycles
with higher annealing temperatures (70 or 74°C) than orig-
inally described were tested. At an annealing temperature of
74°C, the amount of ligated product decreased drastically,
not only in the absence but also in the presence of target;
however, target-independent ligation products were still
observed (data not shown).

DISCUSSION

The ability to accurately identify L. monocytogenes is
important in guaranteeing the safety of food products. Dis-
crimination between the closely related L. innocua and L.
monocytogenes is very difficult and time-consuming when
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FIG. 3. Autoradiogram of LCR and LDR products for L. monocytogenes and L. innocua. (Left) LDR with Lm 2Ra and 4Ra; (right) LCR
with Lm 3a, la, 2Ra, and 4Ra. The primers Lm la, 2Ra, 3a, and 4Ra were specific for the single-base-pair difference at nucleotide 1259 of
the V9 region 16S rDNA. Radioactive primers for LCR are 21 and 23 nucleotides long, while the LCR products are 47 nucleotides long,
respectively. The radioactive primer for LDR is 23 nucleotides long, and the LDR product is 47 nucleotides long. The higher ligation rate seen
when the buffer was supplemented with 0.01% Triton X-100 is apparent in the comparison of the first three lanes with the last three lanes of
each LCR and LDR.

common microbiological methods are used. In this study, we
showed that LCR is capable of distinguishing L. monocyto-
genes from L. innocua and also from all other Listeria spp.
tested.
When LCR was used for detection of the 3A-globin gene,

the sensitivity was reported to be limited to about 200 target
molecules (2). PCR has been shown to have a much greater
sensitivity, although it cannot always easily discriminate
between two targets differing in only a single base pair. For
example, Bej et al. (6) were able to detect fewer than 5
coliform bacteria in 100 ml of water by using PCR amplifi-

~~~
ro

3g,

FIG. 4. Autoradiogram showing LCR for a selected number of
different Listeria species and strains. The primers Lm la? 2Ra, 3a,
and 4Ra, specific for the single-base-pair difference at nucleotide
1259 of the V9 region 16S rDNA, were used for this LCR. The
autoradiogram was exposed for 22 h. For further explanations, see
the legend to Fig. 3. L.m., L. monocytogenes.

cation. The PCR primers for the V2 region allowed the
amplification of an 840-bp fragment, whereas the universal
PCR primers for the V9 region amplified a 720-bp fragment.
In the PCR amplification, no difference was observed in the
results obtained with crude bacterial cell lysates and purified
DNA.
When using the PCR to amplify the target region for the

LCR, it is possible to combine the high sensitivity of the
PCR with the high specificity of the LCR. Furthermore, our
experiments showed that the second LCR step can increase
the sensitivity of the PCR step for the detection of L.
monocytogenes when ethidium bromide staining of the aga-
rose gels is used to detect the PCR products. One primer of
an LCR primer pair can be radioactively labeled, and the
ligation product can be detected by gel electrophoresis and
subsequent autoradiography of the gel. This approach was
shown to be highly sensitive, so that even minimal amounts
of ligation products could be detected (2). Primers containing
a mismatch with the target DNA yielded from <0.2 to 1.3%
of the ligation product obtained with perfect complementar-
ity, depending on the target nucleotides involved (2). L.
monocytogenes has an A. T base pair while L. innocua has
the base pair G. C at nucleotide 1259 in the V9 target region
(Fig. 2). Based on our earlier data with G. T and C- A
mismatches, a 1.3% background signal with L. innocua
would be expected. Since this ratio was estimated for 10
amol of target DNA, a somewhat greater amount of false-
positive ligation product would be expected for our experi-
ments, in which 5 fmol of target DNA was used.
The inclusion of 0.01% Triton X-100 in the LCR reaction

mixture increased LCR efficiency, but it also intensified
false-positive ligation when 5 finol of target DNA was used
and the gel was exposed for longer than 12 h. This problem

APPL. ENvIRON. MICROBIOL.
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might be eliminated by using either shorter exposure times
or smaller amounts of target DNA.
One possible reason for the unsatisfactory results ob-

served with the V2 region primer set could be that the
melting temperatures of the four primers were too different,
resulting in extensive primer-primer ligations. Once an initial
ligation product is formed, it will then serve as a target in
subsequent cycles. Therefore, the use of primer pairs with
very similar melting temperatures seems to be important (2).
It is also possible that one of the primers of this set serves

transiently as a template for the other primers, even though
a comparison of the sequences of these primers does not
reveal any obvious complementarity. Since the melting
temperatures of the V2 primers were higher than those for
the V9 primers, we used higher annealing temperatures for
the LCR with the V2 primers to decrease the amount of
annealing at noncomplementary targets. However, this ap-

proach did not solve the problems with this primer set.
Furthermore, self-annealing of one of the primers could be a

reason for the formation of a ligation product in the absence
of target DNA. Secondary structure in the target may also
account for a smaller amount of ligation product.

In future studies, the use of a PCR-coupled LCR for the
specific detection of L. monocytogenes could be simplified
by using a nonradioactive reporter. The use of biotin for
labeling one primer and of a suitable nonisotopic reporter
group for the second primer should allow product capture
and detection in a manner amenable to automation (15, 16).
One of the main advantages of the use of PCR-coupled

LCR is that even if the target sequence for the LCR can only
be amplified to the attomolar range (because of competition
from other bacteria in the original sample, whose 16S rDNA
is also amplified by the universal PCR primers), this amount
of DNA is still sufficient to be detected by LCR (2, 3).
The use of PCR primers that specifically amplify the 16S

rDNA of all Listeria spp. will allow the detection of any

Listeria spp. in the first step. The LCR as the second
reaction could then specifically confirm the presence of L.
monocytogenes.
The test presented in this article has the potential to

become an alternative to the commonly used, time-consum-
ing culture procedures for the diagnosis of L. monocyto-
genes in food and environmental samples. Further refine-
ment of this PCR-coupled LCR, especially in the presence of
competitive microflora, is needed to reach the final goal of a

valuable method for detecting L. monocytogenes in food.
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