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Three multiplex PCR assays were developed to identify the 11 most common Listeria monocytogenes clones in clinical and food
samples; 270 (95.7%) of 282 strains of serogroups IVb, IIb, IIa, and IIc were identified accurately. This novel tool is a rapid and
efficient alternative to multilocus sequence typing for identification of L. monocytogenes clones.

Human and food isolates of the food-borne pathogen Listeria
monocytogenes belong predominantly to two phylogenetic

lineages (1–3). Lineage I isolates belong mostly to serotypes 4b and
1/2b, whereas lineage II isolates mostly belong to serotypes 1/2a
and 1/2c. A multiplex PCR assay (4) allows identification of PCR
serogroups IVb (serotypes 4b and rare variants 4d and 4e), IIa
(serotypes 1/2a and 3a), IIb (serotypes 1/2b, 3b, and 7), IIc (sero-
types 1/2c and 3c), and L (serotypes 4a, 4ab, and 4c). Unfortu-
nately, serogrouping has limited discriminatory power, thus pro-
viding limited resolution for epidemiological typing. Multilocus
sequence typing (MLST) can discriminate isolates within the same
serogroup (5). The large-scale application of MLST led to the
identification of numerically predominant and internationally
widespread clonal complexes (CCs), which are considered clones,
i.e., sets of isolates descending from a single common ancestor
(5–9). Most major clones have been involved in outbreaks of lis-
teriosis (7, 10–12). Rapid identification of MLST clones is impor-
tant for epidemiological surveillance and outbreak investigation.
However, MLST is time-consuming and is too expensive for rou-
tine use in most laboratories involved in L. monocytogenes typing.
The objective of this work was to enable rapid affordable identifi-
cation of major clones of L. monocytogenes by multiplex PCR.

Clone-specific target genes for PCR were identified based on
comparative analyses of 104 genomes that were representative of
the diversity of clones of L. monocytogenes (our unpublished re-
sults). We determined the pan-genome, i.e., the full complement
of protein-coding gene families of the species, as described previ-
ously (13). Gene families specific for major clones, lineages, or
serogroups were identified and represented putative target genes
for PCR identification. Among these, target genes that were of
sufficient size and were not present on mobile genetic elements
were selected. Primers were then carefully designed (see Table S1
in the supplemental material), using Primer3 (14), to produce
amplification products with different sizes and to amplify DNA at
a unique annealing temperature. Target genes were grouped into
three “clonogrouping” multiplex PCR assays, which were in-
tended to be used downstream of the widely used PCR serogroup-
ing assay. First, the IVb clonogrouping PCR assay was designed to
identify serogroup IVb clones CC1, CC2, CC4, and CC6 or any
other serogroup IVb isolate. Second, the IIb PCR assay was de-
signed to identify serogroup IIb clones CC3 and CC5 or any other

serogroup IIb isolate. Third, the IIaIIc PCR assay was designed to
identify either serogroup IIa clones CC7, CC8, CC121, and CC155
or clone CC9, most isolates of which are in serogroup IIc. Ex-
pected amplification results are given in Table S2 in the supple-
mental material. PCR mixture details are given in Table S3 in the
supplemental material. The three multiplex PCRs were performed
with an initial denaturation step of 94°C for 30 s, 25 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 75 s, and a final elongation step
of 72°C for 10 min. Eight microliters of the PCR products was
mixed with 3 �l of loading buffer, and the products were separated
on a 1.5% agarose gel, in 1� Tris-borate-EDTA (TBE) buffer, at
120 V for 90 min.

A total of 282 L. monocytogenes strains were used to validate the
method (see Table S4 in the supplemental material). Among
these, 185 were analyzed previously by MLST (6, 7, 15), whereas
the MLST genotypes of the 97 remaining strains were determined
in the present study. The latter strains were selected from the
Collection of Listeria of the Institut Pasteur (CLIP) maintained at
the French National Reference Centre and the WHO Collaborat-
ing Centre for Listeria. The strains were isolated in 33 countries,
with 57% of the strains from France. There were 202 strains (72%)
from human infections and 42 (15%) from food, and the remain-
ing strains were from animals and the environment. DNA extrac-
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tions were performed using the Promega Wizard genomic DNA
purification kit. PCR serogrouping and MLST were performed as
described previously (4, 5). Novel alleles and sequence types (STs)
were submitted to the international MLST database (http://www
.pasteur.fr/mlst). Clonal complexes were defined as groups of al-
lelic profiles sharing at least 6 of 7 alleles with at least one other
member of the group (5). Allelic profiles sharing less than 6 alleles
with all other allelic profiles were designated singletons; these
groups were defined based on MLST data from this study and
previous studies (5–8, 15). The discrimination index was calcu-

lated using an online tool (http://darwin.phyloviz.net/Comparing
Partitions).

The 282 strains were analyzed using the three multiplex PCR
assays (see Table S4 in the supplemental material). Figure 1 shows
PCR amplification patterns obtained for representatives of the 11
target clones. Amplification results were highly consistent with the
expected profiles of the presence or absence of clone-specific genes
and lineage- or serogroup-specific control genes (see Table S2 in
the supplemental material). Overall, 223 (96.1%) of 232 strains
that belonged to target clones were correctly identified (Table 1

FIG 1 Agarose gel electrophoresis of PCR products generated by IVb clonogrouping multiplex PCR (A), IIb clonogrouping multiplex PCR (B), and IIaIIc
clonogrouping multiplex PCR (C). Lanes 2 to 12, L. monocytogenes strains of CC1 (CLIP2013/00068), CC2 (CLIP2012/00799), CC4 (CLIP2011/00181), CC6
(CLIP2010/01520), CC5 (CLIP2011/00140), CC3 (CLIP2011/00787), CC121 (CLIP2012/00189), CC155 (2010/01410), CC7 (CLIP2012/01275), CC8
(CLIP2012/01049), and CC9 (CLIP2010/01314), respectively; lane 13, negative control; lane 1, Smart Ladder small fragment (Eurogentec). Genes corresponding
to the amplified fragments are indicated on the right. Molecular sizes (in base pairs) are given on the left.

TABLE 1 Identification results

CC
No. of
isolates

No. (%) of correct
identifications No. (%) of incomplete identifications No. (%) of incorrect identifications

CC1 28 22 (78.6) 6 (21.4) identified as other serogroup IVb
CC2 29 27 (93.1) 2 (6.9) identified as other serogroup IVb
CC3 28 28 (100)
CC4 20 20 (100)
CC5 21 21 (100)
CC6 19 19 (100)
CC7 23 23 (100)
CC8 18 18 (100)
CC9 25 24 (96) 1 (4.0) identified as other lineage II
CC121 14 14 (100)
CC155 7 7 (100)
Other serogroup IVb 11 9 (81.8) 2 (18.2) identified as CC1
Other serogroup IIb 7 7 (86)
Other lineage II 32 31 (96.9) 1 (3.1) identified as CC8
Total 282 270 (95.7) 9 (3.2) 3 (1.1)
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and Fig. 2); 100% of strains belonging to CC3, CC4, CC5, CC6,
CC7, CC8, CC121, and CC155 were successfully identified, and
correct identification rates were 78.6% (22 of 28 strains) for CC1,
93.1% (27 of 29 strains) for CC2, and 96% (24 of 25 strains) for
CC9. No isolate of a target clone was misidentified as belonging to
another clone. For the nine strains that were not successfully identi-
fied, the identification was correct at the level of lineage and PCR
serogroup but was incomplete because the expected clone-specific
PCR product was not amplified (Fig. 2; see also Table S4 in the sup-
plemental material). To understand these discordances, genome se-
quencing was performed, confirming the absence of the gene for five
strains, i.e., LM235, LM68, LM71, LM12-01748, and SLCC63 (data
not shown). For the remaining strains (LM12980, LM86256,
LM18354, and LM19700), the gene was present without priming site
mismatches, which was confirmed by simplex PCR.

Of the 50 strains that did not belong to target clones, 47 (94%)
yielded the expected lineage- and serogroup-specific PCR fragments,
and three were misidentified as either CC1 (LM84790 and LM10-
01572) or CC8 (LM10-01432), from which they differed by only two
or three MLST alleles. Genomic sequencing of the three strains con-
firmed the presence of the unexpected genes (data not shown). Given
the close phylogenetic relatedness of these strains to the target clones,
these results suggest that the clone-specific gene was acquired ances-
trally, rather than horizontally. Strains that were identified by the
multiplex PCR only at the lineage or serogroup level could be char-
acterized more precisely using classic MLST (5).

In conclusion, we have developed a set of three multiplex PCRs
enabling clonogrouping, i.e., determining whether a strain be-

longs to one of the major clonal groups of L. monocytogenes. Over-
all, 270 (95.7%) of 282 strains were identified at the clone level,
whereas nine (3.2%) were identified correctly above the clone
level and only three (1.1%) were misidentified. This novel tool is
intended to be used in a two-step strategy, i.e., first, use of the PCR
serogrouping method (4) and, second, depending on the PCR
serogroup determined, use of the appropriate clonogrouping PCR
assay (IVb, IIb, or IIaIIc) for identification at the MLST clone
level. Unlike MLST, this strategy can provide clone identification
in less than 1 day starting from a bacterial culture. Based on the
data set of this study, the discriminatory power (Simpson’s index)
of clonogrouping was 92.3% (95% confidence interval [CI], 91.8
to 92.8%), whereas PCR serogrouping had a discrimination level
of only 77.5% (95% CI, 76.3 to 78.7%). Therefore, this widely
applicable new tool will significantly refine, beyond PCR sero-
grouping, the genotypic characterization of L. monocytogenes
strains. It will thus provide improved resolution for molecular
surveillance while rapidly providing information to risk managers
during investigations of outbreaks. In investigations of putative
epidemiologically linked cases, it may rapidly provide informa-
tion that strains that belong to the same PCR serogroup actually
belong to different CCs, in a more-timely manner than time-con-
suming but more discriminatory methods such as pulsed-field gel
electrophoresis (PFGE) and genome-based typing. Finally, the
wide use of this novel method should contribute to better defining
the distribution of major clonal groups in clinical, food, and en-
vironmental sources.

FIG 2 Phylogenetic tree based on concatenation of the seven MLST gene sequences of the 282 strains that were tested using the three multiplex PCRs. Branches
of lineage I are in red and branches of lineage II are in blue. Clones defined based on MLST data are indicated with colored areas at the leaves. Colored areas
around the tree indicate the serogroups defined with the PCR serogrouping method. Identification results based on the clonogrouping multiplex PCR method
are indicated by rounded squares on the outer circle (see key). White stars, incomplete identifications; black stars, incorrect identifications.
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