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One hundred seventy-five Listeria monocytogenes strains were characterized by serotyping, pulsed-field gel
electrophoresis (PFGE), and multilocus sequence typing (MLST) based on loci in act4, betL, hiyA, gyrB, pgm,
and recA. One hundred twenty-two sequence types (STs) were identified by MLST based on allelic profiles of
the four housekeeping genes (betL, gyrB, pgm, and recA), and 34 and 38 alleles were identified for hlyA and actA,
respectively. Several actA and hlyA alleles appeared to be predominantly associated with clinical isolates.
MLST differentiated most of the L. monocytogenes strains better than did PFGE, and the discriminating ability
of PFGE was better than that of serotyping. Several strains with different serotypes were found, by MLST and
PFGE, to have very closely related genetic backgrounds, which suggested possible “antigen switching” among
them. MLST can be a useful typing tool for differentiating L. monocytogenes strains (including strains undis-
tinguishable by PFGE typing and serotyping), and it may be of value during investigations of food-borne

outbreaks of listeriosis.

Listeria monocytogenes is an important food-borne pathogen
which causes ca. 2,500 listeriosis cases/year, and it is responsi-
ble for ca. 500 deaths/year in the United States (28). Because
of the high fatality rate (20 to 30%) associated with L. mono-
cytogenes infection, the U.S. Food and Drug Administration
and the Food Safety and Inspection Service of the U.S. De-
partment of Agriculture have established a “zero tolerance”
policy (i.e., no detectable levels permitted) for the species in
ready-to-eat foods (37). However, despite the zero tolerance
policy and multimillion dollar food recalls due to L. monocy-
togenes contamination, several outbreaks of listeriosis have oc-
curred during the 1980s and 1990s, with a variety of contami-
nated foods, including coleslaw (34), unpasteurized cheese
(24), butter (26), pasteurized milk (11), and other foods (10,
37), implicated as sources of the etiologic agent. Thus, improv-
ing the ability to identify outbreak-causing strains rapidly and
to trace them to sources of contamination is important for
addressing many of the epidemiological, clinical, and legal
issues associated with listeriosis outbreaks.

Several phenotypic and genotypic typing methodologies
have been used to subtype L. monocytogenes, including sero-
typing (35), electrophoretic typing of esterases (zymotyping)
(20), multilocus enzyme electrophoresis (MLEE) (32), ribotyp-
ing (12), random amplification of polymorphic DNA (RAPD)
(4), and pulsed-field gel electrophoresis (PFGE) (14). The
methods differ in their discriminatory abilities and reproduc-
ibility, and some of them, e.g., phage-typing and serotyping, are
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limited to a few laboratories that have access to specific typing
phages and sera, respectively. In general, DNA-based typing
approaches are recognized as having better discriminatory
power than phenotypic approaches and being better suited for
investigating L. monocytogenes outbreaks (25). Among molec-
ular typing approaches, ribotyping and PFGE typing have been
reported (20) to be superior to other approaches, with the
discriminatory power of PFGE superior to that of ribotyping
(1). However, even those superior approaches do not always
adequately distinguish between strains of L. monocytogenes,
including strains of serotypes 1/2b and 4b primarily associated
with human listeriosis (10, 37), and they are poorly suited for
long-term epidemiological studies and for determining the
evolution and phylogenetic relationships among various L.
monocytogenes strains and serotypes.

Sequencing the entire bacterial genome is likely to differen-
tiate Listeria strains extremely well and to yield information
about their phylogeny. However, that approach is a major
undertaking which is not yet technically feasible to use for
investigating listeriosis outbreaks. Sequencing a single L.
monocytogenes gene (7) also may not be optimal for accurate
comparison of the isolates, because the data may be either
noninformative, if the gene selected for analysis is highly con-
served, or misleading, if the gene selected for analysis is highly
variable. Also, because evolution occurs by a net-like process,
gene trees based on a single gene are not likely to permit
accurate determination of the genetic relatedness among var-
ious isolates and the evolutionary history of the species (16).
Thus, a technique involving simultaneous, sequence-based
analysis of several genes should provide the ideal balance be-
tween sequence-based resolution and technical feasibility.
Such an approach, called multilocus sequence typing (MLST),
was recently used by Maiden et al. (27) to characterize menin-
gococci and has rapidly been applied to the study of many
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TABLE 1. Primers used for MLST, numbers of alleles and polymorphic sites identified per gene, and dy/dg ratios for various genes
determined for a subset of 157 L. monocytogenes isolates

Maximum length ~ Length of fragments No. of No. of Mean GC Sequence
Gene Primers (5'— 3") of amplified analyzed by alloles  Polymorphic  content  dy/ds variz?tion(%)
fragments (bp) START (bp) ; sites (%)

actA  CACAGATGAATGGGAAGAAGAA 963 415 24 42 40.05 0.23 10.1
CTTGTAAAACTAGAATCTAGCGA

betL.  GCTGGAATGGGAATTGG 650 400 17 31 36.99 0.03 7.8
GAAAGCCACCAAGCCCAATA

hlyA GCAAAATTTGGTACGGCATTTAAA 830 453 15 17 37.25 0.00 3.8
ACCGTTCTCCACCATTCCCAAGC

grB GGGCGTTGTGGCTTCTCGTGCACG 708 406 15 20 39.55 0.00 4.9
CGGCATCAATAGCGTCTTTGATAT

pgm  GGCGCTGGCGGCTTTTTTGCTGA 768 409 14 18 39.57 0.05 4.4
GAACCAACCTTCACCAAGCGCACC

recA  GTGAATGATCGTCAAGCGGC 655 466 12 34 41.06 0.00 73

AGTAGAATAGAATTTAAGCGCACG

other bacterial species. Because of its robustness and its ability
to differentiate a vast number of genotypes in which genetic
variations accumulate relatively slowly (in the evolutionary
sense), MLST has recently been suggested (6, 36) to be a
valuable primary tool for phylogenetic analysis of various bac-
teria.

MLST has rapidly gained recognition as one of the best
molecular typing approaches available today, and it has been
used to characterize several bacteria, including L. monocyto-
genes (5, 33). However, several important technical issues re-
lated to MLST of L. monocytogenes have remained to be ad-
dressed, including identifying the genes and the number of
gene loci that provide optimal resolution and comparing
MLST with other currently available typing approaches for
differentiating strains of the bacterium. Thus, the goals of this
study were (i) to determine which of several housekeeping and
virulence-associated gene loci are most useful in the MLST-
based differentiation of L. monocytogenes isolates and (ii) to
compare the discriminatory ability of MLST with that of PFGE
and serotyping. The data generated during the course of our
studies also enabled us to determine the genetic relatedness
among various clinical and environmental L. monocytogenes
strains and serotypes and to gain preliminary insight into the
evolutionary mechanisms responsible for L. monocytogenes di-
versity.

MATERIALS AND METHODS

Bacterial strains. A total of 175 L. monocytogenes strains (74 environmental
isolates, 94 clinical isolates, and 7 isolates of unknown origin) were examined in
this study. All strains were isolated in the United States. Clinical strains were
identified to species level by, and obtained from, various public health labora-
tories (information regarding which clinical isolates were isolated from blood
specimens, stool specimens, etc., was not available). Environmental strains were
obtained from the National Food Processors Association (food isolates) and a
major U.S. poultry producer’s research laboratory. The Centers for Disease
Control and Prevention (CDC) standard L. monocytogenes strain H2446 was
included in the strain collection and was used as a reference strain during all
experiments. Serotyping was performed by a commercial laboratory specializing
in serotyping of L. monocytogenes by the standard tube agglutination method.

PFGE. Plugs were prepared, and PFGE was performed, according to the CDC
PulseNet standardized procedure for typing L. monocytogenes (15), by using the
CHEF DR II apparatus (Bio-Rad Laboratories, Hercules, Calif.). The DNA in
agarose plugs was digested by incubating the plugs (at 37°C for 4 h) with AscI,
and electrophoresis was performed in a 1% agarose gel (in 0.5X Tris-borate-
EDTA buffer). The following electrophoresis conditions were used: voltage, 180

V; initial switch time, 4.0 s; final switch time, 40.01 s; run time, 16 h. Lambda
ladder pulsed-field grade (PFG) and low-range PFG molecular weight markers
were loaded on all gels (at least two markers per gel). AscI-digested DNA from
L. monocytogenes H2446 was included, as a reference, in all PFGE gels.

MLST. Six gene loci were selected for MLST analysis, including regions from
actA (encoding an actin recruitment and polymerization protein), betL (encoding
a glycine betaine transporter), ily4 (encoding listeriolysin O), gyrB (encoding the
DNA gyrase B subunit), pgm (encoding phosphoglucomutase), and rec4 (encod-
ing a DNA repair and recombination protein). Primers (Table 1) were designed
by aligning corresponding Listeria GenBank (http://www.ncbi.nlm.nih.gov) se-
quences by use of ClustalX (19) and selecting conserved regions flanking poten-
tially variable internal fragments of the targeted genes. The same primers were
used for PCR amplification and sequencing.

Bacterial DNA for PCR was prepared by extracting chromosomal DNA from
the PFGE plugs. (Since we already had PFGE plugs, it was convenient to use
them to extract the DNA required for the MLST analysis; DNA for MLST can
be extracted directly from bacteria by any other conventional means.) Briefly,
plugs containing bacterial DNA were frozen and thawed (at —80 and 60°C,
respectively) twice in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]), the
supernatant fluids were collected after clarification of the samples by centrifu-
gation (at 7,000 X g for 1 min), and aliquots (1 pl) of the resulting supernatant
fluids (containing approximately 50 ng of bacterial DNA) were used as templates
for PCR amplification. For most samples, the PCR amplification conditions were
as follows: an initial cycle at 94°C for 5 min; 35 amplification cycles, each
consisting of sequential incubation at 94°C for 45 s, 55°C for 45 s, and 72°C for
1 min; and a final incubation at 72°C for 5 min. When the primers for betL and
gyrB were used, different annealing temperatures (51 and 56°C, respectively)
were sometimes required for optimal amplification. PCR was performed using a
RoboCycler Gradient 96 machine (Stratagene, La Jolla, Calif.). Amplified frag-
ments were sequenced in both directions using the BigDye Terminator Cycle
Sequencing kit (Applied Biosystems, Inc., Foster City, Calif.), and the labeled
fragments were separated using an ABI 3700 DNA analyzer (Applied Biosys-
tems, Inc.).

Data analysis. PFGE patterns were compared by means of the Dice coeffi-
cient, by using Fingerprinting DST Molecular Analyst software (Bio-Rad Lab-
oratories). A dendrogram (see Fig. 1) was constructed by the unweighted pair
group method using averages (UPGMA); a tolerance of 3% in the band position
was applied. Computer-assisted analyses were performed according to the man-
ufacturer’s instructions.

The internal fragment sequences of actA4, hiyA, betL, gyrB, pgm, and recA were
determined during MLST. Reading of trace files and assembly of contigs were
performed by using the Phred (8, 9) and Phrap (available at http://www.washington
.edu) programs, respectively. The sequences were trimmed, and they were aligned by
the ClustalX program (19). Each unique sequence was randomly assigned a distinct
allele number. The sequence type analysis and recombinational test (START) pro-
gram (http://outbreak.ceid.ox.ac.uk) was used to construct an MLST-based dendro-
gram and to determine the GC content, numbers of alleles and polymorphic sites,
and proportions of nonsynonymous and synonymous base substitutions (d, and d,
respectively). The split decomposition method, as implemented in the Splitstree
program (17), was used to test for recombination.
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Nucleotide sequence accession numbers. The DNA sequences of the loci in
actA, betL, hlyA, gyrB, pgm, and recA have been deposited in GenBank under
accession numbers AY228804 through AY228978 (act4), AY228979 through
AY229153 (betL), AY229154 through AY229328 (gyrB), AY229329 through
AY229503 (hlyA), AY229504 through AY229678 (pgm), and AY229679 through
AY229853 (recA).

RESULTS

Serotyping. Eleven of the 175 isolates were not typeable
(NT) with the standard L. monocytogenes antisera, and the
remaining 164 strains were grouped into eight serotypes. The
predominant serotypes were 1/2a (99 strains [ca. 60% of the
serotypeable strains], 43 of which were clinical isolates), 4b (32
strains [ca. 20%], including 24 clinical isolates), and 1/2b (20
strains [ca. 8%], including 15 clinical isolates). The remaining
13 strains were grouped into serotypes 1/2c, 3a, 3b, 4a, and 4d.

PFGE. Fifty-seven PFGE types were identified among the
175 strains analyzed. PFGE type P1 predominated and in-
cluded 19 strains (11 environmental isolates and 8 clinical
isolates), followed by type P2 (11 environmental isolates and 2
clinical isolates) and type P3 (10 environmental isolates and 2
clinical isolates). Twenty-seven PFGE types (e.g., PFGE types
P38, P39, P40, etc.) were represented by only a single isolate.
The CDC standard strain H2446 was grouped in PFGE type
P4, together with 10 other isolates. Clinical isolates predomi-
nated in some PFGE types (e.g., P4 included eight clinical
isolates and three environmental isolates), while environmen-
tal isolates predominated in others (e.g., P3 included nine
environmental isolates and two clinical isolates). However, ge-
netic clusters encompassing predominantly clinical isolates or
environmental isolates were not identified by the PFGE-based
dendrogram (Fig. 1).

MLST. Sequence types (STs) were assigned based on the
allelic profiles of the four housekeeping genes (betL, gyrB, pgm,
and recA), which were determined based on their full-length
sequences submitted to GenBank. The same allelic profiles
were used to construct the MLST-based dendrogram (Fig. 2)
by using the START program. One hundred twenty-two se-
quence types (STs) were identified by MLST, and 34 and 38
allele types were identified for hlyA and actA, respectively.
Most of the STs (ca. 79%; 97 of 122 STs) contained only one
L. monocytogenes isolate; however, the remaining 25 STs con-
tained more than one isolate (e.g., seven L. monocytogenes
isolates were grouped in ST55, and four isolates were grouped
in ST56). The MLST-based dendrogram (Fig. 2) revealed two
major clusters: cluster A (72 strains) and cluster B (97 strains).
Six L. monocytogenes strains were not grouped in either of the
two clusters.

The START program requires that sequences of equal
length be analyzed in order to determine the numbers of al-
leles and polymorphic sites, mean G+C content, and d,/dg
ratios. Therefore, the sequences were trimmed for those anal-
yses. Also, 18 strains were excluded from the START analysis
because their sequences were less than 400 bp, the minimum
sequence length we included in the analysis. The lengths of the
trimmed DNA fragments varied from 400 bp for betL to 466 bp
for recA (Table 1), sizes comparable to those of the fragments
recently analyzed (33) for L. monocytogenes strains isolated in
Spain (one of the six loci [pgm] we analyzed also was examined
during that study). Among the six loci we analyzed by START,

J. CLIN. MICROBIOL.

the number of alleles varied from 24 (for actA4) to 12 (for recA)
(Table 1). The act4 gene region was the most variable (42
polymorphic sites and ca. 10.1% sequence variation), followed
by the betL gene fragments (ca. 7.8% sequence variation) and
the recA gene fragments (ca. 7.3% sequence variation) (Table
1).

The Splitstree program was used to detect recombination
among various STs. Allelic profile data (based on the four
housekeeping genes analyzed) were converted into distant ma-
trix values by using START, and the resulting nexus file was
analyzed by the split decomposition method, as implemented
in the Splitstree program. Splitstree analysis of our 175 L.
monocytogenes strains yielded a very low fit value (fit = 16)
(data not shown), which may have resulted from the program’s
inability to analyze the large amount of information (21).
Therefore, we also analyzed several small subsets of randomly
selected strains, which considerably improved the fit values.
One example of a Splitstree analysis displaying 10 parallelo-
grams and a high fit value of ca. 89, based on 18 randomly
selected L. monocytogenes isolates, is shown in Fig. 3.

The G+C contents varied slightly among the loci we ana-
lyzed. The hlyA region had the lowest G+C content (ca. 37%),
and the recA region had the highest (ca. 41%) (Table 1). The
dyldg ratios were <1 for all six loci, and they were zero for the
hlyA, gyrB, and recA loci (Table 1).

Correlation between serotyping, PFGE typing, and MLST.
In most cases, strains with the same ST and PFGE type be-
longed to the same serotype. However, there were exceptions.
For example, L. monocytogenes strains 84 and 57 had ST121
and PFGE type P16 (both strains also had the same act4 and
hlyA alleles [17 and 10, respectively]), but they had different
serotypes: 1/2b and 3b, respectively (Fig. 2). Also, although
seven L. monocytogenes strains were grouped in ST28 and
PFGE type P1, five of them had serotype 1/2a and two (strains
128 and 132) had serotype 1/2b (Fig. 2).

In some cases, strains with identical genetic backgrounds
(i.e., the same ST and PFGE type) also had the same actA4 and
hiyA alleles. For example, the seven strains in ST28 (PFGE
type P1) had the same act4 and hlyA alleles (allele 6 and allele
9, respectively), as did the two strains in ST108 (PFGE type
P29; allele 33 and allele 29, respectively). However, some
strains with identical genetic backgrounds did not have the
same actA and hiyA alleles (e.g., strains 66 and 166 had the
same ST30 and PFGE type PS5, but their hlyA4 alleles were not
the same) (Fig. 2).

Several strains with the same PFGE type (i.e., they were
undistinguishable by PFGE-typing) were differentiated and as-
signed distinct STs by MLST (e.g., PFGE type P6 included
eight isolates which were further subdivided into eight STs
[Fig. 2]). In some cases, strains with the same PFGE type but
distinct STs were not closely related based on the MLST den-
drogram (i.e., the START-constructed dendrogram based on
the allelic profiles of the four housekeeping genes). For exam-
ple, strains 68 and 89 in PFGE type PS5 were grouped in distinct
STs (ST76 and ST27, respectively), and they were not closely
related according to MLST, because the linkage distance be-
tween them was ca. 0.65 (on the START tree, the linkage
distance between identical strains was zero, and the linkage
distance between two most closely related, but not identical,
isolates was 0.25) (Fig. 2). In some instances, strains with the
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FIG. 1. PFGE-based dendrogram demonstrating the genetic diversity of various L. monocytogenes strains. Asterisks mark strains of unknown

origin.
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- 76
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FIG. 3. Split decomposition analysis of 18 randomly selected L.
monocytogenes strains.

same ST had distinct PFGE types. For example, isolates 5, 8,
and 75 were assigned the same sequence type (ST80 [Fig. 2]),
but they were differentiated into two closely related but distinct
PFGE types: P3 and P14 (Fig. 1).

Clustering of clinical and environmental isolates. No clear-
cut correlation between serotypes and the source of isolation
of the strains (environmental versus clinical) was observed,
although strains of the 1/2b and 4b serotypes seemed to pre-
dominate among the clinical specimens (75% of strains belong-
ing to serotypes 1/2b and 4b were clinical isolates). We did not
observe clusters (PFGE clusters were defined as groups of at
least three distinct PFGE types) of clinical and environmental
isolates in the PFGE-based dendrogram (Fig. 1). However,
START analysis of the MLST data (Fig. 2) revealed three
predominantly “clinical” subclusters (MLST subclusters were
defined as groups containing a minimum of five nonidentical
strains). The first subcluster (Al) contained 10 strains, of
which 8 were clinical isolates (strains 15, 66, 67, 68, 74, 89, 165,
and 166). All of the clinical strains in this subcluster were of the
“pathogenic” serotypes 1/2a and 1/2b (strain 89 was not sero-
typeable), and they were grouped in two distinct PFGE-types
(PS5 and P36 [Fig. 1]). Subcluster B1 contained 17 strains (15 of
which were clinical isolates) grouped in four PFGE types (P1,
P6, P19, and P38). The third subcluster (B2) contained seven
clinical strains (strains 17, 18, 56, 76, 93, 95, and 98) grouped in
three PFGE types (P10, P12, and P27). As with subclusters Al
and B1, the seven strains in subcluster B2 were limited to
“pathogenic” serotypes (1/2a, 1/2b and 4b). The strains in each
of the three “clinical” clusters were not identical, i.e., they had
distinct STs and PFGE types, and the linkage distance among
strains in the same cluster was =0.25. Also, they were not
clustered by PFGE, and many strains in the same MSLT sub-
cluster were not closely related according to the PFGE-based
dendrogram (Fig. 1).

hlyA alleles 10, 14, and 27 were most common in the Al (5

J. CLIN. MICROBIOL.

of 10 strains), B1 (9 of 17 strains), and B2 (3 of 7 strains)
“clinical” subclusters, respectively. Also, actA alleles 7, 31, and
23 were most common in the same subclusters: they were
present in 8 of 10 strains in subcluster Al, 7 of 17 strains in
subcluster B1, and 5 of 7 strains in subcluster B2, respectively.
When our entire strain collection was analyzed, the same al-
leles (except for hlyA4 allele 10) also appeared to be associated
with the clinical isolates. For example, 5 of the 175 isolates we
analyzed had hilyA allele 27, and 4 of those 5 strains (80%)
were clinical isolates; 11 of the 175 strains we analyzed had
actA allele 31, and 8 (72%) of those strains were clinical iso-
lates; 9 of the 175 isolates we analyzed had actA allele 7, and
6 (67%) of those strains were clinical isolates (Fig. 2). As noted
above, in some strains, specific act4 alleles were associated
with specific hlyA alleles and vice versa; e.g., hlyA allele 3, in
strains 136 (ST22), 139 (ST23), and 176 (ST42), was associated
with actA allele 1 (Fig. 2). In general, however, no clear-cut
correlation between the hlyA and actA alleles was observed.
For example, strains with hlyA allele 10 had seven different
actA alleles (alleles 7, 9, 11, 12, 17, 20, and 37), and strains with
actA allele 31 had three different Aly4 alleles (alleles 14, 15,
and 24) (Fig. 2).

DISCUSSION

Genetic heterogeneity of L. monocytogenes strains and the
role of recombination in L. monocytogenes diversity. The ge-
netic composition of the strain population we analyzed was
moderately heterogeneous; for example, ca. 1 PFGE type was
identified per 3 isolates, and ca. 1 ST was identified per 1.4
isolates. Although it is not possible to compare directly the
MLST data we obtained with U.S. strains and the data ob-
tained with the Spanish strains studied by Salcedo et al. (33),
because different loci were analyzed during the two studies,
our collection appeared to be slightly less heterogeneous. For
example, in the study of Salcedo et al., the largest number of
alleles was identified by the analyses of cat (ca. 1 allele per 3.9
strains), dapE (ca. 1 allele per 4.4 strains), and abcZ (ca. 1
allele per 5.2 strains). In our study, the largest number of
alleles was identified by the analyses of actA (ca. 1 allele per 6.5
strains). Among the housekeeping genes we analyzed, the larg-
est number of alleles was identified for betL (ca. 1 allele per 9.2
strains), followed by gyrB (ca. 1 allele per 10.5 strains) (Table
1). These observations should be taken into account when one
is selecting loci for MLST of L. monocytogenes.

The Listeria genome has a mosaic structure and contains
several putative DNA uptake genes and prophages (13).
Therefore, gene transfer by transformation has been proposed
(13) to be primarily responsible for genomic differences be-
tween L. monocytogenes and other Listeria species (e.g., Liste-
ria innocua), as well as some other bacteria closely related to L.
monocytogenes (e.g., Bacillus subtilis). Also, although the mean
G+C content of the recently sequenced L. monocytogenes
strain EGD-e (serotype 1/2a) was estimated to be ca. 39%,
several regions with different G+C contents have been iden-
tified on the chromosome, which suggests recent (on the evo-
lutionary scale) horizontal gene acquisition(s) of those regions
(13). The parallelograms calculated during our Splitstree anal-
ysis (Fig. 3) also support the idea that recombinational events
played a role in the evolution of L. monocytogenes.

1sanb Aq ¥T0Z ‘0 1290100 uo /Hi0 wse woal//:dny wol) papeojumod


http://jcm.asm.org/

VoL. 42, 2004

The G+C contents of the genes we analyzed (Table 1) were
relatively consistent with the mean G+C content reported for
the fully sequenced L. monocytogenes strain (13). Interestingly,
hlyA and actA (two major virulence genes located in close
proximity on the L. monocytogenes virulence gene cluster (23)
had different G+C contents (37 and 40%, respectively). This
observation is in agreement with the findings of Glaser et al.
(13), in which several regions with different G+C contents
were found in the genome of the fully sequenced L. monocy-
togenes strain, and it suggests that hlyA and actA genes from
different ancestors may have been introduced into the bacte-
rium’s virulence gene cluster. Our observation of no correla-
tion between hly4 and actA alleles also supports this hypoth-
esis.

Clustering of clinical strains by MLST. L. monocytogenes
virulence has traditionally been associated with the presence of
several virulence genes, including prfA, plcA, hlyA, mpl, actA,
and plcB, grouped in the Listeria virulence gene cluster (23).
However, not all L. monocytogenes strains carry or express all
of the above genes, and some strains have been found (30) to
be as much as 100-fold more virulent in vivo than other strains.
Several investigators (18, 32, 38) have suggested, based on
ribotyping and allelic analyses of several virulence genes, that
“clinical” (and presumably highly pathogenic) L. monocyto-
genes strains are of clonal origin and that they are grouped in
distinct lineages that have various pathogenic potentials. Dur-
ing our PFGE analyses, we did not observe subclustering of
clinical (and possibly more virulent) or environmental isolates.
This observation agrees with a previous report (22) demon-
strating no association between various PFGE types of L.
monocytogenes and the strains’ virulence potential for Caco-2
tissue culture cells. On the other hand, MLST identified three
subclusters (Al, B1, and B2 [Fig. 2]) containing predominantly
clinical isolates. Moreover, several act4 and hlyA alleles in the
subclusters (as well as among all of the 175 L. monocytogenes
strains we analyzed) appeared to be predominantly associated
with clinical isolates. At present, it is not clear whether the
observed subclustering—or the presence of specific hly4 and
actA alleles—is associated with a high pathogenic potential of
the strains. Sequencing of additional loci (including loci from
the Listeria virulence gene cluster) may identify additional
clusters and the critical nucleotide substitutions responsible for
clustering of L. monocytogenes strains that have high patho-
genic potential. Since L. monocytogenes is acquired by humans
primarily through consumption of contaminated foods (10,
37), we believe it is unlikely that a perfect division between
“environmental” (including food) and “clinical” L. monocyto-
genes isolates can be identified. However, it may be possible to
identify clusters containing a statistically significant prevalence
of “clinical” versus “environmental” isolates. Additional stud-
ies in this area may have a profound impact on improving our
understanding of the virulence traits of L. monocytogenes and
on developing tools for rapid identification of L. monocyto-
genes strains of increased public health concern, i.e., strains
with a high pathogenic potential.

Correlation between the genetic backgrounds of strains and
their serotypes. PEFGE- and ribotype-based genetic clustering
of L. monocytogenes strains has been reported (3, 29) to cor-
relate with their serotypes, and genotypic data generated by
PFGE have been found (3) to be directly related to strain
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serotypes. Although we did not observe a similar clear-cut
association of PFGE types with specific serotypes, most of the
strains that had identical PFGE types and STs belonged to a
single serotype. However, some genetically identical or very
closely related L. monocytogenes strains with the same ST and
PFGE type, e.g., strains 84 and 57 (ST121, P16, hlyA4 allele 10,
actA allele 17), belonged to different serotypes (1/2b and 3b,
respectively). This observation raises the possibility that the
strains diverged into different serotypes, from the same ances-
tor, via an “antigen-switching” mechanism. Similar mecha-
nisms are known to exist in some other bacterial pathogens; for
example, strains of the recently emerged epidemic O139 sero-
type of Vibrio cholerae have been shown (2) to have diverged
from a classical O1 strain(s) via O-antigen switching. The pos-
sibility that similar antigen switching may have occurred in L.
monocytogenes suggests that conclusions about the pathogenic
potential of L. monocytogenes strains (based solely on their
serotypes) must be interpreted with caution and that strains
belonging to “nonpathogenic” L. monocytogenes serotypes
(i.e., serotypes other than 1/2a, 1/2b, and 4b) should not be
considered to be avirulent or to have reduced virulence solely
on the basis of their serotype classification. Our observation
also suggests that conclusions about the genetic relatedness of
strains based on their serotypes may be misleading and that
genetic typing methodologies (e.g., MLST) must be used to
determine the true genetic background of various L. monocy-
togenes isolates and the relationships among them.

Discriminatory abilities of serotyping, PFGE, and MLST.
The L. monocytogenes strains we analyzed were grouped in 8
serogroups, 57 PFGE types, and 122 STs, which suggests that
the discriminatory abilities of the three methodologies differ,
i.e., that serotyping is the least discriminatory and MLST is the
most discriminatory of the three approaches. Serotyping is one
of the oldest approaches for typing L. monocytogenes, and it
has been used extensively to differentiate strains and to trace
disease-causing isolates to their sources of origin (35). How-
ever, the discriminatory power of serotyping is limited, and
PFGE typing has been reported (3) to be superior for differ-
entiating L. monocytogenes strains. Our data are in agreement
with this observation.

Our observations that the number of STs generated by
MLST was ca. 2-fold greater than the number of PFGE types
(122 STs versus 57 PFGE types) and that several strains within
the same PFGE type were differentiated by MLST support the
idea that the discriminatory ability of MLST is greater than
that of PFGE. In order to compare further the discriminatory
abilities of MLST and PFGE, we determined the average link-
age distances among the strains clustered in distinct PFGE
types. In other words, all strains of randomly selected PFGE
types were located on the “MLST tree” (Fig. 2), and the av-
erage linkage distances among the strains were calculated. If
the linkage distances for all members of each of the PFGE
groups were small (e.g., if the smallest linkage distance be-
tween any two “minimally different” isolates on the START-
generated tree was 0.25 [Fig. 2]), PFGE would be considered
to describe adequately the genetic variation in these strains.
However, the linkage distances were found to be greater than
0.25 (e.g., the linkage distance between L. monocytogenes
strains 35 and 97 [grouped in the same PFGE type, P1] was ca.
0.9), which further confirmed our conclusion that MLST’s dis-
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criminatory ability for subtyping L. monocytogenes is greater
than that of PFGE.

Our finding that MLST had greater discriminatory ability
than PFGE was not entirely unexpected. MLST detects all
genetic variations within the amplified gene fragment, whereas
PFGE only examines the variations that are in the cleavage
sites for a particular restriction enzyme. Thus, one would ex-
pect MLST to detect more variations in the bacterial genome
than PFGE and therefore to be more discriminatory. However,
although this assumption has been shown to be true for some
bacterial pathogens (21), one recent study (31) suggested that
MLST was less discriminatory than PFGE in typing Escherichia
coli O157:H7 isolates. That observation may be explained by
the fact that E. coli O157:H7 is a highly clonal serotype. Thus,
it is possible that critical strain-differentiating nucleotide sub-
stitutions were localized outside the seven loci analyzed by
MLST during that study (31)—as a result of, for example,
insertion or deletion of nucleotide sequences in strains that
otherwise have identical or very similar genetic backgrounds.
PFGE has the advantage of randomly “probing” the entire
genome, whereas MLST only analyzes nucleotides within tar-
geted genes. We observed a few examples of this phenomenon
during our study, when strains of the same ST were differen-
tiated into two or more PFGE types. For example, strains 70,
28, and 101 belonged to ST99, but they were separated into
three distinct, albeit very closely related, PFGE types (P54,
P53, and P17) (Fig. 2).

Notwithstanding the few exceptions noted above, we found
that MLST utilizing loci from four housekeeping genes was
more discriminatory than PFGE for typing of L. monocyto-
genes. Including additional loci in the analysis is likely to fur-
ther increase the discriminatory power of MLST. In this con-
text, although there are at present no established criteria for
determining the minimal number of genes that must be ana-
lyzed to obtain a reliable MLST assignment, and although the
number is likely to be different for different species (depending
on the level of clonality of the species), MLST utilizing seven
housekeeping genes has been proposed (6) to be a reasonable
approach well-suited for most bacteria. Cai et al. (5) recently
provided more insight into the rational design of DNA se-
quence-based strategies for L. monocytogenes.

We found that PFGE occasionally differentiated strains un-
distinguishable by MLST. This observation, together with the
recent results obtained with E. coli O157:H7 (31), suggests that
a side-by-side comparison of the two methodologies is war-
ranted for each bacterial species before one makes a decision
concerning which method has the superior discriminatory abil-
ity. This approach may be particularly relevant for highly clonal
bacterial species because of the highly conserved nature of the
housekeeping genes often analyzed by MLST.

The superior discriminatory ability of MLST, compared to
that of PFGE and serotyping, may have important practical
implications. PFGE (alone or in combination with serotyping)
is currently the method of choice for investigating food-borne
outbreaks of listeriosis and for tracing the outbreak-causing
strain to the source of contamination, information which has
important legal and financial ramifications. However, our data
demonstrate that some L. monocytogenes strains undistinguish-
able by PFGE are not necessarily the same isolates and that, in
some cases, they are not even closely related. Therefore,
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MLST may be of value for improving the differentiation of L.
monocytogenes strains isolated during food-borne outbreaks of
listeriosis and for tracing the outbreak-causing strains to their
sources. Also, MLST may be used to determine the phyloge-
netic relatedness among L. monocytogenes strains, and its use
should improve our understanding of the mechanisms involved
in the emergence and divergence of various L. monocytogenes
strains and serotypes, including serotypes primarily associated
with human listeriosis.
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