APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2010, p. 2783-2790

0099-2240/10/$12.00  doi:10.1128/AEM.02651-09

Vol. 76, No. 9

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Revelation by Single-Nucleotide Polymorphism Genotyping That

Mutations Leading to a Premature Stop Codon in inl4
Are Common among Listeria monocytogenes Isolates
from Ready-To-Eat Foods but Not
Human Listeriosis Cases’

A. Van Stelten,' J. M. Simpson,' T. J. Ward,” and K. K. Nightingale'*

Department of Animal Sciences, Colorado State University, Fort Collins, Colorado 80523," and Microbial Genomics Research Unit,

United States Department of Agriculture, Agriculture Research Services, Peoria, Illinois 61604>

Received 31 October 2009/Accepted 22 February 2010

Listeria monocytogenes utilizes internalin A (InlA; encoded by inl4) to cross the intestinal barrier to establish
a systemic infection. Multiple naturally occurring mutations leading to a premature stop codon (PMSC) in inl4
have been reported worldwide, and these mutations are causally associated with attenuated virulence. Five inl4
PMSC mutations recently discovered among isolates from France and the United States were included as
additional markers in our previously described ini4 single-nucleotide polymorphism (SNP) genotyping assay.
This assay was used to screen >1,000 L. monocytogenes isolates from ready-to-eat (RTE) foods (n = 502) and
human listeriosis cases (n = 507) for 18 ini4A PMSC mutations. A significantly (P < 0.0001) greater proportion
of RTE food isolates (45.0%) carried a PMSC mutation in inl4 compared to human clinical isolates (5.1%). The
proportion of L. monocytogenes with or without PMSC mutations in inl4 was similar among isolates from
different RTE food categories except for deli meats, which included a marginally higher proportion (P = 0.12)
of isolates carrying a PMSC in ini4. We also analyzed the distribution of epidemic clone (EC) strains, which
have been linked to the majority of listeriosis outbreaks worldwide and are overrepresented among sporadic
cases in the United States. We observed a significant (P < 0.05) overrepresentation of EC strains in deli and
seafood salads and a significant (P < 0.05) underrepresentation of EC strains in smoked seafood. These results
provide important data to predict the human health risk of exposure to L. monocytogenes strains that differ in

pathogenic potential through consumption of contaminated RTE foods.

Listeria monocytogenes is the etiological agent of listeriosis, a
potentially life-threatening food-borne disease that primarily
affects individuals with underlying immune-compromising cir-
cumstances. Listeriosis is associated with an exceptionally high
hospitalization rate of 85 to 90% and 20 to 30% of cases are
fatal. L. monocytogenes infections account for nearly 30% of all
fatalities attributed to known food-borne pathogens each year
in the United States (18). Although L. monocytogenes is readily
inactivated by cooking and pasteurization, subsequent cross-
contamination of ready-to-eat (RTE) food products exposed
to the food processing plant environment following a lethality
treatment represents the route through which RTE foods be-
come contaminated (31). L. monocytogenes is a hardy patho-
gen; it is relatively resistant to acid, is able to grow in high salt
concentrations, and is capable of growing at refrigeration tem-
peratures (2, 4). Because L. monocytogenes tolerates intrinsic
and extrinsic properties of food typically used to control the
growth of pathogens, consumption of RTE foods contami-
nated by L. monocytogenes represents a significant health risk
for immunocompromised individuals. The combined food-
borne route of L. monocytogenes transmission and severity of
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listeriosis prompted establishment of strict regulations regard-
ing the presence of L. monocytogenes in finished RTE foods in
many countries, including a “zero tolerance” policy in the
United States (30).

Combined epidemiology and subtyping studies support that
L. monocytogenes strains differ in their relative likelihood and
ability to cause human listeriosis. More than 90% of listeriosis
cases have been attributed to three (i.e., 1/2a, 1/2b, and 4b) of
the 13 serotypes that L. monocytogenes isolates can be grouped
into (17). DNA band-based and sequence-based molecular
subtyping approaches showed that L. monocytogenes isolates
can be classified into two major genetic lineages (termed lin-
eages I and II), which include the majority of L. monocytogenes
isolates, along with two minor lineages (termed lineages III
and IV) that correlate with serotype classifications (19, 21, 26,
27, 37, 36, 38). L. monocytogenes isolates from human listeri-
osis cases are overrepresented among genetic lineage I, despite
an apparent increased exposure to lineage II isolates via con-
taminated foods (9). In addition, a few highly clonal lineage I
serotype 4b strains, termed epidemic clones (ECs) I, Ia, and II,
have been linked to the majority of listeriosis outbreaks world-
wide and are overrepresented among sporadic listeriosis cases
in the United States (9, 14).

Although genetic markers associated with enhanced viru-
lence have not been identified, previous studies identified mul-
tiple distinct mutations leading to a premature stop codon
(PMSC) in the key L. monocytogenes virulence gene, inl4 (5,
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10, 11, 12, 22-25, 27, 29, 34, 35). The virulence factor internalin
A (InlA; encoded by inlA) facilitates the uptake of L. mono-
cytogenes by nonprofessional phagocytic cells that express the
human isoform of E-cadherin, and it plays a critical role in
crossing the intestinal barrier during the initial stages of an
infection (16). L. monocytogenes isolates that carry a PMSC in
inlA produce a truncated form of InlA that is secreted rather
than anchored to the bacterial cell wall and demonstrate at-
tenuated invasion of Caco-2 human intestinal epithelial cells
(5, 22-25, 29, 34). In a recent study, our group characterized a
set of paired isogenic mutants with or without a PMSC in inlA4
using an intragastric guinea pig infection model to show that
these mutations appear to be fully responsible for attenuated
mammalian virulence (20).

While previous studies investigated the distribution of se-
lected inlA PMSC mutations among specific molecular sub-
types known to be associated with those mutations (3, 22, 34,
36), there is a clear need to determine the prevalence of all
known PMSC mutations in inl4 among a large representative
collection of L. monocytogenes isolates from RTE foods and
human clinical cases. The objectives of the present study in-
clude (i) modifying our existing inl4 SNP genotyping assay (34)
to incorporate five recently described SNPs leading to a PMSC
inlA; (ii) employing this assay to screen a large representative
collection of >1,000 L. monocytogenes isolates from RTE
foods and human clinical isolates for 18 inl4A PMSC mutations;
and (iii) analyzing the distribution of strains carrying an inl4
PMSC and EC strains among isolate sources, molecular sub-
types, and different RTE food product categories.

MATERIALS AND METHODS

Bacterial isolates for SNP genotyping experiments. We focused on character-
izing the large representative set of human clinical and RTE food L. monocyto-
genes isolates described by Gray et al. (9). We queried the PathogenTracker
database to identify isolates included in this previous study and to obtain mo-
lecular epidemiology data (i.e., source, EcoRI ribotype, and RTE food category)
for these isolates. The PathogenTracker query returned 1,009 L. monocytogenes
isolates, including 502 isolates from RTE foods and 507 isolates from human
clinical cases (see supplemental Table 1 [http://ansci.colostate.edu/content/view
/88/56/]). The 502 food isolates were obtained through a survey of more than
30,000 samples from selected RTE food product categories (i.e., bagged salads,
fresh soft cheeses, soft ripened cheeses, smoked seafood, seafood, and deli salads
and meats) collected in Maryland and California during 2000 and 2001 (8). The
collection of 507 human clinical isolates included 42 isolates from listeriosis cases
reported in Maryland and California in 2000 and 2001, as well as an additional
465 isolates from listeriosis cases in the United States and North America from
1997 to 2001.

Modification of a previously developed SNP genotyping assay to detect re-
cently identified PMSC mutations in inl4. In our previous study (34), we devel-
oped a SNP genotyping assay using the SNaPshot multiplex kit (Applied Bio-
systems [ABI], Foster City, CA). Since the publication of our previous study, five
additional PMSC mutations in inl4 have been identified. Specifically, a research
group from France recently described a novel mutation leading to a PMSC in a
single L. monocytogenes isolate (27), and this SNP was incorporated as the
seventh marker into reaction 2 of our existing assay. In addition, a third multiplex
reaction (reaction 3) was developed in the present study to incorporate four
additional inl4 PMSC mutations observed among L. monocytogenes isolates from
the United States (35). Extension primers used to interrogate the allelic type for
these five additional inl4 SNPs were designed as detailed previously (34). DNA
samples for isolates newly identified to carry each of novel inl4 PMSC mutation
were obtained to confirm the presence of these mutations and the ability of the
newly designed extension primers to differentiate wild-type and mutant inlA4
allelic types. Primer concentrations were adjusted to optimize multiplex detec-
tion of SNPs from each single base extension in reactions 2 and 3 (Table 1).

inlA SNP genotyping. SNP genotyping by multiplex reactions 1, 2, and 3 was
performed for the set of L. monocytogenes isolates described above, with the
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exception of some isolates belonging to ribotype DUP-1062A, since we previ-
ously showed that all isolates belonging to ribotype DUP-1062A isolates carry
inlA PMSC type 3 (22). The full-length inl4 was amplified by PCR using primers
and conditions described in supplemental Table S2 (http://ansci.colostate.edu
/content/view/88/56/). A 96-well plate format and colorless GoTaq PCR master
mix (Promega, Madison, WI) were used to facilitate high-throughput capability.
Resultant inl4 amplicons were purified by treatment with shrimp alkaline phos-
phatase (Fermentas, Glen Burnie, MD) and exonuclease I (Fermentas), and
purified products were used as a template for single-base-pair extension reac-
tions. Single-base-pair extension PCRs were performed by using the SNaPshot
multiplex kit according to the manufacturer’s instructions (Applied Biosystems).
Single-base-pair extension products were purified and prepared for capillary
electrophoresis analyses on an ABI Prism 3100 genetic analyzer as detailed
previously (34). The allelic type of each targeted SNP was determined by using
GeneScan v.3.7 software (ABI), where specific bins and panels were constructed
to distinguish wild-type and mutant allelic types for each marker in all three
multiplex reactions.

inl4 sequencing. Targeted inlA sequencing was performed to confirm inl4
allelic types for (i) L. monocytogenes isolates that showed one or more ambiguous
peaks from SNP typing and (ii) isolates belonging to a molecular subtype (EcoRI
ribotype) newly associated with a PMSC in inl4 by SNP genotyping. PCR primers
and reaction conditions used to amplify the full-length inl4 for SNP typing
described above were used to amplify inl4 for DNA sequencing. PCR products
were purified by using a PCR purification kit (Qiagen, Valencia, CA), and DNA
concentrations of the purified PCR product were determined by using a spec-
trophotometer (ND-1000; NanoDrop Technologies). Primers used to amplify
inlA along with four internal sequencing primers (supplemental Table S2 [http:
//ansci.colostate.edu/content/view/88/56/]) were used to sequence targeted re-
gions of inl4 or the full-length inl4 as necessary. DNA sequencing was per-
formed by Eton Bioscience, Inc. (San Diego, CA). Nucleotide sequences were
assembled and aligned with Seqman and Megalign software (DNAStar; Laser-
gene, Madison, WI), respectively. Sequences are available through the Patho-
genTracker database.

Statistical analysis. Categorical data analyses were performed to describe the
distribution of L. monocytogenes isolates carrying a PMSC in inl4 among (i) RTE
foods compared to human clinical cases overall; (ii) RTE foods and human
clinical cases belonging to common ribotypes containing at least 10 isolates; and
(iif) RTE food categories, including bagged salads, cheeses (the two cheese
categories reported in Gray et al. [9] were collapsed into a single category due to
small sample sizes), smoked seafood, seafood and deli salads, and deli meats. In
addition, categorical data analyses were performed to describe the distribution of
L. monocytogenes isolates belonging to an EC strain among different RTE food
product categories. Isolates were identified as belonging to an EC strain category
based on ribotype data. The EC category included isolates belonging to ribotypes
DUP-1038B (ECI), DUP-1042B (EC Ia), DUP-1044A (EC II), and DUP-1053A
(EC III) (6, 14). Comparisons were made by using either a chi-square test of
independence or the Fisher exact test (as appropriate) by running the frequency
procedure as implemented using Statistical Analyses Software (SAS, Cary, NC).
One comparison where P = 0.12 was considered to be marginally significant, and
all other comparisons where P < 0.05 were considered to be statistically signif-
icant.

RESULTS AND DISCUSSION

A modified version of our previously described inl4 SNP
genotyping assay (34) was used to screen a large representative
set of >1,000 L. monocytogenes isolates from RTE foods and
human clinical cases for 18 inl4 PMSC mutations identified
worldwide to date. Categorical data analyses were performed
to compare the frequency of inl4 PMSC mutations and EC
strains among different sources of isolation (RTE food versus
human clinical and across different categories of RTE foods)
and molecular subtypes. The results from the present study
support that (i) L. monocytogenes isolates from RTE foods and
human listeriosis cases in the United States carry multiple
distinct mutations leading to a PMSC in inl4, and some of
these mutations appear to have been accumulated at the pop-
ulation level; (ii) a significant proportion of L. monocytogenes
isolated from RTE foods carry a PMSC mutation in inlA4, and
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TABLE 1. Description of extension primers incorporated into the SNP genotyping assay developed to differentiate L. monocytogenes isolates
with or without a mutation leading to a premature stop codon in inl4A

Primer  Targeted PMSC

Primer ((:,TI]\;:[I)I ar;?:aariglg l\r/gﬁg’éix mli;a;)teion Size (bp)” Mutztl}rlgeillelic Xéll?c_%};ee SNP genotyping extension primer sequence (5'-3")°
US-A 0.4  Antisense 1 3 31-32 G (blue)  C (black) GCA AAT GAY ATT ACG CTG TA
US-B 0.2 Antisense 1 4 34-35 C (black) A (green) [GCC] GGA GTG TAT ATA GTG AGA ARA AA
uUs-C 0.2 Antisense 1 1 39-40 A (green) T (red) [CTG CCT GIGG TTA TAC TTT CAA AGG CTG
GTA
US-D 0.2 Antisense 1 2 44-45 T (red) C (black) [GAC CGA CCA AGC TCG] CAA CGA CTC AAG
CAG TAG ACT AT
US-E 0.2 Antisense 1 5 49-51 T (red) C (black) [GAG ATC GGC AGA GCG GCG AGT A]GC TT1
CAG GTT TAA CTA GTC TA
US-F 2.0  Antisense 1 6 54-55 T (red) C (black) [CGT ACA GAC TGG CGA TCG GCA TGC TAC
TJAA CAT TTA GYG GAA CYG TGA CR
US-G 0.2 Sense 1 7 62-63 A (green) G (blue) [GGG GGG GTC GTC CTG GCT CAA TCT CGG
CCT GGC TAG CT]C TGT GTA GCT GTT
AAT ACT AAATT
FR-A 0.2 Antisense 2 8 30-31 A (green) G (blue) ACA CAG AGC CTG ATA TAA CAT G
FR-B 0.2 Antisense 2 9 33-34 A (green) G (blue) [TTG AT]G CAA AGA AAC AAC CAA AGA
AGT G
FR-C 0.2 Antisense 2 10 39-40 T (red) A (green) [AGC AGC AGC TAC G]JAA WCA ACG ACT
CAA RCA GTA G
FR-D 0.2 Antisense 2 11 44-45 A (green) G (blue) [CCA GCG AAT CAT GCC AJAC GAA AAA ACA
GAT GGG AAA AAAT
FR-E 1.0 Antisense 2 12 50-51 T (red) A (green) [CTG CGC ACG ATC GAT GGC TCG ATC TJAA
ACM GGY GGA ACT AAM TGG R
JP-A 0.2 Antisense 2 13 57-58 T (red) A (green) [GCA TCC GTC CAC TTC GAT CAA TCG CGC
CGC TC]C TGA ACC AGC TAA GCC YGT A
FR-F 0.2 Antisense 2 14 60-61 T (red) A (green) or [ACT GCA ACT TGC CTA TTA CCC CGT CCA
C (black) ACT GTC TCC] TTR TTG GKT GGT TTG
ATG CC
USDA-A 0.3  Antisense 3 15 32-34 T (red) C (black) GTC TCR CAA ACW GAT YTA GAC
USDA-B 0.3 Antisense 3 16 37-39 T (red) G (blue) [GGG CCG G]AA YCT RAC AAA TTT AAA
TCG GCT A
USDA-C 0.3 Antisense 3 17 41-43 A (green) T (red) [GTG CGC CC]C YCC ACT TGG RAT TTT AAC
AAATT
USDA-D 0.3 Antisense 3 18 44-46 C (black) T (red) [ATT GAT TCC TT]G TTY TTA ACM AAT ATT
AAT TGG CTT

“ The size of the electrophoresed extension product will differ from the expected size based on primer length due to the influence of the weight of each particular

fluorescent dye on the mobility shift of the DNA fragments.

 The colors (indicated in parentheses) represent which fluorescent dye is incorporated into each dideoxynucleotide triphosphate.

¢ A noncomplementary tail (in brackets and boldface type) was added to the 5" ends of extension primers to adjust the length to differentiate the sizes of each primer
by four to six nucleotides to facilitate the detection of multiple SNPs in a single reaction. Degenerate nucleotides were incorporated into some extension primer
sequences to accommodate polymorphic sites in targeted annealing regions, where K =G+ C M=A+C, R=A+G W=A+T,andY=C+ T.

isolates carrying these mutations only cause human disease on
rare occasions; and (iii) the heterogeneous distribution of L.
monocytogenes isolates carrying a PMSC mutation in inl4 and
EC strains among different RTE food categories may play a
role in the food attribution of listeriosis.

Multiple distinct mutations have been accumulated in ini4,
including a few common mutations and several other rare
mutations. We previously showed that PMSC mutations in
inlA are causally associated with attenuated mammalian viru-
lence (20) and developed a multiplex SNP genotyping assay to
detect 13 PMSC mutations in inl4 (PMSC types 1 to 13) (34).
Five additional mutations leading to a PMSC in inl4 have been
identified since the publication of our previous study (34) and
these mutations (termed inl4 PMSC types 14 to 18) were
incorporated as markers in our inl4 SNP genotyping assay.
More specifically, PMSC type 14 was recently identified as a
novel mutation leading to a PMSC in inlA in a single L. mono-
cytogenes isolate by a research group from France (27; Fig. 1).
The mutation leading to inl4 PMSC mutation type 14 was
incorporated as the seventh inl4 PMSC marker into reaction 2

(Table 1). A recent study by Ward et al. (35) described three
additional inl4A PMSC mutations among L. monocytogenes iso-
lates from the United States (PMSC types 15 to 17; Fig. 1).
Described for the first time in the present study, a frameshift
mutation where a thymidine was deleted at nucleotide 1165
resulted in a PMSC downstream at InlA codon 404 (PMSC
type 18; Fig. 1). As a result, a third multiplex SNP genotyping
reaction (reaction 3) was developed to include these four addi-
tional markers (inl4 PMSC mutation types 15 to 18; Table 1).
Only a few PMSC mutations in inl4 (i.e., PMSC mutation
types 1, 3, and 4) appear to have been accumulated at the
population level among L. monocytogenes isolates from the
United States. Specifically, SNP genotyping revealed that inlA
PMSC mutation types 1, 3, and 4 accounted for >90% of the
inlA PMSC mutations observed among the isolate set charac-
terized in the present study (Table 2). The mutation leading to
PMSC type 3 was the most common inl4 PMSC mutation
among the isolate set characterized in the present study (Table
2). The 5’ frameshift mutation in a homopolymeric tract of
adenine residues (PMSC type 4) was the second most common
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Wildtype; EGD-e (Glaser et al., 2001 [7])

|
800

29
B N Mutation type 4; Ribotype DUP-1038B (EC I), DUP-1039C, DUP-1041A, DUP-10434, DUP-1045B, DUP-10524 and DUP
I 9 1056A isolates from the U.S. (Orsi et al., 2007; Van Stelten and Nightingale, 2008; this study); Isolates from Portugal (Felicio et

al., 2007)

C N .]]]]]m 77  Mutation type 15; Serotype 1/2a isolates from the U.S. (Todd Ward, USDA-ARS)

D~ .II]]]]:[[I]]]]I” 170 Mutation type 16; Serotype 1/2b isolates from the U.S. (Todd Ward, USDA-ARS)

E N lm]]ﬂ"]]]]]]]]]]]] 189 Mutation type 5; Ribotype DUP-1029A, DUP-10394 and DUP-1062D isolates from the U.S. (Van Stelten
and Nightingale, 2008; this study)

F N .I"]]I[[I]]]]]]]]]]]]]I” 253 Mutation type 17; Serotype 1/2b isolates from the U.S. (Todd Ward, USDA-ARS)
G~ [N <o

Mutation type 18; Serotype 4b isolate from the U.S. identified in sporadic patient isolate
received from CDC; lineage I, EC II (Todd Ward, USDA-ARS)

460 Mutation type 8; Food isolate NV8 from France (Rousseaux et al., 2004)

Mutation type 6; Ribotype DUP-1038B (EC 1), DUP-1042B (EC 1), DUP-10464
and DUP-1062D isolates from the U.S. (Van Stelten and Nightingale, 2008; this
study); Human fecal carriage isolate H1 from France (Olier et al., 2002); Ribotype
DUP-1062D & DUP-1053E food isolates from Portugal (Felicio et al., 2007); Isolates
from France (Ragon et al., 2008)

Mutation type 14; Isolate LM57179 from France (Ragon et al., 2008)

562 Mutation type 7; Ribotype DUP-1039C and DUP-1048A isolates from
the U.S. (Van Stelten and Nightingale, 2008)

Mutation type 12; Human fecal isolate L028 from France (Jonquieres et al.,
576 1998; Ragon et al., 2008); Ribotype DUP-1039C food isolates from Portugal

(Felicio et al., 2007); Ribotype DUP-1038B (EC I), DUP-1039C and DUP-

1042B (EC 1) isolates from U.S. (Van Stelten and Nightingale, 2008; this study)

Mutation type 1; Ribotype DUP-1038B (EC 1), DUP-1042B (EC 1), DUP-
606 1052A, DUP-1062D and DUP-16635A isolates from the U.S. (Nightingale
et al., 2005; Van Stelten and Nightingale, 2008; this study)

Mutation type 2; Ribotype DUP-1025A, DUP-1031A , and DUP-
10524 isolates from the U.S. (Nightingale et al., 2005: Van Stelten
and Nightingale, 2008; this study)

677 Mutation type 10; Food isolate NV4 from France (Rousseaux et

al., 2004)

Mutation type 11; Food isolate NV5 from France (Rousseaux
et al., 2004); Multiple isolates from France (Ragon et al., 2008)

Mutation type 3; Ribotype DUP-1042C, DUP-1046B, DUP-
10534 (EC III) and DUP-1062A isolates from the U. S.
(Nightingale et al., 2005: Van Stelten and Nightingale, 2008;
this study)

FIG. 1. Full-length InlA (A) and location of premature stop codons in InlA previously identified by research groups in France (H, I, J, L, N,
Q, and R), Japan (K), Portugal (B, I, and N), and the United States (B, C, D, E, F, G, I, M, N, O, P, and S). Full-length InlA (A) represents the
sequence for L. monocytogenes strain EGD-e. Abbreviations: N, N-terminal end; S, signal sequence; LRR, leucine-rich repeat; IR, intergenic
repeat; MA, membrane anchor; C, C-terminal end. Numbers below the EGD-e full-length InlA represent amino acid positions for the beginning
of each functional domain. Numbers at the right end for lines B to N represent the amino acid position of each respective premature stop codon
in InlA. EcoRI ribotypes newly associated with each InlA PMSC mutation are denoted by italicized and underlined type.

mutation leading to a PMSC in inl4 (Table 2). This homopoly-
meric tract may serve as a mutational hotspot, since DNA
polymerase slippage is more likely to occur in these regions
(25). Both inl4 PMSC mutation types 3 and 4 were previously
described among L. monocytogenes isolates belonging to ri-
botypes within genetic lineage II (22, 34), providing a possible
explanation for the underrepresentation of lineage II isolates
among human listeriosis cases. Interestingly, inl4 PMSC type

1, which occurs in L. monocytogenes isolates belonging to ge-
netic lineage I (22), also appears to have been accumulated at
the population level, suggesting that some lineage I strains may
be adapted to survive in the environment.

On the other hand, the majority of the 18 inl4 PMSC mu-
tations, including some inl4 PMSC mutations previously iden-
tified in isolates from the United States, were observed in a
single or few (<10) isolates characterized in the present study
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TABLE 2. Association of inl4A PMSC mutation type with
L. monocytogenes isolate origin (human or food)

No. of isolates with inl4
PMSC mutations (%
prevalence) among isolates
obtained from:

Total no. of isolates
with inlA PMSC
mutation types

inlA PMSC
mutation type

Humans Food
1 7(19.4) 28 (80.0) 35
2 0(0) 3 (100) 3
3 11 (6.8) 151 (93.2) 162
4 4(10.8) 33(89.2) 37
5 1(33.3) 2 (66.6) 3
6 1(12.5) 7(87.5) 8
7 0(0) 0(0) 0
8 0(0) 0(0) 0
9 0(0) 0(0) 0
10 0(0) 0(0) 0
11 0(0) 0(0) 0
12 2 (50) 2 (50) 4
13 0(0) 0(0) 0
14 0(0) 0(0) 0
15 0(0) 0(0) 0
16 0(0) 0(0) 0
17 0(0) 0(0) 0
18 0(0) 0(0) 0
Total 26 (5.1) 226 (45.0) 252

(Table 2). It should be noted, however, that previous studies
showed that for the most part inl4 PMSC mutations occur
almost exclusively in isolates from each respective country
where those mutations were originally described, with the ex-
ception of PMSC types 6 and 12 (5, 10-12, 22-25, 27, 29,
34-36). In fact, a previous study by a French research group
showed that a few specific inlA PMSC mutation types were
common among L. monocytogenes isolates from France. This
2004 study completed by Jacquet et al. (11) showed 13.8% (62
of 448) of isolates from human listeriosis cases and foods
carried three PMSC mutation types (designated InlA2, InlA3,
and InlA4 by Jacquet et al. [11]), where InlA2 and InlA3 were
accumulated at the population level within France but are rare
or have never been detected among L. monocytogenes isolates
from the United States (22, 34). In combination with previous
studies, our findings contribute to an emerging body of evi-
dence that PMSC mutations in inl4 appear to have arisen
independently and that some mutations have become accumu-
lated at the population level (3, 5, 10-12, 22-25, 27, 29, 34-36).

L. monocytogenes isolates carrying a PMSC in inl4 are com-
monly isolated from RTE foods but only associated with hu-
man listeriosis on rare occasions. Each inl4 PMSC mutation
type previously identified among L. monocytogenes isolates
from the United States (i.e., PMSC types 1 to 7) was detected
among the set of isolates characterized in the current study,
with the exception of inl4 PMSC 7 (Table 2). In our previous
study, inlA PMSC mutation type 7 was carried exclusively by L.
monocytogenes isolates from raw Norwegian salmon samples
obtained from the same seafood processing plant in New York
State during 1998 through 2000 (34). Consistent with the find-
ings of previous studies (11, 22, 34), results from inl4 SNP
genotyping of a large representative set of L. monocytogenes
isolates showed that inl4 PMSC mutations were significantly
(P < 0.0001) more common among L. monocytogenes isolated
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from RTE foods than among isolates from human listeriosis
patients overall (Table 2). More specifically, 26 of 507 (5.1%)
human clinical isolates carried a PMSC mutation in inlA,
whereas 226 of 502 (45.0%) isolates from RTE foods carried a
PMSC mutation in inl4 (Table 2). Although humans are fre-
quently exposed to L. monocytogenes isolates carrying viru-
lence-attenuating PMSC mutations in inl4 through consump-
tion of contaminated RTE foods, isolates carrying these
mutations only cause disease on very rare occasions. Another
recent study by our group provided some initial evidence that
exposure to a L. monocytogenes strain carrying a PMSC in inlA
may confer protection against a subsequent challenge by a fully
virulent strain, and additional work is needed to quantify the
effect of the presence of these strains in the food supply on
maintained population immunity against listeriosis (20). On
the other hand, EC strains, which have been associated with
the majority of listeriosis outbreaks worldwide and are over-
represented among sporadic listeriosis cases in the United
States, were significantly (P < 0.05) underrepresented among
L. monocytogenes isolates from RTE foods since these strains
only represent 8% of L. monocytogenes isolated from RTE
foods, suggesting that these strains have enhanced pathogenic
potential (6, 9, 14).

We identified here inl4 PMSC mutations that were novel to
ribotypes previously shown to include L. monocytogenes iso-
lates with other inl4 PMSC mutation types, and we also iden-
tified inl4 PMSC mutations in ribotypes that had not previ-
ously been associated with such a mutation (Fig. 1). To our
knowledge, this is the first report wherein inlA PMSC muta-
tions have been described among serotype 4b L. monocyto-
genes isolates representing EC I (DUP-1038B), EC Ia (DUP-
1042B), and EC II (multilocus genotyping [MLGT] value =
1.8; see references 35 and 36) strains, along with serotype 1/2a
EC III (DUP-1053A) strains. Full inl4 sequencing was per-
formed to confirm the presence of an inl4 PMSC among iso-
lates belonging to ribotypes that were not previously associated
with an inl4 PMSC mutation. Since previous studies showed
that inl4 evolved through a considerable number of recombi-
nation events, the presence of mutations leading to a PMSC in
inlA among a small number of isolates representing EC strains
is not surprising (22, 25). The frameshift mutation in a 5’
homopolymeric run of adenine residues leading to inl4 PMSC
mutation type 4 (25) was identified in L. monocytogenes iso-
lates belonging to seven different ribotypes across both major
genetic lineages and among isolates from two different coun-
tries (Fig. 1).

Chi-square tests of independence indicated that inl4 PMSC
mutations are not uniformly distributed among molecular sub-
types (EcoRI ribotypes), where these mutations were signifi-
cantly (P < 0.05) more common overall among isolates repre-
senting some ribotypes (i.e., DUP-1039C, DUP-1052A, and
DUP-1062A) and significantly (P < 0.05) less common among
isolates belonging to other ribotypes including, DUP-1038B
(EC I), DUP-1039B, DUP-1042B (EC Ia), DUP-1043A, and
DUP-1053A (EC III) (Table 3). Our results show that inl4
PMSC mutations are significantly underrepresented among L.
monocytogenes EC strains, a finding consistent with the com-
mon association between these strains and listeriosis epidemics
and sporadic cases (6, 9, 14). Categorical data analyses were
also performed to describe the distribution of inl4 PMSC mu-
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TABLE 3. Association of inlA PMSC mutations with origin (human or food) and L. monocytogenes ribotype

No. of inlA PMSC mutations/no. of isolates screened (% prevalence)
among isolates obtained from:

Ribotype” EC type
Humans Food” Total

DUP-1030A# 0/8 (0) 0/8 (0) 0/16 (0)
DUP-1030B (H)# 0/9 (0) 0/0 (0) 0/9 (0)
DUP-1038B (H) ECI 1/63 (1.5) 5/15 (33.3)*** 6/78 (7.7)**
DUP-1039A (H) 1/31 (3.2) 0/12 (0) 1/43 (2.3)**
DUP-1039B (H)# 0/43 (0) 0/18 (0) 0/61 (0)
DUP-1039C 5/26 (18.5) 17/35 (48.6)** 22/61 (36.1)*
DUP-1042A# 0/16 (0) 0/11 (0) 0/27 (0)
DUP-1042B (H) ECIa 0/72 (0) 3/18 (16.6)** 3/90 (3.3)***
DUP-1042C (F)# 0/0 (0) 1/14 (7.1) 1/14 (7.1)
DUP-1043A (F) 0/12 (0) 2/30 (6.6) 2/42 (4.7)**
DUP-1044A (H)# ECII 0/28 (0) 0/11 (0) 0/39 (0)
DUP-1044B (H)# 0/19 (0) 0/1 (0) 0/20 (0)
DUP-1044E (F)# 0/0 (0) 0/10 (0) 0/10 (0)
DUP-1045B 0/10 (0) 9/14 (64.3)** 9/24 (37.5)
DUP-1052A (F) 6/24 (29.2) 23/60 (38.3) 29/84 (34.5)*
DUP-1053A (H) ECIII 0/41 (0) 1/24 (4.2) 1/65 (1.5)***
DUP-1062A (F)# 11/11 (100) 149/149 (100) 160/160 (100)***
DUP-1062D (F) 0/1 (0) 5/28 (17.9) 5/29 (17.2)
Other (uncommon ribotypes) 2/93 (2.2) 11/44 (25)*** 13/137 (9.5)
Total 26/507 (5.1) 226/502 (45.0)*** 252/1009 (25.0)

“ Letters in parentheses indicate common ribotypes (>10 isolates) characterized by a significant overrepresentation of isolates from human listeriosis patients (H)
or RTE foods (F) (9). The x* test of independence was not possible for comparisons where 2 or more cells in 2 X 2 table contained a value of 0. Ribotypes that apply

to this are indicated by a “#” symbol.

b Asterisks indicate significant (s, P < 0.0001; s, P < 0.01) overrepresentation of L. monocytogenes isolates carrying an inlA PMSC in RTE foods compared to

isolates from human patients within common ribotypes.

¢ Asterisks indicate significant (x#*, P < 0.0001; #x, P < 0.01; *, P < 0.05) nonuniform distribution (overrepresentation or underrepresentation) of L. monocytogenes

isolates carrying an inl4 PMSC within a given ribotype.

tations among different isolate sources (i.e., human clinical and
RTE food isolates) for isolates representing each common
ribotype. The results showed that inl4 PMSC mutations were
significantly overrepresented among L. monocytogenes isolates
from RTE foods belonging to ribotypes DUP-1038B, DUP-
1039C, DUP-1042B, and DUP-1045B (Table 3). In addition,
all human clinical and RTE food isolates belonging to ribotype
DUP-1062A carried inl4A PMSC mutation type 3 (Table 3)
(22). Although inlA PMSC mutations are present in a small
number of EC strains, EC strains carrying a PMSC in inl4 were
more commonly isolated from RTE foods and only a single
listeriosis case was linked to an EC I strain carrying a PMSC
inlA (Table 3). All ribotypes previously identified in the study
by Gray et al. (9) to be overrepresented among RTE food
isolates compared to human clinical isolates were shown to
include at least one isolate carrying a PMSC in inl4 in the
present study, with the exception of ribotype DUP-1044E (Ta-
ble 3). Gray et al. (9) described the exclusive isolation of
ribotype DUP-1044E isolates from blue-veined and mold-rip-
ened cheese produced by the same facility. This observation is
consistent with other previous studies supporting that each
food processing plant appears to be characterized by a unique
Listeria ecology (13, 15).

Distribution of strains carrying a PMSC mutation in inld
and EC strains may play a more important role in the food
attribution of listeriosis. The current L. monocytogenes risk
assessment estimated that RTE deli meats are responsible for
89% of listeriosis cases in the United States per annum (33).
Declines in the prevalence of L. monocytogenes in RTE deli
meats and the incidence of listeriosis, however, have not par-

alleled each other. Specifically, the prevalence of L. monocy-
togenes in RTE deli meats declined by almost 7-fold since 1998,
while the incidence of listeriosis has yet to decrease by half (1,
32). If contaminated RTE deli meats are in fact responsible for
89% of food-borne listeriosis cases, one would expect to ob-
serve a greater decline of listeriosis cases over the last 11 years.
We thus hypothesized that a nonuniform distribution of L.
monocytogenes isolates carrying a PMSC in inl4 or EC strains
in deli meats or other RTE food categories may play a more
important role in the food attribution of listeriosis than cur-
rently acknowledged. To probe this hypothesis, we evaluated
the distribution of L. monocytogenes isolates carrying a viru-
lence-attenuating PMSC mutation in inl4 and EC strains
among different categories of RTE foods, including bag salads,
cheese, smoked seafood, deli and seafood salads, and deli
meats. The proportion of L. monocytogenes with or without a
PMSC mutation in inl4 was similar among all RTE food cat-
egories except for deli meats, which included a marginally
higher proportion (P = 0.12) of isolates carrying a PMSC in
inlA (Table 4). On the other hand, we observed a significant
(P = 0.006) overrepresentation of EC strains among L. mono-
cytogenes isolated from deli and seafood salads (Table 5). The
types of deli salads sampled in the Gombas et al. study in-
cluded potato salad, tuna salad, pasta salad and coleslaw but
not salads containing deli meats (8). A previous study on the
isolate set characterized here identified deli and seafood salads
as the RTE food product category with the highest levels of L.
monocytogenes (8). The combined overrepresentation of EC
strains and elevated levels of L. monocytogenes in the deli and
seafood RTE food category highlight a critical need to collect
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TABLE 4. Number of inlA PMSC mutations in various
food categories

No. of isolates (% among
total isolates screened

for category): Total no. of

Food category” isolates
With inlA Without screened
PMSC inlA PMSC
mutations mutations
Bag salads 9(42.9) 12 (57.1) 21
Cheeses 16 (50) 16 (50) 32
Smoked seafood 41 (40.2) 61 (59.8) 102
Deli and seafood salads 121 (43.8) 155 (56.2) 276
Deli meats 36 (53.7)" 31 (46.3) 67
Unknown food source 3(75) 1(25) 4
Total 226 (45.0) 276 (55.0) 502

¢ Select RTE food categories that represent the 31,707 L. monocytogenes
samples collected in the retail food survey. For statistical analysis purposes, the
four isolates of unknown origin were removed from the isolate set.

® Marginal (P = 0.12) overrespresentation of L. monocytogenes isolates carry-
ing an inl4A PMSC within food product categories.

additional empirical data and to revise current or develop
future risk assessments to predict the human health risk asso-
ciated with this particular RTE food category. Epidemic clone
strains were significantly (P = 0.01) underrepresented among
L. monocytogenes from the smoked seafood RTE food product
category. Interestingly, there have not been any listeriosis out-
breaks linked to smoked seafood, supporting our finding that
EC strains, which may have enhanced human pathogenic po-
tential, are not common among this RTE food category. Find-
ings from the present study support that RTE food categories
other than deli meats or a nonuniform distribution of EC
strains and isolates carrying a virulence-attenuating PMSC mu-
tation in inl4 among deli meats, along with other RTE food
categories, may play a more important role in the food attri-
bution of listeriosis than currently acknowledged.
Conclusions. Eighteen naturally occurring mutations lead-
ing to a PMSC in inlA4 have been identified worldwide to date
(5, 10, 11, 12, 22-25, 27, 29, 34, 35), and PMSC mutations in
inlA have been shown to be causally associated with attenuated
mammalian virulence (20, 28). Mutations leading to a PMSC
in inl4 therefore represent a molecular marker for L. mono-
cytogenes virulence attenuation, which can be used to predict
the human health risk associated with consumption of foods
contaminated by L. monocytogenes. A significantly greater pro-
portion of L. monocytogenes isolates from RTE foods carry a
PMSC mutation in inlA compared to isolates from human
listeriosis cases. While evaluating the distribution of inl4
PMSC mutations among RTE food product categories, we
found that the proportion of L. monocytogenes with or without
PMSC mutations in inl4 was similar among isolates from RTE
food categories except for deli meats, which included a mar-
ginally higher proportion of virulence-attenuated isolates. On
the other hand, we observed that EC strains were overrepre-
sented among L. monocytogenes isolates from deli and seafood
salads and underrepresented among isolates from smoked sea-
food. The results from the present study provide insight into
the distribution of L. monocytogenes isolates carrying a PMSC
in inlA and EC strains that people are exposed to through
consumption of contaminated RTE foods. Furthermore, these
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TABLE 5. Number of EC strains in various food categories

No. of isolates (% among
total isolates screened

Total no. of
for category):

Food category” isolates
With Without sereened
EC strains” EC strains

Bag salads 2(9.5) 19 (90.5) 21
Cheeses 2(6.25) 30 (93.75) 32
Smoked seafood 6(5.9)* 96 (94.1) 102
Deli and seafood salads 48 (17.4)** 228 (82.6) 276
Deli meats 10 (14.9) 57 (85.1) 67
Unknown food source 0(0) 4 (100) 4
Total 68 (13.5) 434 (86.5) 502

“Select RTE food categories that represent the 31,707 L. monocytogenes
samples collected in the retail food survey. For statistical analysis purposes, the
four isolates of unknown origin were left out of the isolate set.

b Asterisks indicate significant (x, P < 0.05; ##, P < 0.01) nonuniform distri-
bution of EC strains among L. monocytogenes isolates within food product
categories.

data will ultimately facilitate the revision of current and devel-
opment of future risk assessments that include different expo-
sure frequencies and disease probabilities for isolate popula-
tions that carry a virulence-attenuating PMSC mutation in inlA
or represent an EC strain.
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