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Listeria monocytogenes can cause severe food-borne disease (listeriosis). Numerous outbreaks have involved three serotype 4b
epidemic clones (ECs): ECI, ECII, and ECIa. However, little is known about the population structure of L. monocytogenes sero-
type 4b from sporadic listeriosis in the United States, even though most cases of human listeriosis are in fact sporadic. Here we
analyzed 136 serotype 4b isolates from sporadic cases in the United States, 2003 to 2008, utilizing multiple tools including multi-
locus genotyping, pulsed-field gel electrophoresis, and sequence analysis of the inlAB locus. ECI, ECII, and EClIa were frequently
encountered (32, 17, and 7%, respectively). However, annually 30 to 68% of isolates were outside these ECs, and several novel
clonal groups were identified. An estimated 33 and 17% of the isolates, mostly among the ECs, were resistant to cadmium and
arsenic, respectively, but resistance to benzalkonium chloride was uncommon (3%) among the sporadic isolates. The frequency
of clonal groups fluctuated within the 6-year study period, without consistent trends. However, on several occasions, temporal
clusters of isolates with indistinguishable genotypes were detected, suggesting the possibility of hidden multistate outbreaks.
Our analysis suggests a complex population structure of serotype 4b L. monocytogenes from sporadic disease, with important
contributions by ECs and several novel clonal groups. Continuous monitoring will be needed to assess long-term trends in clon-
ality patterns and population structure of L. nonocytogenes from sporadic listeriosis.

Listeria monocytogenes is a food-borne bacterial pathogen asso-
ciated with significant human disease burden (1, 2). L. mono-
cytogenes is often transmitted through ready-to-eat foods origi-
nating from contaminated food processing facilities; this is
promoted by a variety of environmental adaptations of L. mono-
cytogenes such as cold tolerance, biofilm formation, and resistance
to disinfectants (3-7).

At special risk for listeriosis are pregnant women and their
fetuses, the elderly, and immunosuppressed patients (1). Listeri-
osis can have severe symptoms, including septicemia, meningitis,
stillbirths, and abortions, and continues to be associated with rel-
atively high mortality (1, 2). Even though 13 serotypes have been
recognized, most human cases involve strains of serotypes 1/2a,
1/2b, and 4b (7-9).

Serotype 4b strains are responsible for many outbreaks of
food-borne listeriosis (8). Three major epidemic clones (ECs),
designated ECI, ECII, and ECla (also referred to as ECIV), have
been implicated in numerous outbreaks (10, 11). These ECs can
be identified by their unique genomic markers and via numerous
typing schemes, including multilocus genotyping (MLGT), mul-
tilocus variable-number tandem-repeat analysis (MLVA), and
multilocus sequence typing (MLST) (12-16).

In spite of attention to outbreaks, most human listeriosis cases
are sporadic, with serotype 4b strains being important contribu-
tors (ca. 36%) (8, 17). However, our understanding of the popu-
lation structure of L. monocytogenes serotype 4b from sporadic
listeriosis in the United States remains severely limited. Strains
from sporadic listeriosis from New York State were analyzed with
MLST (18), but the relatively small number of serotype 4b isolates
(n = 28) in that study and its regional focus do not permit extra-
polations to the United States as a whole. We currently lack infor-
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mation on prevalence of ECI, ECII, or ECIa in the United States,
and even less is known about the potential contributions to spo-
radic listeriosis of novel clonal groups that have not yet been doc-
umented to be associated with outbreaks. In this study, we em-
ployed multiple subtyping tools to characterize the clonal
prevalence and overall population structure of a panel of 136 se-
rotype 4b L. monocytogenes isolates from sporadic human listeri-
osis in the United States over the 6-year period from 2003 to 2008.
In addition, we characterized this panel for selected environmen-
tal adaptations previously documented to be exhibited by certain
strains of L. monocytogenes, including several involved in out-
breaks, i.e., resistance to heavy metals (arsenic and cadmium)
(19-22) and to the quaternary ammonium disinfectant benzalko-
nium chloride (BC) (23).

MATERIALS AND METHODS

Bacterial strains and growth conditions. The isolates examined in this
study (Table 1) were from the Listeria strain collection at the Centers for
Disease Control and Prevention (CDC) (Atlanta, GA) and were obtained
between 2003 and 2008 from invasive human listeriosis cases in the
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TABLE 1 Serotype 4b L. monocytogenes strains used in this study

Isolation Clonal LMSG_  Non-ECIIC-
Strain yr State Cd" BC" Ars” group” MLGT haplotype Sau3AI° Mbol¢ 85M? Hsp0012197 015737 WAPY McrB?  Reference(s)
J2213 2003 AZ ] O u ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 16,29
J2269 2003 GA 1 | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O 16, 29
J2275 2003 PA | O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O 16,29
J2282 2003 MD O O O ECI 1.13_4b_Sw87_EC1 - + u O O | | O 16
J2302 2003 CA ] m] u ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 16,29
J2327 2003 MI d | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O 16
J2353 2003 IL | O | | ECI 1.13_4b_Sw87_EC1 - + || O O | | O 16,29
J2584 2003 VT | O | | ECI 1.13_4b_Sw87_EC1 - + u O O | | O 16, 29
2854 2004 AZ ] m] O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 29
J2985 2004 IL ] | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O 29
J3082 2004 GA N O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O 29
J3106 2004 NY ®H O O ECI 1.13_4b_Sw87_EC1 - + u O O u O 29
J3133 2004 X ] m] O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 29
J3180 2004 co o | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O This study
J3232 2004 OK N O | | ECI 1.13_4b_Sw87_EC1 - + || O O | | O 29
J3410 2005 SC O O O ECI 1.13_4b_Sw87_EC1 - + u O O u O This study
J3535 2005 RI | O O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | This study
J3559 2005 GA O | d ECI 1.13_4b_Sw87_EC1 - + ] O O || O This study
J3592 2005 ME ®H O O ECI 1.13_4b_Sw87_EC1 - + u O O | | O 29
J3709 2005 NH O O O ECI 1.13_4b_Sw87_EC1 - + u O O u O This study
J3799 2005 CT | O O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | This study
J3916 2006 NM H | ] ECI 1.13_4b_Sw87_EC1 - + ] O O || O 29
J4001 2006 X | O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O 29
J4099 2006 VA O O O ECI 1.13_4b_Sw87_EC1 - + u O O u O This study
J4116 2006 ME ® | O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 29
J4187 2006 WI ] | || ECI 1.13_4b_Sw87_EC1 - + ] O O | O 29
J4253 2006 ™ O O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O This study
J4274 2006 NH ®H O | | ECI 1.13_4b_Sw87_EC1 - + | O O | | O 29
J4297 2006 PA ] m] O ECI 1.13_4b_Sw87_EC1 - + ] | O u | 29
J4316 2006 1A d | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O This study
J4429 2007 OR O O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O This study
J4600 2007 OK N O | ECI 1.13_4b_Sw87_EC1 - + | O O || O 29
J4685 2007 MO ® m] O ECI 1.13_4b_Sw87_ECI1 - + ] | O u | 29
J4950 2008 WI d | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O This study
J4977 2008 NC ®H O O ECI 1.13_4b_Sw87_EC1 - + || O O | | O 29
J4979 2008 X | O O ECI 1.13_4b_Sw87_EC1 - + u O O u O 29
J5043 2008 MA O m] O ECI 1.13_4b_Sw87_ECI1 - + ] ] O u | This study
J5080 2008 NM H | || ECI 1.13_4b_Sw87_EC1 - + ] O O | O 29
J5095 2008 MD W O | | ECI 1.13_4b_Sw87_EC1 - + || O O | | O 29
J5136 2008 SC | O | | ECI 1.13_4b_Sw87_EC1 - + u O O u O 29
J5202 2008 Ms O | O ECI 1.13_4b_Sw87_ECI1 - + ] ] O u | This study
J5354 2008 ur o | O ECI 1.13_4b_Sw87_EC1 - + ] O O | O This study
J5392 2008 KY O O O ECI 1.13_4b_Sw87_EC1 - + | O O | O This study
]5478 2008 IL O O O ECI 1.13_4b_Sw87_EC1 - + || O 0 || O This study
J2206 2003 NJ | m| | ECII 1.8_4b_US98_US02_EC2 + + O | O O ] 16, 39
J2230 2003 MA O | O ECII 1.9_4b_US98_EC2 + + O | O O ] 16
J2446 2003 OH N | O ECII 1.9_4b_US98_EC2 + + O | O O | 16, 29, 39
J2685 2004 NY ®H O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | 16, 29
J3006 2004 X | m] O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] 16, 39
J3033 2004 IL ] | O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] 16, 29
J3075 2004 CT O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J3170 2004 MI B O O ECII 1.8_4b_US98_US02_EC2 + + O ] O O u 29
J3200 2004 CT ] m] O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] 16,29
J3333 2004 MN 0O | O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] This study
J3527 2005 WI O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J3565 2005 IL O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J3606 2005 MI | m] O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] This study
J3785 2005 MA O | O ECII 1.9_4b_US98_EC2 + + O | O O ] This study
]3840 2005 MD O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J3881 2006 co m 0O O ECII 1.8_4b_US98_US02_EC2 + + O ] O O u 29
J4101 2006 wv O m] O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] This study
J4105 2006 AL d | O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] This study
J4120 2006 OH O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J4210 2006 GA O 0O O ECII 1.8_4b_US98_US02_EC2 + + O ] O O u This study
4485 2007 MA ® m] O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] 29
J4610 2007 ME O | O ECII 1.8_4b_US98_US02_EC2 + + O | O O ] This study
J5172 2008 MN O O O ECII 1.8_4b_US98_US02_EC2 + + O | O O | This study
J2967 2004 CA m 0O O EClIa 1.2_4b_UK88_ECla + + O ] n | | O 29
J3290 2004 ME ® m] u EClIa 1.2_4b_UK88_ECla + + O | ] u | 29
J3419 2005 CA 1 | || ECIa 1.2_4b_UK88_ECla + + O O ] | | 29
J3768 2005 CO m O | | ECla 1.2_4b_UK88_ECla + + O O u | O 29
J3921 2006 CT | O | | ECIa 1.2_4b_UK88_ECla + + O O u | O 29
J4503 2007 NY ® m] u EClIa 1.2_4b_UK88_ECla + + O | ] u | 29
J4948 2008 GA 1 | || ECIa 1.2_4b_UK88_ECla + + O O ] | | 29
J4954 2008 CT | O | | ECla 1.2_4b_UK88_ECla + + O O u | O 29
J5074 2008 wi O m O EClIa 1.2_4b_UK88_ECla + + O ] n | | O This study
J5375 2008 WA O m] O EClIa 1.2_4b_UK88_ECla + + O | ] u | This study
J2621 2003 OR 0O O O Novel clonal 1.5_4b + + O O | | O | | 16
group 1
J3917 2006 CA O (] O Novel clonal 1.5_4b + + O O | | O | This study
group 1

(Continued on following page)
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TABLE 1 (Continued)

Isolation Clonal LMSG_ Non-ECIIC-

Strain yr State Cd" BC" Ars” group” MLGT haplotype Sau3AI° Mbol¢ 85M? Hsp0012197 015737 WAPY McrB?  Reference(s)

J4010 2006 NE O Novel clonal 1.5_4b + + O | | ) | | This study
group 1

J4109 2006 NJ O Od Oa Novel clonal 1.5_4b + + O Od | | [} | This study
group 1

J3976 2006 MA O O O Novel clonal 1.6_4b + + O O | | | | | | This study
group 2

J4179 2006 RI O ] Oa Novel clonal 1.6_4b + + O O | | | | | This study
group 2

J4726 2007 FL O O O Novel clonal 1.6_4b + + O O | | | | | This study
group 2

J5032 2008 PA O DO O Novel clonal  1.6_4b + + O O u | ] This study
group 2

J2422 2003 RI | O | | Novel clonal 1.7_4b + + O ] O | | O 16,29
group 3

J3120 2004 WA O O O Novel clonal 1.7_4b + + O O Oa | | O This study
group 3

J3309 2005 1A O O Oa Novel clonal 1.7_4b + + O O O | | O This study
group 3

J3618 2005 NJ | (] | | Novel clonal 1.7_4b + + O O O | | O 29
group 3

J3684 2005 OR O O O Novel clonal 1.7_4b + + O O 0 | | O This study
group 3

J3795 2005 AZ O O O Novel clonal 1.7_4b + + O O O | | O This study
group 3

J3909 2006 OR 0O [} ) Novel clonal 1.7_4b + + O [} O | | O This study
group 3

J4434 2007 ™ | Od | Novel clonal 1.7_4b + + | [} O | | O 29
group 3

J4465 2007 CcO O O O Novel clonal 1.7_4b + + O O O | | O This study
group 3

J3415 2005 TX O O Oa Novel clonal 1.7_4b + + O O O | | O This study
group 3

J3422 2005 LA | O | | ND 1.16_4b + + O O | | | | 29

J2255 2003 GA O O O IVb-v1 1.17_4b + + O O | O | 16, 26
(group 1)

J3139 2004 WI O O O IVb-v1 1.17_4b + + O O | O | 26
(group 1)

J3913 2006 IN o 0O O IVb-vl 1.17_4b + + O O | O ] 26
(group 1)

J4016 2006 SC O O O IVb-v1 1.17_4b + + O O | O | 26
(group 1)

J4500 2007 NE O O O IVb-v1 1.17_4b + + O O u O ] 26
(group 1)

J5000 2008 VA O O O IVb-vl 1.17_4b + + O O | O | 26
(group 1)

J3215 2004 NJ O O O 2000NC 1.42_4b_NCO00 + - O O O O | This study

J4045 2006 MO O O O 2000NC 1.42_4b_NCO00 + - O O O O | This study

J3085 2004 MD (O [} [} Novel clonal 1.45_4b + + O [} | | [ | | | This study
group 4

J3728 2005 NY O O O Novel clonal 1.45_4b + + O O | | | | | | This study
group 4

J3793 2005 wv O O O Novel clonal 1.45_4b + + O O | | | | | This study
group 4

J4548 2007 WI O ] O Novel clonal 1.45_4b + + O O | | | | | This study
group 4

J4713 2007 RI o O O Novel clonal 1.45_4b + + O O u | ] This study
group 4

J5502 2008 NM O O O Novel clonal 1.45_4b + + O ] | | | | | This study
group 4

J3026 2004 CT O O O IVb-v1 1.46_4b + + O O ] O | 26
(group 2)

J3053 2004 MI O O O IVb-vl 1.46_4b + + O O | O ] 26
(group 2)

J3195 2004 OH 0O O O IVb-v1 1.46_4b + + O O | O | 26
(group 2)

J4458 2007 MN O O O IVb-vl 1.46_4b + + O O | | Oa | 26
(group 2)

J4490 2007 SC O O O IVb-vl 1.46_4b + + O O | O | 26
(group 2)

J4953 2008 OH O O O IVb-v1 1.46_4b + + O O u O ] 26
(group 2)

J3751 2005 OH 0O [} [} Novel clonal 1.58_4b + + O [} | | [ | | | This study
group 5

J4432 2007 PA O O O Novel clonal 1.58_4b + + O O | | | | | | This study
group 5

J3155 2004 1L O O O Novel clonal 1.59_4b + + O O | | | | | This study
group 6

J4696 2007 SD O ] O Novel clonal 1.59_4b + + O O | | | | | This study
group 6

(Continued on following page)
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Serotype 4b L. monocytogenes from Sporadic Cases

Isolation Clonal LMSG_  Non-ECIIC-

Strain yr State Cd" BC" Ars” group” MLGT haplotype Sau3AI° Mbol¢ 85M? Hsp0012197 015737 WAPY McrB?  Reference(s)

J5421 2008 FL O ) Novel clonal 1.59_4b + + O | | | | | | This study
group 6

J3070 2004 TN O [} [} Novel clonal 1.62_4b + + | ] O [ | O This study
group 7

J3554 2005 MS O O O Novel clonal 1.62_4b + + O O O | | O This study
group 7

J3762 2005 IN O O O Novel clonal 1.62_4b + + O O O | | O This study
group 7

J4428 2007 OH 0O O O Novel clonal 1.62_4b + + O O O | | O This study
group 7

J4435 2007 wlr O 0O O Novel clonal 1.62_4b + + O O 0 | O This study
group 7

J5038 2008 MI O O O Novel clonal 1.62_4b + + O ] O | O This study
group 7

J5166 2008 KS O O O ND 1.64_4b + + O O O O O This study

J3182 2004 OR O O O ND 1.71_4b + + O O ] ] ] This study

J3115 2004 VA O O O ND 1.73_4b + + O O O | O 30

J4221 2006 MD O O O ND 1.75_4b + + O O O O | This study

J4291 2006 NY O O O ND 1.76_4b + + O O ] | | This study

J4460 2007 GA O 0O O ND Untypeable LMOx(—)¢ + + O O ] O ] This study

J2571 2003 Ky O 0O O Lineage III  Lm3.42 - + O O O O | 16
cluster

J2479 2003 MI O O O Lineage IIT Lm3.42 + - O O O O O 16, 30
cluster

J3720 2005 PA O O O Lineage Il Lm3.42 + + O O ] O ] This study
cluster

@ Black and white squares represent resistance and susceptibility, respectively, to cadmium (Cd), arsenic (Ars), and BC. Resistance was determined as described in Materials and

Methods.

Y ND, not determined because isolates with such MLGT haplotypes were encountered only once in the panel.
¢+ and —, susceptibility and resistance, respectively, to digestion by the indicated restriction enzyme.
@ Black and white squares designate the presence and absence, respectively, of the signal in the hybridization with a DNA probe or PCR amplicon using the primers targeting the

DNA probe.

¢ This strain was untypeable by MLGT but belonged to lineage I according to the PCR-based lineage designation (35).

United States. The isolates (16 to 27 annually) were chosen based on (i)
serotype 4b, (ii) lack of known association with outbreaks (i.e., sporadic
incident of listeriosis), and (iii) maximal geographical representation;
specifically, in any given year each isolate typically originated from a dif-
ferent state in the United States (Table 1). Bacteria were routinely grown
in brain heart infusion (BHI; Becton, Dickinson and Co., Sparks, MD) or
on BHI plates containing 1.2% agar (Becton, Dickinson and Co.) at 37°C.

Serotyping and resistance to arsenic, cadmium, and BC. The sero-
type was determined at the CDC as previously described (24) and reex-
amined at North Carolina State University using a multiplex PCR sero-
typing scheme (25), which also allowed identification of the recently
recognized 4b subset IVb-v1 (Table 1) (26, 27). Resistance to arsenic,
cadmium, and BC was determined as described previously (28) with the
modification that cadmium-resistant isolates were those growing at =35

TABLE 2 DNA probes and primers utilized in this study

pg/ml cadmium chloride, reflecting our recent discovery of the associa-
tion between a cadmium resistance determinant (cadA4) and growth at 35
pg/ml (but not at 70 pwg/ml) cadmium chloride (29).

EC determination and molecular characterization. Genomic DNA
extractions and PCR were as described previously (30) using primers
listed in Table 2. DNA probes (Table 2) were obtained by PCR using the
indicated primers and hybridized to the immobilized genomic DNA as
described previously (12). Probes specific to ECI and ECII were 85M and
Hsp001219, respectively (Table 2) (12, 31). ECla strains were identified
based on hybridization patterns with probes LMSG_01573 and Non-
ECIIC-WAP (positive signal) and probe McrB (negative) (12, 32, 33).

ECs were confirmed by MLGT as described previously (13, 26, 34).
Prior to MLGT, lineage was determined via an allele-specific oligonucle-
otide PCR multiplex as previously described to determine whether the

Probe Primer Sequence (5’ to 3') Target Reference
85M F2365_85MF AATATATTTTCAATGTTTGATGGT LMOf2365_0327 31
F2365_85MR GCTAATTCAATCCCTATTCT LMOf2365_0327 31
Hsp001219 Hspec01219F GAGGCTATCGAAATTGCTCG LMOh7858_1168 12
Hspec01219R AGGATTCGGAATTTCATCCA LMOh7858_1168 12
LMSG_01573 LMSG_01573F TACAATTGGTCGGACACGTG LMSG_01573 32
LMSG_01573R AGAATCCGCTCATAAACAGC LMSG_01573 32
Non-ECIIC-WAP ECIC-WAPF ATGGAAATTGGGCATGGC LMOf2365_0450 12
ECIC-WAPR GTAGTTCCAGTGGACATG LMOf2365_0450 12
McrB H7858_0337F ATATCCATGCCCATCACCAC LMOh7858_0337 32
H7858_0337R CGGGAGGAATCTCGTTATAC LMOh7858_0337 32
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TABLE 3 MLGT haplotype distribution among the serotype 4b isolates in the panel

MLGT haplotype” Lineage No. (%) of isolates” Yrs (no. of isolates)©
EC haplotypes
1.13_4b_Sw87_EC1 (ECI) I 44 (32) 2003 (8), 2004 (7), 2005 (6), 2006 (9), 2007 (3), 2008 (11)
1.8_4b_US98_US02_EC2 (ECII) I 20 (15) 2003 (1), 2004 (7), 2005 (4), 2006 (5), 2007 (2), 2008 (1)
1.9_4b_US98_EC2 (ECII) I 3(2) 2003 (2), 2005 (1)
1.2_4b_UK88_ECla (ECIa) I 10 (7) 2004 (2), 2005 (2), 2006 (1), 2007 (1), 2008 (4)
Non-EC haplotypes
1.7_4b I 10 (7) 2003 (1), 2004 (1), 2005 (5), 2006 (1), 2007 (2)
1.17_4b (IVb-v1 group 1) (26) I 6 (4) 2003 (1), 2004 (1), 2006 (2), 2007 (1), 2008 (1)
1.45_4b 1 6 (4) 2004 (1), 2005 (2), 2007 (2), 2008 (1)
1.46_4b (IVb-v1 group 2) (26) I 6(4) 2004 (3),2007 (2), 2008 (1)
1.62_4b I 6 (4) 2004 (1), 2005 (2), 2007 (2), 2008 (1)
1.5_4b I 4(3) 2003 (1), 2006 (3)
1.6_4b I 4(3) 2006 (2),2007 (1), 2008 (1)
1.59_4b I 3(2) 2004 (1), 2007 (1), 2008 (1)
Lm3.42 111 3(2) 2003 (2), 2005 (1)
1.42_4b_NCO00 (North Carolina outbreak strain) 1 2(1) 2004 (1), 2006 (1)
1.58_4b I 2(1) 2005 (1), 2007 (1)
Unique haplotypes I 7 (5) 2004 (2), 2005 (1), 2006 (2), 2007 (1), 2008 (1)

“ Haplotypes were determined by MLGT as described in Materials and Methods. Unique haplotypes were those encountered only once in the panel (1.16_4b, 1.64_4b, 1.71_4b,

1.73_4b, 1.75_4b, 1.76_4b, and the MLGT-untypeable strain J4460).
b Percentage of isolates with the indicated haplotype among the total isolates in the panel.
¢ Multiple isolates of the same haplotype in the same year are indicated in boldface.

serotype 4b isolates were of lineage I or, as is found for a minority of
serotype 4b strains, lineage III (35). Pulsed-field gel electrophoresis
(PFGE) was performed at North Carolina State University with Ascl (New
England BioLabs, Ipswich, MA) and Apal (Roche, Indianapolis, IN), as
described previously (36). PEGE profiles were analyzed with BioNumerics
(Applied Maths, Austin, TX). Resistance of genomic DNA to Sau3Al and
Mbol (New England BioLabs) was determined as described previously
(31); ECI strains are known to have DNA resistant to digestion by Sau3Al
(cytosine methylation at GATC sites), while DNA from certain other
strains is resistant to Mbol (adenine methylation at GATC) (26, 31).

Phylogenetic analysis using inlAB sequencing. DNA sequences from
the inlA and inlB genetic region (inlABlocus; ~4.3 kb) were used to assess
phylogenetic relationships. PCR amplification and sequencing were per-
formed as described previously (34). DNA sequences were aligned using
the MUSCLE algorithm implemented in MEGA v. 5.05 (http://www
.megasoftware.net/) (37). Phylogenetic relationships were inferred from
aligned sequences using maximum likelihood as implemented in MEGA v.
5.05 using the GTR+G model of molecular evolution. The best-fit model of
molecular evolution was selected based on estimates of the Bayesian informa-
tion criterion (BIC) for each of the 24 nucleotide substitution models in-
cluded in MEGA v. 5.05. Support for individual nodes in the maximum like-
lihood tree was assessed by bootstrap analysis with 1,000 replications.

Statistics. Fisher’s exact test was conducted with SAS (SAS Institute
Inc., Cary, NC). Temporal trends were analyzed with the exact test of
population differentiation (38) in Arlequin version 2.0 (CMPG; Institute
of Ecology and Evolution, University of Bern, Bern, Switzerland) utilizing
100,000 Markov chain steps and 10,000 dememorization steps.

RESULTS

Fluctuation in annual prevalence of ECI, ECII, and ECIa among
serotype 4b L. monocytogenes from sporadic listeriosis. The ma-
jority (133/136) of the sporadic serotype 4b isolates were lineage I,
while three were lineage III (Tables 1 and 3). ECI was the most
predominant group, followed by ECII: these clonal groups ac-
counted for 32 and 17% of the total, respectively, while 7% of the
isolates were identified as ECla (Fig. 1). The combined prevalence

3636 aem.asm.org

of ECI, ECII, and ECIa amounted to 57% of the total isolates,
exceeding 50% of the annual total for 5 of the 6 years and ranging
from 32% in 2007 to ca. 70% in 2003 and 2008 (Fig. 1). Pairwise
comparisons of total EC prevalence across years failed to reveal
significant differences, with the possible exceptions of 2007 versus
2003 (32 versus 69%, respectively; P = 0.045) and 2007 versus
2008 (32 versus 70%, respectively; P = 0.03).

ECI was a major contributor to the serotype 4b population
each year, ranging in prevalence from 16 to 50% (Fig. 1). Annual
fluctuations were also noted for ECII and ECla (prevalence rang-
ing from 4 to 26% and from 0 to 17%, respectively) (Fig. 1). How-
ever, we did not detect any consistent trends in these fluctuations
and year-to-year changes were not significant, with the possible
exception of ECI prevalence for 2007 and 2008 (16 versus 48%,
respectively; P = 0.048).

Intra-EC diversity in serotype 4b L. monocytogenes from
sporadic listeriosis. Diversity within individual ECs was exam-
ined with MLGT, PFGE, and comparison of inlAB sequences.
Even though multiple closely related MLGT haplotypes were pre-
viously identified among ECI strains (13, 26), a single haplotype
(1.13_4b_Sw87_EC1) was noted for all ECI isolates in our panel
(Tables 1 and 3). However, diversity among ECI isolates was sug-
gested by analysis of PFGE profiles, which revealed several sub-
groups, including six major ones (Fig. 2A). On several occasions,
two or more isolates with indistinguishable PFGE profiles were
from the same year, suggesting the possibility of unrecognized
common-source transmission (hidden outbreaks) (Fig. 2A). For
instance, five occasions (each involving 2 to 3 isolates) were iden-
tified in which ECI isolates from the same year exhibited PFGE
profiles of 100% similarity (Fig. 2A). Analyses of inlAB sequences
(Fig. 3) revealed three sequence types within the ECI group, in-
cluding one represented by a single strain and another represented
by seven isolates from different years; the latter were found in
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ECI (1.13_4b_Sw87_EC1) and ECla (1.2_4b_UK88_ECIla) isolates (Table 1).

various subgroups in the PFGE-based dendrogram (Fig. 2A).
Most ECI isolates shared the same inlAB sequence type with iso-
lates having MLGT haplotypes 1.59_4b and 1.16_4b (Fig. 3).
However, strains with MLGT haplotypes 1.59_4b or 1.16_4b did
not share the ECI-specific hybridization profile or resistance to
Sau3AlI (Table 1).

Similarly to ECI, all ECIa isolates exhibited the same MLGT
haplotype (1.2_4b_UK88_ECla) (Tables 1 and 3), although four
MLGT haplotypes were previously detected among ECla strains
(13, 26). ECla isolates clustered together as a single group with
identical inlAB sequences in the inlAB-based phylogenetic tree
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(Fig. 3). Their PFGE profiles were also highly similar, but minor
variations were noted, revealing two subgroups, one of which con-
sisted of three isolates (J4503, J4948, and J5074) from 2007 and
2008 (Fig. 2B).

Two of the three known ECII MLGT haplotypes (13, 26)
were noted among ECII isolates (Tables 1 and 3; Fig. 2C). Hap-
lotype 1.9_4b_US98_EC2, identified in some of the isolates
from the 1998-1999 hot dog outbreak, was detected in three
isolates: J2230, J2246 (both from 2003), and J3785 (from 2005)
(Tables 1 and 3; Fig. 2C) (13). All other ECII isolates had hap-
lotype 1.8_4b_US98_US02_EC2, first identified among certain
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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 Ascl bands at approx-
imately 900 kb, while the other (n = 6) had one band at ap-
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proximately 900 kb and an additional Ascl 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 ECla (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, Sau3Al/Mbol 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/Mbol 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
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(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 Mbol 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_4Db isolates from
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FIG 3 Maximum likelihood tree inferred from analysis of inlAB sequences as
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according to Ducey etal. (13). The tree was rooted with sequences from lineage
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June 2014 Volume 80 Number 12

Serotype 4b L. monocytogenes from Sporadic Cases

100 4
90 -
80 -
70
60

50
40
30
20
10
0 +

ECIl ECla

Prevalence (%)

Non-EC Total

Clonal groups

FIG 4 Prevalence of resistance to cadmium, arsenic, and BC among ECI, ECII,
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in black, gray, and white bars, respectively. Resistance was determined as de-
scribed in Materials and Methods.

2004 and two from 2007) (Tables 1 and 3). These isolates had
the same inlAB sequences, hybridization profiles, and Sau3Al/
Mbol 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/Mbol 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 pg/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 ECla 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 ECla contributed to this difference (P < 0.01), with ECla
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-
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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, ECIL, 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 ECla 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 ECla. 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/Mbol 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.
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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 ECla 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 ECla 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, ECIIL, and ECla) 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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