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Internalin A (InlA; encoded by inlA) facilitates the crossing of the intestinal barrier by Listeria monocytogenes.
Mutations leading to a premature stop codon (PMSC) in inlA and thus attenuated mammalian virulence have
been reported. We recently characterized 502 L. monocytogenes food isolates from a retail survey and 507
human clinical isolates from multiple U.S. states with respect to the presence/absence of inlA mutations. The
objective of this study was to investigate the hypothesis that dose responses for human listeriosis vary between
L. monocytogenes strains with and those without a PMSC in inlA. Subtype-specific prevalence and concentration
distributions in food, along with epidemiologic and consumption data, were input into established dose-
response models to generate an r value (probability of a cell causing illness). Under the conservative assump-
tion that L. monocytogenes levels at retail represent levels consumed, mean log10 r values were �8.1 and �10.7
for L. monocytogenes subtypes with genes encoding a full-length and a truncated InlA, respectively. L. mono-
cytogenes carrying a 5� frameshift mutation in a homopolymeric tract showed a mean log10 r value of �12.1.
Confidence intervals for the r values and their differences varied depending on subtypes. When the increase in
concentration of L. monocytogenes subtypes between retail and consumption was considered, mean log10 r
values were reduced to �10.4, �13.8, and �12.8 for the subtypes with genes encoding a full-length InlA, for the
subtypes carrying a PMSC in inlA, and for all L. monocytogenes isolates regardless of subtype, respectively. Our
study provides further quantitative evidence that L. monocytogenes subtypes vary in abilities and relative
likelihoods of causing human disease, which were mechanistically related to defined genetic markers.

Listeria monocytogenes continues to represent a major chal-
lenge for the ready-to-eat (RTE) food industry due to the
ubiquitous presence of this pathogen along the food supply
continuum, its food-borne route of transmission, and the ex-
ceptionally high hospitalization (90%) and mortality (20 to
30%) rates associated with invasive listeriosis (17, 22, 45). L.
monocytogenes isolates can be classified into four genetic lin-
eages, including two common ones termed lineages I and II
(43); lineage I isolates have been reported to be overrepre-
sented among isolates from human clinical cases in the United
States, while lineage II isolates appear overrepresented among
isolates from contaminated foods (13). Studies combining mo-
lecular subtyping and in vitro virulence phenotype assays pro-
vided initial evidence for heterogeneity in virulence among L.
monocytogenes molecular subtypes (e.g., ribotypes) beyond the
genetic lineage level (13, 25, 46). Specifically, a subpopulation
of highly clonal strains (termed epidemic clones) has been
linked to most listeriosis outbreaks worldwide and epidemic
clone strains appear to be overrepresented among sporadic
listeriosis cases in the United States (13, 17, 40, 42). On the
other hand, recent studies support the idea that a significant

proportion (approximately 45%) of L. monocytogenes isolates
from RTE foods carry unique virulence-attenuating mutations
leading to a premature stop codon (PMSC) in inlA (25, 40, 42).
The virulence factor internalin A (InlA; encoded by inlA) is
sufficient for L. monocytogenes to invade intestinal epithelial
cells expressing certain isoforms of the cellular receptor E-
cadherin and thus facilitates the crossing of the intestinal bar-
rier during the establishment of a systemic infection (19, 20).
Consequently, PMSCs in inlA, which typically lead to produc-
tion of a truncated and secreted InlA but can also completely
abolish InlA production (if mutations occur early in the open
reading frame), significantly reduce the ability of L. monocy-
togenes to invade human intestinal epithelial cells or to cause a
systemic infection in a guinea pig model (24, 25, 31).

Substantial progress has been made in the last decade in
developing dose-response models for L. monocytogenes.
Buchanan et al. (2) used epidemiologic data on the incidence
of human listeriosis in Germany and food survey data (from
RTE smoked fish) to develop an intentionally conservative
exponential dose-response relationship for L. monocytogenes.
This approach was also applied by Lindqvist and Westöö (21)
to develop an exponential dose-response model using disease
incidence and food survey data from Sweden (two RTE food
categories) and by Chen et al. (7) using data from the United
States (eight RTE food categories). This approach assumes
that each L. monocytogenes cell is able to cause disease and
generates an r value (the exponential model parameter), which
is essentially the probability of illness from a single L. mono-
cytogenes cell. These studies reported log10 r values of �9.93
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based on data from Germany (2), �9.25 based on data from
Sweden (21), and �9.75 based on the more extensive U.S. data
(7). Using essentially the same approach but exposure data for
RTE food categories from a 2001 draft risk assessment by the
U.S. Food and Drug Administration/Food Safety and Inspec-
tion Service (FDA/FSIS) (37), a global exponential dose-re-
sponse model was developed by a Food and Agriculture Or-
ganization/World Health Organization expert panel (11),
which yielded a log10 r value of �11.97. In these studies, which
used or were based on the exponential modeling approach, a
simplifying assumption was made that all L. monocytogenes
bacteria represent a single population. More recently, in an
initial effort to quantify dose-response relationships for differ-
ent L. monocytogenes subtypes, Chen et al. (6) showed that the
two major L. monocytogenes genetic lineages and ribotypes
within those lineages differ significantly in their log10 r values.
A comprehensive approach was used in the FDA/FSIS risk
assessment (37), where dose-response models were developed
for different subpopulations such as the elderly and the peri-
natal population by using animal (mouse) data calibrated with
human surveillance data in the United States.

In parallel efforts, several studies have developed dose-re-
sponse relationships using animals that express an isoform of
E-cadherin that binds InlA, including rhesus monkeys (32, 33)
and guinea pigs (1, 39, 47). A log-logistic dose-response model
fitted to data obtained from animal experiments with a clinical
L. monocytogenes strain isolated from a rhesus monkey listeri-
osis outbreak resulted in an LD50 (i.e., 50% lethal dose for
stillbirth) of 8.45 � 107 cells for pregnant monkeys (32) and
2.0 � 107 cells for pregnant guinea pigs (47). Recently, Van
Stelten (39) and colleagues conducted experiments using a
male juvenile guinea pig intragastric challenge model and
showed ID50s (i.e., doses required for systemic infection in
50% of the subjects) of 2.57 � 107 and 5.50 � 108 for a human
clinical epidemic clone strain from a 1998-1999 outbreak of
listeriosis in the United States (4) and a food isolate carrying a
naturally occurring PMSC mutation in inlA, respectively.

Recognizing that there are insufficient data to build a reli-
able dose-response model from either human outbreak data or
animal experiment data alone, Ross et al. (30) chose the FAO/
WHO exponential model as the most plausible dose-response
model to conduct a risk assessment of L. monocytogenes in
RTE meats in Australia. On the other hand, Williams et al.
(48) reported that the risk of fetal mortality after exposure to
a dose of 106 L. monocytogenes cells was 5.9 � 10�1 based on
the log-logistic model developed from data collected in rhesus
monkeys (32), approximately 6 orders of magnitude higher
than that predicted using the corresponding dose-response
model from the FDA/FSIS risk assessment (37). The investi-
gators (48) applied the model for a clinical strain in monkeys
directly to predict risk in humans without addressing factors
essential for the extrapolation, such as differences in host sus-
ceptibility and variation in virulence among L. monocytogenes
strains in RTE foods, which were considered in the FDA/FSIS
risk assessment (37). Consequently, the model (48) estimated
733 stillbirths per annum in the U.S. population from the
consumption of a single RTE product category, i.e., Mexican-
style soft cheese, while the FDA/FSIS risk assessment (37)
estimated less than 0.1 case of perinatal listeriosis per year
attributable to the consumption of the same product category.

Many unanswered questions remain on plausible dose-re-
sponse relationships for L. monocytogenes, the extrapolation of
dose-response curves from animal models to assessment of risk
in humans, and whether there are distinct and quantitative
differences among L. monocytogenes subtypes, including those
with regard to virulence and dose response.

The primary objective of this study was to specifically inves-
tigate the hypothesis that dose responses for invasive listeriosis
in humans vary among L. monocytogenes subtypes with or with-
out a PMSC mutation in inlA. Furthermore, we made an at-
tempt to quantify the influence of growth between retail and
consumption on dose-response curves. We also attempted to
derive a dose-response scaling factor by comparing dose-re-
sponse models developed based on data relevant to humans in
this study and those developed in another study using data
from experiments in guinea pigs. Building upon published
dose-response modeling approaches, findings from this study
provide further quantitative evidence that variation exists in L.
monocytogenes virulence with respect to humans. This study
advances the knowledge of dose responses for L. monocyto-
genes by using, for the first time, molecular subtype classifica-
tion based on a biologically meaningful genetic characteristic
(i.e., allelic states of the gene encoding the virulence factor
InlA) to characterize virulence differences between L. mono-
cytogenes subtypes.

MATERIALS AND METHODS

L. monocytogenes database with enumeration data and inlA subtypes. A data-
base in Access (2003 version; Microsoft Corp., Redmond, WA), previously de-
veloped to tabulate L. monocytogenes presence/absence and enumeration data
for 31,707 RTE samples from a 2-year food survey in two FoodNet sites (i.e.,
Maryland [MD] and northern California [CA]) (12), was further developed to
include inlA allelic type data (i.e., presence/absence of 18 inlA PMSC mutations).
While a total of 573 food samples were confirmed as L. monocytogenes positive,
only 502 L. monocytogenes food isolates were available for characterization. As
described in previous studies (6, 12, 40), 42 clinical isolates from sporadic liste-
riosis cases during the 2-year time frame of the food survey were obtained from
the same FoodNet sites; these and an additional 465 human isolates from mul-
tiple other states (for a total of 507 human isolates) were used for this study.

Human and food L. monocytogenes isolates used here were previously char-
acterized (40) by a multiplex single nucleotide polymorphism (SNP) genotyping
assay to interrogate the presence/absence of 18 PMSC mutations in inlA that
have been described worldwide to date. Seven of these 18 previously described
PMSC mutations in inlA (i.e., PMSC mutations types 1, 2, 3, 4, 5, 6, and 12) were
observed among the 502 food isolates and 507 clinical isolates. Based on these
previously reported data, we created several tables in the Access database to
further describe all isolates, including the presence/absence of a PMSC, the
predicted length of the truncated InlA protein, the PMSC type as reported by
Van Stelten et al. (40), and the isolate source. These new data tables were linked,
through a common identification field, to presence/absence and enumeration
data in previously created tables (6). The resulting Access database allowed for
queries specific for data subsets based on inlA subtype data, e.g., the levels found in
foods for L. monocytogenes isolates with a specific PMSC (such as PMSC type 4).

Subgrouping of L. monocytogenes isolates according to inlA allelic types. inlA
SNP genotyping data were also used to classify the isolates in two broad sub-
groups: (i) L. monocytogenes isolates with genes encoding a full-length InlA
(without a PMSC in inlA) and (ii) L. monocytogenes isolates with genes encoding
a truncated InlA (with a PMSC in inlA). Among the seven inlA PMSCs, PMSC
type 4 is biologically unique because this is a frameshift mutation that occurs in
a 5� homopolymeric tract of adenine residues, which appears to represent a
mutational hot spot that may facilitate a switch between inlA alleles encoding
full-length and truncated InlA proteins, similar to phase shifting (29). As L.
monocytogenes isolates carrying inlA PMSC type 4 may revert to an inlA allelic
type encoding a full-length InlA (29), this inlA PMSC mutation was classified
separately. Specifically, L. monocytogenes isolates containing an inlA PMSC were
further divided into subgroups carrying (i) inlA PMSC type 4 or (ii) all other
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types of inlA PMSCs found among the isolates used here (i.e., PMSC types 1, 2,
3, 5, 6, and 12).

Mathematical considerations for inlA subtype-specific dose-response analysis.
To establish an inlA subtype-specific dose-response relationship, we used the
inlA SNP typing data for food and clinical isolates as detailed above, along with
food survey data on the prevalence and concentration of L. monocytogenes in
eight food categories, epidemiological data on the incidence of human listeriosis,
and consumption data (i.e., serving number and serving size) as reported in our
previous study (7). The number of listeriosis cases was stratified and expressed as
a mathematical function of exposure to inlA allelic type, as were the prevalence
and concentration of L. monocytogenes in RTE foods. The food survey data
generated in the previous retail survey (12) were used as a reasonable approxi-
mation of human exposure to L. monocytogenes in the sample population (i.e.,
the CA and MD FoodNet sites) and, by extrapolation, the U.S. population. In
the food survey, sampling was weighted by the population within each of the two
FoodNet sites and efforts had been made to sample products in proportion to
consumption. To develop a dose-response relationship for inlA allelic types with
or without a PMSC, we assumed that the number of human listeriosis cases was
the measure of risk during the 2-year time period in which the food survey was
conducted. Isolates representing specific inlA allelic types found in RTE foods
and among clinical listeriosis cases, their prevalence and concentration in RTE
foods, and the relative proportion of inlA allelic types associated with illness
cases were determined using methods previously described (6), except that the
subgrouping was based on classification into inlA allelic types.

Dose-response analysis was conducted using two approaches reported previ-
ously, including (i) an exponential modeling approach first described by
Buchanan et al. (2) and (ii) a conditional probability approach that we described
in our previous study (6). Briefly, for the exponential modeling approach, the
probability that illness occurs given an exposure at dose d to subgroup or subtype
k is denoted Pk,d. This probability can be expressed as

Pk,d � 1 � e�rkd (1)

where the virulence parameter rk is specific to inlA allelic type and reflects the
sensitivity of the exposed population to inlA allelic type with or without a PMSC.
A model previously developed to quantify the r value for L. monocytogenes
regardless of subtype (7) was updated to quantify rk together with the attendant
uncertainty using data specific to subtype k (i.e., subtype encoding a full-length
or truncated InlA) as input. As part of the analysis, we also determined r (the r
value for L. monocytogenes regardless of subtype) as an internal control to verify
the algorithms and to generate PI, the probability of illness from exposure to L.
monocytogenes regardless of subtype, for use in the analysis using the conditional
probability approach.

For the conditional probability approach, we used the same method that we
had reported previously for attributing risk to L. monocytogenes lineages and
ribotypes. Briefly, based on various mathematical considerations, the probability
of illness given exposure to inlA allelic type or subtype k, PI/k, can be expressed
as a conditional probability

PI/k �
Pk/I

Pk
PI (2)

where Pk/I, Pk, and PI are the probability of exposure to inlA allelic type or
subtype k given that illness has occurred (i.e., the fraction of illness cases asso-
ciated with the subgroup or subtype), the probability of exposure to subgroup or
subtype k (i.e., fraction of exposures from foods attributed to the subgroup or
subtype), and the probability of illness from exposure to L. monocytogenes re-
gardless of subtype, respectively. These terms and attendant uncertainties were
constructed from observed data. For L. monocytogenes, the exponential dose-
response model is assumed to be linear over most of the range of exposures.
Therefore, a simple approximation results in Pk,d � rkd. Using this approxima-
tion together with the fact that PI/k can be obtained as the average of Pk,d over
the exposure distribution for subgroup k yields the approximation PI/k � rk�k,
where �k is the average ingested dose for a subgroup. In this case, substitution
for equation 2 resulted in

rk �
Pk/I

Pk
PI/�k (3)

where rk (essentially the probability of a single cell of a given subgroup or subtype
causing illness) is the subtype-specific virulence parameter—a quantitative mea-
sure of the degree to which variations in virulence among inlA allelic types may
exist. In classifying L. monocytogenes into two broad subgroups, i.e., subgroups
with or without a PMSC in inlA, we made the assumption of homogeneous

virulence for all isolates within the same subgroup. In the case of no subgrouping,
this approximation reduced to r � PI/�. A model that we previously developed
for lineages and ribotypes was updated to quantify rk together with the attendant
uncertainty using data specific to inlA subgroups or subtypes associated with inlA
PMSC mutations as input, where the approximation for r was included as an
internal control to verify the algorithms. Estimation of confidence intervals for
the individual inlA subgroups and the determination of the differences in viru-
lence potential between two inlA subgroups were quantified using the conditional
probability approach according to the equations and method that we reported
previously (6).

Relative proportion of L. monocytogenes inlA subgroups in RTE foods or
associated with listeriosis. We determined the probability of exposure to a
specific L. monocytogenes inlA allelic type given exposure to the pathogen in RTE
foods based on observed prevalence in food samples collected at retail. For
example, among the 502 food isolates, 227 isolates carried a PMSC in inlA (Table
1). This resulted in a fraction of 0.452 for Pk. The fraction values for the
subgroups represent the parameters of a multinomial distribution, which through
simulation was used to determine the uncertainties around prevalence estimates
for inlA subgroups. Similarly, the proportions of human isolates associated with
the inlA subgroups formed the basis for calculating Pk/I. The uncertainties about
the estimates of Pk/I for the inlA subgroups associated with listeriosis cases were
derived from the properties of a multinomial distribution through simulations, as
described previously (6).

Concentration of L. monocytogenes subgroups in RTE foods. We used two sets
of concentration data as input: (i) the concentration of L. monocytogenes in RTE
foods at retail and (ii) the concentration at consumption. Subgroup-specific
concentration distributions were determined according to the method described
in our study reported in 2006 (6). Briefly, food samples found to contain a
specific L. monocytogenes subgroup were grouped into concentration ranges at
1-log intervals (Table 2). The average dose per serving (for individual subgroup,
�k, or for L. monocytogenes regardless of subtypes, �) was calculated based on
the fraction of isolates in each interval, concentration corresponding to the
midinterval value, and serving size. As shown in equation 3, the average dose per
serving was used as an input to derive subtype-specific r values.

Alternatively, we also used an exponential modeling approach to derive r
values using the modeling framework that we reported in 2003 (7). A discrete
concentration distribution was developed for the individual inlA subgroups by
simulation and used as an input to derive concentration per serving and subse-
quently subtype-specific r values. As a control, we also derived an r value for L.
monocytogenes regardless of subtype using the distribution beta (0.29, 2.68,
�1.69, 6.10) as an input for concentration, as was done previously (6). We used
the exponential modeling approach to determine an r value with or without
considering L. monocytogenes growth between retail and consumption. To de-
termine the concentration at consumption, the amount of growth (see growth
model below) estimated between retail and consumption for each inlA subgroup
and for all L. monocytogenes strains was added to the corresponding concentra-

TABLE 1. L. monocytogenes isolates found in RTE foods and in
humans for different internalin A (InlA, encoded by

inlA) subgroups

Molecular subgroup No. (%) of
food isolates

No. (%) of human isolatesa

FoodNet
sites Multistate

inlA without PMSC 275 (54.8) 33 (78.6) 481 (94.9)
inlA with PMSC 227 (45.2) 9 (21.4) 26 (5.1)
inlA with PMSC4b 33 (6.6) 2 (4.8) 4 (0.79)
inlA with PMSCnot4c 194 (38.6) 7 (16.7) 22 (4.3)

Total no. of isolatesd 502 42 507

a The human isolates for two FoodNet sites were obtained from Maryland and
northern California in 2000 and 2001; those from multiple states included the
isolates from the two FoodNet sites as well as human clinical isolates obtained
from New York, Connecticut, Ohio, Michigan, and a few other states primarily
from 1997 through 2002 (see the work of Van Stelten et al. �40� for details).

b PMSC4 represents one of the seven inlA subtypes found among the food and
human isolates used in this study.

c PMSCnot4 included isolates with PMSC types 1, 2, 3, 5, 6, and 12.
d Total number of isolates (with and without premature stop codons �PMSCs�

in inlA).
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tion at retail. Growth was estimated separately for two groups of isolates, i.e., L.
monocytogenes with and without inlA PMSCs, as described in more detail below.

Estimating the growth between retail and consumption. We implemented a
growth model to estimate the amount of growth for L. monocytogenes with and
without an inlA PMSC. This approach improves the dose-response analysis
beyond the conservative assumption that we had made in previous studies (6, 7),
that L. monocytogenes levels at retail represented levels to which the consumer
was exposed. The amount of growth specific to inlA subtype was determined
separately for each of the eight product categories: bagged leafy vegetable salads,
fresh soft cheeses, soft ripened cheeses (soft mold-ripened cheeses), semisoft
cheeses (blue-veined cheese), smoked seafood, deli salads, seafood salads, and
luncheon meats.

Growth was determined using data reported in the literature on storage time,
lag time, storage temperature, and growth rate. Storage time was obtained from
a reported survey (3) to determine nationally representative consumer storage
practices for refrigerated RTE foods. The combined storage times reported by
Cates et al. (3) for smoked seafood, deli salads, deli meats, and soft cheeses were
used for these product categories; “combined storage time” is the time for which
a given product is stored unopened plus the additional time for which it is stored
after opening. A distribution for storage time for the product categories other
than bagged salads was obtained by simulation, which was designed to accom-
modate the format in which the combined (unopened and opened) storage time
data were reported. Cates et al. (3) reported the weighted percentage of respon-
dents who stored the product for �5, 6 to 7, 8 to 14, 15 to 21, or �22 days. Each
time range (number of days) was represented by a uniform distribution in the
growth model. A simulation was performed by sampling from all the bin ranges
according to the reported percentage of respondents in the individual ranges.
For bagged salads, we determined the combined (unopened and opened) storage
time with the same method as that used for the other product categories (S. C.
Cates, personal communication), using raw data in the “survey data” spreadsheet
downloaded from the Joint Institute for Food Safety and Applied Nutrition
website (http://www.foodrisk.org/exclusives/CSPRRTEF/index.cfm, accessed
March 2010). Using a method previously described by Duffy and Schaffner (9)
and Montville et al. (23), we found that the distribution [Weibull (1.43, 4.97) �
1.26] adequately described the storage time for bagged salads. To determine the
time in which growth occurs, for all product categories, a lag time was subtracted
from the storage time distributions. Lag time estimates were generated from
simulations using lag time data reported by De Jesús and Whiting (8). The lag
time (hour) distributions for inlA allelic types with or without a PMSC were
represented by normal (1.61, 0.42) and normal (2.88, 0.79), which were derived
from proxy data reported for lineage II and lineage I isolates, respectively. This
approach is justified as lineage II isolates contain a high proportion of isolates
with inlA PMSCs (58.5% of lineage II food isolates in the data set used here had
inlA PMSCs), while lineage I isolates contain comparatively fewer isolates with

inlA PMSCs (23.5% of lineage I food isolates in the data set used here had inlA
PMSCs).

The temperature distribution was derived from EcoSure data for home refrig-
erator temperatures (available at http://foodrisk.org/exclusives/EcoSure/, ac-
cessed March 2010) and was represented by the distribution normal (3.55, 2.02)
(temperature unit in °C). The exponential growth rate inputs were obtained from
the 2003 FDA/FSIS L. monocytogenes risk assessment (37) and were represented
by the distributions shown in Table 3. The same growth rates were applied
regardless of subtype (i.e., L. monocytogenes with or without a PMSC). The 2003
FDA/FSIS risk assessment (37) included three choices for maximum growth, i.e.,
5.0, 6.5, and 8.0 log10 CFU/g for scenarios with storage temperatures of 	5.0, 5.0
to 7.0, and �7.0°C, respectively. In this study, although the storage temperature
distribution included values above 5.0°C, we set the maximum amount of growth
to 5.0 log10 CFU/g for all subgroups as a simplified approach. This allowed us to
assess the potential impact of growth consideration on the dose-response analysis
without the elaborate modeling of correlation between growth and temperatures
that was done in the FDA/FSIS model (37).

Concentration distributions for the amount of growth between retail and
consumption for the individual product categories were used to estimate growth
for L. monocytogenes with or without a PMSC in inlA, as well as for L. mono-
cytogenes regardless of inlA allelic type, according to the number of isolates
belonging to each product category (Table 4). A concentration distribution for
the increase in L. monocytogenes levels between retail and consumption for the
subgroup comprised of L. monocytogenes with a PMSC in inlA was obtained by
sampling the eight concentration distributions based on the number of isolates
with a PMSC in inlA in a given RTE food product category. Similarly, a con-
centration distribution with growth was determined for the subgroup containing
L. monocytogenes without a PMSC and for all L. monocytogenes isolates, regard-
less of subtype. Concentration distributions for the amount of growth between
retail and consumption and the initial level of contamination for each subgroup
were summed through simulation to yield the concentration at time of consump-
tion.

Dose-response models and simulations. The dose-response models that inte-
grated the various input variables were updated (for the parameters described in
equations 1, 2, and 3 above) or newly developed (for the growth model) in
Analytica (version 4.1; Lumina Decision Systems, Los Gatos, CA). The two
modeling approaches were used as alternative approaches to quantify rk and r
values. For the model with input variables for the exponential modeling ap-

TABLE 2. Number of food samples that contained different
concentrations of L. monocytogenes separated by

inlA subgroups

Concn interval
(log CFU/g)

No. of samples by subtype

inlA without
PMSC

inlA with
PMSC

inlA with
PMSC4

All positive
samplesa

�2–�1 188 146 18 398
�1–0 38 38 4 81

0–1 25 26 6 53
1–2 13 7 1 20
2–3 10 6 2 16
3–4 1 2 0 3
4–5 0 0 0 0
5–6 0 2 2 2

Avg doseb

(CFU/serving)
1.76 � 103 2.00 � 105 1.36 � 106 8.03 � 104

a The data for all the positive samples from the RTE food survey reported by
Gombas et al. (12) are included for comparison. There were a total of 573 L.
monocytogenes-positive samples among the 31,707 food samples tested; isolates
from 502 samples were obtained and subjected to inlA subtyping.

b The average dose per serving, given detection of L. monocytogenes in the
RTE food survey, was determined from the discrete frequency data for each
subgroup by using the mid-bin value for each interval and Weibull (1.40, 76.60) �
1.18 as the distribution for serving size.

TABLE 3. Growth rate input variables for the growth modulea

Product category Exponential growth rate

Bagged salads .................................Uniform (�0.0374, 0.138)
Fresh soft cheeses..........................Beta (0.511, 0.742, �0.0816, 0.324)
Soft ripened cheeses......................Uniform (�0.099, 0.11)
Semisoft cheeses ............................Normal (�0.043, 0.032)
Smoked seafood.............................Triangular (0.0519, 0.093, 0.27)
Deli salads ......................................Uniform (0.1, 0.143)
Seafood salads................................Uniform (0.1, 0.143)
Luncheon meats.............................Triangular (�0.0113, 0.0785, 0.755)

a Data obtained from the FDA/FSIS risk assessment (37).

TABLE 4. L. monocytogenes inlA subtypes in various
food categories

Food category

No. of samples

inlA without
PMSCs

inlA with
PMSCs Combined

Bagged salads 12 9 21
Fresh soft cheeses 2 2 4
Soft ripened cheeses 4 8 12
Semisoft cheeses 10 6 16
Smoked seafood 61 42 103
Deli salads 107 66 173
Seafood salads 48 56 104
Luncheon meats 31 38 69

Total 275 227 502
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proach, r value and confidence interval results were obtained by simulation runs,
in which each run to determine rk and r values consisted of uncertainty samples
of 30,000 iterations (10 trials). For the model with input variables for the con-
ditional probability approach, results for r value, confidence interval, and the
difference in r value between the subgroups were obtained by simulation runs in
which each run to determine rk and r values consisted of uncertainty samples of
1,000 iterations (10 trials), using the standard random Latin Hypercube as part
of the uncertainty sample option (41). In the simulations, we found very small
variation in the results among the 10 trials obtained in each run, e.g., a 0.01-log
difference among the r values from the 10 trials in each run for the subgroup of
isolates carrying a PMSC in inlA (with growth considered using the exponential
modeling approach).

RESULTS AND DISCUSSION

A better quantitative understanding of the degree to which
L. monocytogenes subtypes differ in their abilities to cause
human illness is critical to allow for accurate risk assessment of
public health burden. In this study, we employed a conditional
probability approach and built upon established modeling
frameworks to enable the integration into a dose-response
analysis of inlA molecular subtyping data for food and human
isolates along with L. monocytogenes contamination levels and
food survey data, epidemiologic data, and consumption data.
We found that dose responses for invasive listeriosis in humans
varied by several orders of magnitude among L. monocytogenes
subtypes with or without a PMSC mutation in inlA.

L. monocytogenes inlA subtypes in RTE food and clinical
isolates. While the prevalence of L. monocytogenes isolates
carrying an inlA PMSC was 45.2% among the RTE food iso-
lates characterized here, the prevalence of isolates with an inlA
PMSC was much lower among human clinical isolates: 21.4%
of human isolates from CA and MD FoodNet sites and 5.1%
of human isolates from the larger clinical isolate pool from
multiple states were found to carry inlA PMSCs (Table 1) (40).
The number of L. monocytogenes isolates with or without a
PMSC among the RTE foods included in the food survey (12)
varied depending on the individual food category, while there
was no clear pattern for higher or lower prevalence of isolates
with or without an inlA PMSC among the eight food categories
(Table 4) (40). In our previous study (6), in which the same
isolates were classified based on different subtyping methods
(13), lineage II isolates represented 62.3% of the food isolates
and 54.8% and 42.9% of the clinical isolates from the FoodNet
sites and the multistate isolate pool, respectively. Interestingly,
isolates with a PMSC in inlA are more common among lineage
II isolates than among lineage I isolates, which is consistent
with a recent study published by Ward et al. (42). This obser-
vation may at least partially explain why lineage II strains are
less commonly found among human clinical isolates than ex-
pected based on their observed frequency among RTE foods
(and hence based on the frequency of human exposure to
lineage II isolates) (13). While lineage classification used in
our previous work (6, 13) does not involve direct interrogation
of genetic variation in loci that contribute to virulence, SNP
genotyping to detect the presence/absence of 18 mutations
leading to a PMSC in inlA (40) allowed us to classify L. mono-
cytogenes isolates into subgroups that are mechanistically re-
lated to virulence. A dose-response analysis that uses classifi-
cation of L. monocytogenes isolates based on inlA allelic types
and the presence/absence of inlA PMSC in particular should
thus lead to an improved understanding of virulence differ-

ences among L. monocytogenes subtypes and serve as a model
for dose-response analyses for other food-borne pathogens
where strain differences appear to be important (e.g., Shiga
toxin-producing Escherichia coli).

The concentration of L. monocytogenes, given that it was
detected in an RTE food sample, varied for isolates with and
without a PMSC in inlA (Table 2). An average dose of L.
monocytogenes per serving of RTE food for inlA subgroups was
determined based on the number of isolates in the various
concentration ranges using the method that we developed pre-
viously (6). The subgroup containing L. monocytogenes isolates
with a PMSC in inlA showed an average dose of CFU/serving
(2.00 � 105) 2 orders of magnitude higher than that of the
subgroup of isolates without an inlA PMSC (1.76 � 103). In our
previous study (6), we found that the concentration per serving
differed by approximately 2 orders of magnitude between lin-
eage II (1.47 � 105) and lineage I (6.92 � 102) isolates. Inter-
estingly, isolates carrying inlA PMSC type 4 were characterized
by an average dose of 1.36 � 106 CFU/serving, which was similar
to the concentration found for isolates with ribotype DUP-1039C
(1.29 � 106 CFU/serving) from our previous study and consistent
with the finding that a considerable proportion (36.1%) of ri-
botype DUP-1039C isolates carry inlA PMSC type 4 (40).

Exponential model r value for L. monocytogenes inlA sub-
types. Using the conditional probability modeling approach,
the average r value on a log scale for the subgroup without
PMSCs was �8.13 (confidence interval [CI], �8.68 to �7.58).
The r value for the subgroup with inlA PMSCs was �10.68 (CI,
�11.06 to �10.30), more than 2 orders of magnitude lower
(Table 5; illness and clinical isolate data from MD and CA as
an input). When we further divided the subgroup with PMSC
into two smaller subgroups, the subgroup with PMSC type 4
had an average log10 r value of �11.30 (Table 5). While inlA
PMSC type 4 has the potential to revert to a wild-type inlA
allelic type (as PMSC4 is a frameshift mutation in a homopoly-
meric tract in the signal sequence of InlA [29]), it also is the
only inlA PMSC mutation that completely disrupts InlA pro-
duction; all other PMSCs lead to the production of truncated
and secreted forms of InlA (16, 24, 28, 40).

As shown in equation 3, the linear approximation to the
dose-response function leads to an estimate of the r value for
a subgroup or subtype k as a function of �k, the average
ingested dose for a subgroup or subtype. Because of the large
differences in �k among the subgroups (Table 2), this term is

TABLE 5. Virulence parameter for L. monocytogenes inlA
subgroups using the conditional probability

modeling approach

Molecular subgroup r value (log)b Confidence interval (95%)b

inlA without PMSCs �8.13 (�8.04) �8.68–�7.58 (�8.59–�7.50)
inlA with PMSCs �10.68 (�11.29) �11.06–�10.30 (�11.59–�10.98)
inlA with PMSCnot4 �8.88 (�9.45) �10.01–�7.76 (�10.54–�8.36)
inlA with PMSC4 �11.30 (�12.10) �INF–NANc (�12.50–�11.70)
Combined modela �9.94 �9.66–�10.23

a Values for L. monocytogenes regardless of subtype.
b Values were obtained based on human illness and clinical isolate data from

the MD and CA FoodNet sites (outside parentheses) and from multiple U.S.
states (inside parentheses).

c INF, infinite; NAN, not a number. These outputs were obtained in simulation
because 0 was sometimes obtained in the distribution of the number of cases
attributed to isolates with inlA PMSC4.
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highly influential in determining differences in their r values
(Table 5). It is important to consider sampling design and
sources of variability in the interpretation of these results. For
example, the large �k for the subgroup with inlA PMSCs was
partly the result of two samples in which the L. monocytogenes
level detected was 5 to 6 log10 CFU/g (Table 2). The magni-
tude of the two samples is unique in the survey. Given the size
and extent of the survey (31,707 RTE food samples that
spanned 2 years in CA and MD), the fact that the two samples
occur in the same subgroup cannot be overlooked. Since there
is no additional information that would lead to discounting
these two samples, they were factored into the calculation of
�k, which was used an input in equation 3 to derive the r value
for the subgroup to which they belonged.

Keeping all other inputs the same and using data for a larger
set of human illnesses across the United States and clinical
isolates from multiple states, rather than data for human ill-
nesses and clinical isolates from only the CA and MD FoodNet
sites, the average r values, on a log10 scale, for the subgroups
without inlA PMSCs, with inlA PMSCs, and with inlA PMSC
type 4 were �8.04, �11.29, and �12.10, respectively (Table 5),
further supporting a considerably (order of magnitude) lower
likelihood of L. monocytogenes isolates with inlA PMSCs caus-
ing human disease. Interestingly, the r value for PMSC4 was
substantially lower than the r value for the isolates with the
other PMSCs (“PMSCnot4” in Table 5), suggesting that
PMSC4 may show a particularly high level of virulence atten-
uation (e.g., due to complete lack of InlA expression, as the
mutation leading to PMSC type 4 is localized early into the
inlA open reading frame).

Similar r values were obtained when we applied the expo-
nential modeling approach to the dose-response analysis. The
r values obtained were, on a log10 scale, �8.12 and �10.67 for
subgroups without and with inlA PMSCs, respectively (Table
6). Confidence intervals associated with the r values derived
using the exponential modeling approach were not as wide as
those derived using the conditional probability approach,
which may likely be attributed to differences in the methods
used to determine these intervals (6, 7). As an internal control
to verify the algorithm for both modeling methods, average r
values of �9.94 log (Table 5) and �9.44 log (Table 6) were
obtained for L. monocytogenes regardless of subtype; these
were similar to the values that we reported previously: �9.75
log using the exponential modeling approach (7) and �9.72 log
using the conditional probability approach (6).

Variation in virulence potential for L. monocytogenes inlA
subgroups. The exponential model parameter r value is a mea-
sure of virulence for L. monocytogenes, as this parameter es-
sentially predicts the likelihood of a single cell causing listeri-
osis, i.e., a systemic infection (all dose-response analysis
reported here was performed using systemic listeriosis as a
disease outcome) (2, 6, 7). Differences in virulence for L.
monocytogenes subgroups, as defined by the presence/absence
of PMSC mutations in inlA, were thus further quantified by
comparing the r values for the different subgroups, using the
conditional probability modeling approach (6). There was a
2.55-log (95% confidence interval, 1.91 to 3.20) difference in
the average r values for L. monocytogenes subgroups with and
without inlA PMSCs; this difference was 3.24 logs (95% con-
fidence interval, 2.62 to 3.86) when data for human illness and
clinical isolates from multiple states rather than data from the
CA and MD FoodNet sites were used as an input (Table 7).
When the subgroup of L. monocytogenes isolates carrying inlA
PMSC type 4 was compared to the subgroup of isolates with
genes encoding a full-length InlA, the difference in the average
r value was infinite when data for human illness and clinical
isolates from the FoodNet sites were used as an input and 4.06
log when data for human illness and clinical isolates from
multiple states were an input.

Under the assumptions made, this study clearly demon-
strated that there are quantifiable differences in virulence pa-
rameters among L. monocytogenes strains with or without
PMSCs in inlA. These findings, which are based on a biological
marker that can be mechanistically related to virulence (i.e.,
inlA premature stop codons) (25), are consistent with our pre-
vious findings that were based on broader genetic classification
of L. monocytogenes, i.e., classification into lineages and ri-
botypes (6, 13). For example, the average differences in r val-
ues using MD and CA (or multistate) illness data as an input
were 2.42 logs (or 2.65 logs) between lineage I and lineage II
and 3.53 logs (or 4.19 logs) between ribotype DUP-1062A, with
all isolates classified into this ribotype carrying inlA PMSCs
(40), and DUP-1042B, a ribotype that has been linked to mul-
tiple human listeriosis outbreaks (13) and shows a low fre-
quency (i.e., 3.3%) of inlA PMSCs (40). The overlapping re-
sults obtained from dose-response analyses using subgrouping
data from the different subtyping methods support the biolog-
ical relevance of the lineage and ribotype classification
schemes. Furthermore, continuing improvement in the molec-
ular subtyping tools for L. monocytogenes, moving toward more

TABLE 6. Virulence parameters for L. monocytogenes inlA
subgroups using the exponential modeling approacha

Molecular subgroup

No growth considered
between retail and

consumption

Growth considered
between retail and

consumption

r value
(log)

Confidence
interval (95%)

r value
(log)

Confidence
interval (95%)

inlA without PMSCs �8.12 �8.15–�8.06 �10.44 �10.53–�10.38
inlA with PMSCs �10.67 �10.75–�10.61 �13.76 �13.84–�13.69
Combined modelb �9.44 �9.52–�9.37 �12.76 �12.85–�12.69

a Values were obtained based on human illness and clinical isolate data from
the MD and CA FoodNet sites.

b Values for L. monocytogenes regardless of subtypes for comparison.

TABLE 7. Comparison of virulence parameters

Molecular subgroups
compared

r value
difference (log)a Confidence interval (95%)a

inlA without PMSC vs inlA
with PMSC

2.55 (3.24) 1.91–3.20 (2.62–3.86)

inlA without PMSC vs inlA
with PMSCNot4

0.76 (1.40) �0.48–1.99 (0.18–2.26)

inlA without PMSC vs inlA
with PMSC4

INFb (4.06) NAN–INFb (3.38–4.73)

a Values were obtained based on human illness and clinical isolate data from
the MD and CA FoodNet sites (not in parentheses) and from multiple U.S.
states (in parentheses).

b INF, infinite; NAN, not a number. These outputs were obtained in simula-
tion because the number of cases could be 0 in the distribution of the number of
cases attributed to isolates with inlA PMSC4.
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biologically meaningful classification based on virulence fac-
tors, such as those developed by Van Stelten and Nightingale
(38) and Ward et al. (43), clearly increases the value of sub-
typing data in developing dose-response models. Collectively,
results from this study and our previous study (6) suggest the
existence of true quantifiable differences in pathogenic poten-
tial among L. monocytogenes subtypes.

Influence of growth consideration on r value. The r values
described above were derived under the assumption that L.
monocytogenes levels found in the RTE samples in the food
survey at retail were the levels at consumption that resulted in
the illness cases reported. As expected, when postretail growth
was considered in dose-response analysis, the r values obtained
were lower than the r values derived when postretail growth
was not considered (Table 6). Because exponential growth rate
data were available for L. monocytogenes in general (37) and
lag time data were available only for the common and broad L.
monocytogenes genetic lineages (8), we modeled growth only
for the two major subgroups with or without inlA PMSCs and
did not further model growth for individual inlA subtypes. The
data for lineages were used as proximate lag time because
queries from our database, which included information on the
lineage and inlA characteristics for individual isolates, showed
that lineage I and II isolates contain a high proportion of
isolates without inlA PMSCs (76.5%) and with inlA PMSCs
(58.5%), respectively. As an initial attempt to quantify the
impact of considering postretail growth on the r value, we
chose the CA and MD FoodNet data subset for the analysis.
When growth after retail was considered, the mean r values, on
a log10 scale, were reduced by approximately 2 to 3 orders of
magnitude, e.g., from �8.12 to �10.44 for the subgroup with-
out inlA PMSCs, from �10.67 to �13.76 for the subgroup with
inlA PMSCs, and from �9.44 to �12.76 for all L. monocyto-
genes strains regardless of subtype (Table 6). The difference in
the r values with postretail growth consideration will influence
risk-per-serving determination as well as the predicted degree
of risk reduction when evaluating control measures that affect
changes in L. monocytogenes concentration.

The median log10 r value obtained in this study for L. mono-
cytogenes regardless of subtype, with growth considered be-
tween retail and consumption, was �12.75 logs, corresponding
to an r value of 1.78 � 10�13 (by comparison, as described in
Table 6, the mean log10 r value was �12.76). The median r
value obtained from this study (i.e., the r value of 1.78 � 10�13)
is essentially the same as the median r value of 1.34 � 10�13 for
the population with increased susceptibility reported by an
expert panel (11), in which growth was considered between
retail and consumption, a “multiple-dose” approach was used
to derive the r value, and the maximum dose was assumed to be
10.5 log CFU/serving. The FAO/WHO expert panel also re-
ported a median r value of 1.06 � 10�12 for the population
with increased susceptibility, which was derived assuming that
all cases of listeriosis were due to ingestion of servings only at
the highest dose level and assuming that the maximum dose
varied from 7.5 to 10.5 log CFU/serving. Ross et al. (30) chose
the median r value of 1.06 � 10�12 as a plausible dose-re-
sponse model in their recently published risk assessment of L.
monocytogenes in ready-to-eat meats in Australia.

The r values derived in this study and in the FAO/WHO
study were both for the population with increased susceptibil-

ity, which we assumed to include 25% of the U.S. population
(7) and the expert panel assumed to be 17.5% of the popula-
tion (11). In this study, we quantified for the first time the r
value with growth considered for two distinct molecular sub-
groups and found an average r value of 3.63 � 10�11 (i.e., log10

r value of �10.44) for the subgroup without inlA PMSCs and
1.74 � 10�14 (i.e., log10 r value of �13.76) for the subgroup
with inlA PMSCs, further supporting a reduced likelihood of
causing human disease for L. monocytogenes strains with
PMSCs in inlA.

Emerging evidence for a dose-response scaling factor from
guinea pigs to humans. In this study and our previous studies,
we developed a dose-response relationship through the use of
data relevant to humans, including food survey data, epidemi-
ologic data, and consumption data, as well as molecular sub-
typing data for food and human clinical isolates. In parallel
efforts, dose-response models have been developed for L.
monocytogenes using data from experiments in guinea pigs (32,
39). Generally, experiments in animals are conducted over a
range of inoculum doses not typical of human exposures from
RTE foods. Experiments with animals are designed to target
dose levels of 105 to 108 log10 CFU, corresponding to a high
probability of infection or mortality in the animals (e.g., 30 to
70% response rates). On the other hand, sporadic exposures of
the human population to L. monocytogenes predominantly oc-
cur at low dose levels. For example, among the 573 positive
samples obtained from the survey of 31,707 RTE food samples
(12), 93% of the isolates had levels at or below 10 CFU/g.
Difficulties are well known in extrapolating dose-response
models derived from animal studies to low doses typical of
human exposures from foods (11, 32, 34, 36, 47).

In an attempt to obtain insight into a dose-response scaling
factor from guinea pigs to humans, we plotted and compared
the inlA subtype-specific exponential dose response models
derived from this study and models derived from data in
guinea pigs (Fig. 1). The inlA subtype-specific dose-response
models derived using data relevant to humans centered on the
r value and the exponential model. The study by Van Stelten
and colleagues using guinea pigs (39; A. Van Stelten, J. M.
Simpson, Y. Chen, V. N. Scott, R. C. Whiting, W. H. Ross, and
K. K. Nightingale, submitted for publication) showed that
three dose-response models (log-logistic, beta-Poisson, and ex-
ponential) provided acceptable fit for the probability of spleen
infection in response to an L. monocytogenes dose adminis-
tered to guinea pigs; all three models predicted similar likeli-
hoods of infection in the range of doses above 6 log CFU (Fig.
1). Similarly, Smith et al. (32) used three models to fit stillbirth
mortality data in monkeys and reported that at a low dose with
�1% response rates, the different models (including log-logis-
tic, Weibull gamma, and exponential) diverged but the data
were not sufficient to justify selection of a better fit among the
models. In the dose-response study with guinea pigs by Van
Stelten (39) and colleagues, the beta-Poisson and exponential
models showed closely parallel probabilities of contracting a sys-
temic infection at the same dose; however, a significant departure
occurred for the log-logistic model when extrapolating to low
doses (Fig. 1). A key difference in the log-logistic model, com-
pared to the exponential and beta-Poisson models, is that it is not
linear (on a log-log scale characterized by a slope that is not 1; for
the data in Fig. 1, the slope is less than 1) at low doses, while the
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latter two are (characterized by a slope of 1 at a low dose such as
	6 log CFU).

Although further research is needed to determine which
type of model (linear versus nonlinear at low doses) is mech-
anistically more plausible, the assumption of linearity at low
doses is often made in dose-response analysis for microbial
pathogens. The beta-Poisson model has been shown to fit ex-
perimental data from animal studies and human volunteer

studies (35), such as for L. monocytogenes infections in mice
(14), Salmonella infections in humans (18), Campylobacter je-
juni infections in chickens (5), and infections with vaccine
strains of influenza A virus in humans (44). The exponential
model has been the choice for deriving a dose-response rela-
tionship from data relevant to humans (2, 7, 11, 21). Available
knowledge does not preclude an assumption of models with
linearity at low dose, e.g., the exponential model or the beta-
Poisson model, for L. monocytogenes. A recent study (39; Van
Stelten et al., submitted) showed that both the beta-Poisson
and the exponential models provided an acceptable fit for L.
monocytogenes infections in male guinea pigs and thus pro-
vided a gateway for comparing the models derived from guinea
pigs and those from data relevant to humans (i.e., food survey,
consumption, epidemiologic, and molecular subtyping data).

Just as the recent study by Van Stelten (39) and colleagues
reported infectious dose curves, generated using guinea pigs,
for both an L. monocytogenes isolate without an inlA PMSC
and an isolate with an inlA PMSC, we were also able to com-
pare the differences in probability of infection from 1 cell (i.e.,
the equivalent to the r value) between values calculated based
on guinea pig data and values calculated based on human
epidemiological data (i.e., the r values calculated here). There
was an 0.69-log difference between the r value (based on the
exponential model) derived from human epidemiological data
for the subgroup without inlA PMSCs and the r value (based on
the exponential model) derived from guinea pig data for the
strain without an inlA PMSC (i.e., strain CUFSL N1-054,
H7550; obtained from a human case associated with a 1998-
1999 listeriosis outbreak in the United States [4]). The guinea
pig data-derived r value for the isolate with an inlA PMSC was
1.98 logs higher than the r value for the subgroup with inlA
PMSCs derived from human epidemiological data. When
growth is considered in deriving the r value from the data
relevant to humans, the differences in the log10 r value between
the human data and guinea pig data were 2.91 for isolates
without an inlA PMSC and 5.07 logs for isolates with an inlA
PMSC. These results suggest that a scaling factor up to 3 logs
for the L. monocytogenes subgroup without inlA PMSCs and a
factor up to 5 logs for the subgroup with inlA PMSCs may be
considered when extrapolating guinea pig dose-response models
to predict illnesses in humans. Since virulence factors other than
InlA play a role in L. monocytogenes infections, and available
evidence does not favor the selection of a dose-response model
with a particular shape at low doses (e.g., linear versus nonlinear
at low doses), further research is needed to substantiate the scal-
ing factor for extrapolation from dose-response models derived
from experiments in guinea pigs to predict illness in humans.

Conclusions. A number of in vitro studies (24, 25, 26, 27, 28,
31) as well as molecular subtyping and epidemiological studies
of human listeriosis cases (15, 24, 25, 31) clearly support an
important role of the L. monocytogenes surface protein InlA in
virulence for human hosts. Interestingly, at least 18 different
mutations in inlA that lead to a PMSC, which result either in
production of truncated and secreted InlA or complete inter-
ruptions of InlA production (e.g., inlA PMSC type 4), have
been identified (40). A number of studies (e.g., references 10,
24, 25, 26, 27, 28, and 31) have shown that selected strains with
inlA PMSCs have significantly reduced abilities to invade in-
testinal epithelial cells and significantly reduced guinea pig

FIG. 1. Dose-response models for L. monocytogenes systemic infec-
tion derived from human and food epidemiological data and models
derived from guinea pig experiments. Guinea pig results were from the
work of Van Stelten (39). Results from the exponential model ob-
tained from epidemiological data (}) in the study reported here are
shown for the subgroup without inlA PMSCs (A) and for the subgroup
with inlA PMSCs (B). For comparison, three models (beta-Poisson,
log-logistic, and exponential) that provided acceptable fit to L. mono-
cytogenes numbers recovered from infected guinea pigs are shown;
guinea pig dose-response curves for an L. monocytogenes isolate en-
coding a full-length InlA (isolate CUFSL N1-054, H7550; obtained
from a human case associated with the 1998-1999 listeriosis outbreak
in the United States reported by the CDC [4]) are shown in panel A,
while guinea pig dose-response curves for an L. monocytogenes isolate
with an inlA PMSC (isolate CUFSL N1-040) are shown in panel B. The
models derived from guinea pig data were represented in both panels
by the following symbols: f, log-logistic; F, beta-Poisson; and Œ, ex-
ponential.
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virulence. Our data here provide, for the first time, quantita-
tive estimates on the relative dose-response relationship for L.
monocytogenes with and without inlA PMSCs. The average
differences in the r values between the subgroup with PMSCs
and the subgroup without PMSCs ranged from 1.4 to 4.1 log
units, suggesting that L. monocytogenes isolates with inlA
PMSCs may be as much as 10,000-fold less virulent than iso-
lates that encode a full-length InlA. Continuing efforts to in-
tegrate molecular subtyping data into hazard characterization
will enable better attribution of risk to L. monocytogenes sub-
types in quantitative risk assessments. The use of subtype char-
acterization approaches to target genetic variation biologically
linked to virulence differences also holds considerable poten-
tial to improve risk assessment for other food-borne patho-
gens, such as Shiga toxin-producing E. coli.
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