














isolates from the 1998-1999 hot dog outbreak as well as those
from the 2002 turkey deli meat outbreak (Tables 1 and 3; Fig.
2C) (13, 39). In the phylogenetic tree inferred from inlAB se-
quences, all ECII isolates formed a single group (Fig. 3); how-
ever, PFGE analysis revealed two major subgroups in ECII: one
(n � 17) had two high-molecular-weight AscI bands at approx-
imately 900 kb, while the other (n � 6) had one band at ap-

proximately 900 kb and an additional AscI band of approxi-
mately 300 kb (Fig. 2C). With the exception of one isolate from
2003, the isolates in the latter group were from 2004 (Fig. 2C).
The three isolates with MLGT haplotype 1.9_4b_US98_EC2
belonged to the former group (Fig. 2C).

Non-EC isolates represent diverse strains and several novel
clonal groups. In any given year, 30 to 68% of isolates (43% of the
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total panel) did not belong to ECI, ECII, or ECIa (Fig. 1). The
prevalence of such non-EC isolates was especially high (68%) in
2007 (significantly higher than in 2003 and 2008, with P values of
0.045 and 0.03, respectively).

Diversity among these non-EC isolates was assessed with
MLGT and further examined with PFGE, comparison of inlAB
sequences, Sau3AI/MboI resistance, and hybridization profiles. A
total of 17 MLGT haplotypes were identified among the 59
non-EC isolates, while one strain (J4460) was not fully typeable
with MLGT (Table 3 and Fig. 1). Eleven of these haplotypes were
identified among �2 isolates (Table 3). With the exception of the
three lineage III strains with MLGT haplotype Lm3.42, non-EC
isolates with the same MLGT haplotype exhibited the same
hybridization profiles and Sau3AI/MboI resistance phenotypes,
had indistinguishable or highly similar PFGE profiles, and were
indistinguishable or closely related in the inlAB-based phyloge-
netic tree (Table 1; Fig. 2D and 3). Such data strongly suggest that
serotype 4b lineage I isolates sharing the same haplotype belong to
the same clonal group.

Each year, 4 to 9 different MLGT haplotypes were noted
among non-EC isolates (Fig. 1), and except for 2008, 1 to 4 MLGT
haplotypes were identified more than once each year (Table 3).
Especially noteworthy was the high prevalence of isolates of hap-
lotype 1.7_4b in 2005; of the 12 non-EC isolates in that year, 5

(42%) were 1.7_4b (Table 3). Other examples include the identi-
fication of three 1.5_4b isolates in 2006 and three 1.46_4b in 2004
(Table 3).

Only two non-EC isolates had strain genotypes previously im-
plicated in an outbreak. These isolates (J3215 and J4045) shared
the same MLGT haplotype (1.42_4b_NC00), PFGE profile, and
hybridization pattern with strains from the 2000 North Carolina
outbreak (12, 13, 40) (Table 1 and Fig. 2D). Similarly to the North
Carolina outbreak strains, their DNA was resistant to MboI diges-
tion (Table 1) (41). However, they were collected from different
locations in different years (2004 and 2006) and were thus unlikely
to be members of a common-source cluster (Tables 1 and 3).
These findings suggest that, albeit uncommon in the strain panel,
the North Carolina outbreak strain exhibits persistence and geo-
graphic dispersal with minimal modification.

Two clonal groups, with haplotypes 1.17_4b (n � 6) and
1.46_4b (n � 6), consisted of isolates with the previously re-
ported atypical profile IVb-v1 based on multiplex PCR for se-
rotype designations (Tables 1 and 3) (26, 27). In the inlAB-
based phylogenetic tree, isolates with these haplotypes were in
a diverse clade that also included ECI along with the isolates
from the 2000 North Carolina outbreak (1.42_4b_NC00 hap-
lotype) (Fig. 3). Several IVb-v1 isolates with the same haplo-
type were from the same year (e.g., three 1.46_4b isolates from

FIG 2 continued
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2004 and two from 2007) (Tables 1 and 3). These isolates had
the same inlAB sequences, hybridization profiles, and Sau3AI/
MboI resistance phenotypes and exhibited indistinguishable or
closely related PFGE profiles, possibly reflecting unrecognized
outbreaks involving these strains (Table 1; Fig. 2D and 3).

As mentioned earlier, the panel included three lineage III iso-
lates (Tables 1 and 3). These shared the same MLGT haplotype
(Lm3.42) and formed a distinct cluster when analyzed with PFGE
and inlAB sequencing (Fig. 2D and 3). Two isolates, both from
2003, exhibited highly similar AscI patterns and the same hybrid-
ization profile (Table 1 and Fig. 2D). However, the combined
PFGE, inlAB sequences, hybridization and Sau3AI/MboI suscep-
tibility data suggested that each of the three lineage III isolates was
a distinct strain (Table 1; Fig. 2D and 3).

Resistance to BC is infrequent among sporadic case isolates,
while resistance to cadmium or arsenic is significantly more
common in ECs than among non-EC isolates. Of the 136 isolates
in the panel, only 4 (3%) were resistant to BC (Table 1 and Fig. 4).
In contrast, heavy metal resistance was relatively common: 45
(33%) and 23 (17%) of the isolates could grow at 35 �g/ml cad-
mium chloride and 500 �g/ml sodium arsenite, respectively (Ta-
ble 1 and Fig. 4). All 23 arsenic-resistant isolates were also resistant
to cadmium, while the reverse was not observed; about one-half
(22/45) of the cadmium-resistant isolates were susceptible to
arsenic (Table 1). Only one strain (J3916, ECI) exhibited coresis-
tance to cadmium, arsenic, and BC (Table 1).

The prevalence of cadmium resistance among EC isolates
(53%) was significantly higher than among non-EC isolates (7%;
P � 0.0001); cadmium resistance among each EC group was more
frequent than among non-EC isolates (P � 0.01) (Fig. 4), but
prevalence among ECII was lower than among ECI or ECIa iso-
lates (P � 0.02). A similar finding was obtained when resistance to
arsenic was compared between EC and non-EC isolates (25% in
EC versus 7% in non-EC isolates, P � 0.006); however, only ECI
and ECIa contributed to this difference (P � 0.01), with ECIa
exhibiting a significantly higher prevalence than ECI (P � 0.024)
(Fig. 4). BC resistance was not encountered among non-EC iso-
lates; the four BC-resistant isolates consisted of ECI (n � 2), ECII
(n � 1), and ECIa (n � 1) (Table 1 and Fig. 4).

In the PFGE dendrogram of ECI, two subgroups (1 and 6 in
Fig. 2A) were primarily composed of isolates coresistant to cad-

FIG 3 Maximum likelihood tree inferred from analysis of inlAB sequences as
described in Materials and Methods. MLGT results are shown to the right of
individual isolates or clades, with the exception of J4460, which could not be
fully typed using the MLGT method. Epidemic clonal groups are annotated
according to Ducey et al. (13). The tree was rooted with sequences from lineage
III strains. The frequency (%) with which a given branch was recovered in
1,000 bootstrap replications is shown for branches recovered in more than
70% of bootstrap replicates.

FIG 4 Prevalence of resistance to cadmium, arsenic, and BC among ECI, ECII,
ECIa, and non-EC isolates. Resistance to cadmium, arsenic, and BC is shown
in black, gray, and white bars, respectively. Resistance was determined as de-
scribed in Materials and Methods.
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mium and arsenic (5/7 in subgroup 1 and all 4 in subgroup 6),
while most isolates in subgroups 2 and 5 were resistant only to
cadmium (Fig. 2A). Among other isolates, however, resistance to
cadmium and arsenic was not associated with a particular PFGE-
based cluster (Table 1 and Fig. 2B to D). In the inlAB sequence
analyses, all seven isolates (J2269, J2854, J3082, J3133, J4001,
J4977, and J4979) sharing one of the aforementioned three ECI
sequence types were resistant to cadmium but not to arsenic (Ta-
ble 1 and Fig. 3).

DISCUSSION

Population studies of serotype 4b L. monocytogenes have focused
mainly on outbreak strains; little is known regarding the popula-
tion structure and longitudinal trends of isolates from sporadic
listeriosis, even though strains of serotype 4b are responsible for a
considerable portion (ca. 36%) of sporadic cases (17). Our analy-
sis of the 136 serotype 4b isolates from sporadic human listeriosis
in the United States in the 2003-to-2008 period showed that the
known epidemic clones were responsible for over one-half of the
sporadic cases and were continuously causing listeriosis during
this period. Since the isolates were collected during a relatively
short time frame (6 years), further studies are needed to charac-
terize the temporal dynamics and population trends of serotype
4b L. monocytogenes responsible for sporadic listeriosis.

A previous longitudinal study of the population structure of
clinical L. monocytogenes isolates employed MLST and included
58 serotype 4b isolates from sporadic listeriosis in France from
1987 to 2005 (15). ECI, ECII, and ECIa comprised 34, 7, and 14%,
respectively, of the serotype 4b sporadic isolates in that study (15).
ECII was identified only in three years (1998, 2003, and 2004),
possibly reflecting the relatively recent emergence of this clone,
which was first recognized during the 1998-1999 hot dog outbreak
of listeriosis in the United States (15, 41, 42). Comparable data
from the United States have been lacking; however, MLST inves-
tigation of 28 serotype 4b isolates from sporadic listeriosis in New
York State (1999 to 2003) also revealed that ECI, ECII, and ECIa
were the most common contributors (19/28, ca. 68%) (14, 18).

The mechanisms responsible for the frequent involvement of
these three clonal groups in sporadic listeriosis remain poorly un-
derstood. The strains may have unusually high human virulence
in comparison to others of the same serotype. Furthermore, many
studies indicate that ECI, ECII, and ECIa generally predominate
among serotype 4b isolates from foods and food processing plants
(31, 32, 34, 41, 43, 44), suggesting that their high prevalence in
human disease may also reflect common human exposure to these
ECs via contaminated food.

In spite of the major contributions of ECs to sporadic listerio-
sis, our analysis also revealed that a substantial fraction (30 to 68%
annually) of the isolates were not ECI, ECII, or ECIa. These
non-EC serotype 4b isolates formed a heterogeneous population
that included several strain clusters with conserved MLGT haplo-
types, inlAB locus sequences, PFGE profiles, hybridization pro-
files, and Sau3AI/MboI susceptibility phenotypes. Identification
of multiple isolates with the same haplotype (and with other con-
served molecular attributes) in a single year was noted on several
occasions, possibly reflecting unrecognized outbreaks. This may
have been the case for some of the ECI, ECII, or ECIa isolates as
well; isolates of the same EC and from the same year often exhib-
ited unusually high similarity in PFGE profiles, possibly reflecting
a common-source origin.

Lineage III strains are primarily associated with animal listeri-
osis, with roughly 1% of human listeriosis cases attributed to this
lineage (45, 46). An intriguing finding from the current study of
sporadic listeriosis isolates was that all three lineage III serotype 4b
strains were of the same MLGT haplotype (Lm3.42). Analysis of a
broader collection of 90 lineage III isolates subtyped via MLGT
revealed that the majority (14/15, 93%) with MLGT haplotype
Lm3.42 were from human clinical cases, whereas human clinical
isolates comprised only 40% (30 of 75 isolates) of the lineage III
isolates with other MLGT haplotypes (T. J. Ward, unpublished
data). The identification of the Lm3.42 strains in the current panel
may reflect enhanced virulence or possibly enhanced fitness in
food processing or other environments that results in higher fre-
quencies of human exposure to these strains than to other strains
of lineage III.

Even though major outbreaks of listeriosis have involved
strains resistant to the disinfectant BC (23), BC resistance was
infrequent (only 4 of the 136 isolates) among the sporadic listeri-
osis isolates characterized here. It is possible that disinfectant re-
sistance is less likely to be encountered among isolates from spo-
radic cases than among those implicated in outbreaks. Outbreak
strains may have had prolonged residence in the processing plant
environment (where disinfectants are commonly used) and thus
greater potential to become involved in large-scale food contam-
ination events that may lead to outbreaks.

Arsenic- and cadmium-resistant isolates from the current
panel were previously analyzed for the genetic determinants con-
ferring resistance to these heavy metals (29). Findings from the
current study clearly suggest that prevalence of heavy metal resis-
tance was significantly higher among EC isolates than non-EC
isolates. Furthermore, the findings suggest differences in preva-
lence of resistance among the ECs. Most notably, arsenic resis-
tance was significantly more common among ECIa isolates than
those of ECI and not encountered at all among ECII isolates; sim-
ilar findings were obtained from an investigation of arsenic resis-
tance among serotype 4b isolates from foods and food processing
environments (32). The reasons for the apparent association of
arsenic resistance with specific clonal groups remain to be eluci-
dated.

Previous studies indicated that cadmium-resistant strains were
more likely to be repeatedly isolated from foods than susceptible
strains (20), but the potential impact of heavy metal resistance on
the ability of L. monocytogenes to persist in food processing plants
or foods remains poorly understood. Also, it is worth noting that
several outbreaks of listeriosis have involved heavy metal-resistant
strains. For instance, cadmium-resistant ECII strains were in-
volved in the 1998-1999 and 2002 outbreaks (involving hot dogs
and turkey deli meats, respectively), while ECIa strains resistant to
both arsenic and cadmium were implicated in the 1983 Massachu-
setts outbreak and a milk-related outbreak in 2007 (21, 22, 47) (S.
Lee and S. Kathariou, unpublished data). The potential conse-
quences of heavy metal resistance on fitness of L. monocytogenes in
foods, in the environment, or in the human host merit further
research.

In conclusion, characterization of serotype 4b isolates from
sporadic listeriosis in 2003 to 2008 revealed that clonal groups
implicated in outbreaks (ECI, ECII, and ECIa) were also major
contributors to sporadic cases and often exhibited resistance to
heavy metals. In addition, we identified a number of other (non-
EC) clonal groups not yet documented to be involved in out-
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breaks. On several occasions, these novel clonal groups were de-
tected in multiple isolates from the same year, possibly reflecting
unrecognized common-source outbreaks. Further studies are
warranted to enhance our understanding of the dynamics of the
population structure and special adaptive attributes (e.g., heavy
metal resistance) of serotype 4b isolates responsible for sporadic
listeriosis in the United States and elsewhere and to elucidate the
contributions of novel, non-EC clonal groups to human disease.
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