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Adhesion is a crucial first step in Listeria monocytogenes pathogenesis. In this study, we examined how the
adhesion properties of serotypes correlate with their invasion efficiencies in a cell culture model (Caco-2) and
in a mouse model. Adhesion characteristics of all 13 serotypes of L. monocytogenes (25 strains) were analyzed,
which yielded three distinct groups (P < 0.05) with high-, medium-, and low-level-adhesion profiles. The
efficiency of these strains in invading the Caco-2 cell line was analyzed, which produced two groups; however,
the overall correlation (R2) was only 0.1236. In the mouse bioassay, all selected strains, irrespective of their
adhesion profiles, translocated to the liver and the spleen with almost equal frequencies that did not show any
clear relationship with adhesion profiles. However, the serotypes with increased adhesion showed a slightly
increased translocation to the brain (R2 � 0.3371). Collectively, these results indicate that an in vitro adhesion
profile might not be an accurate assessment of a strain’s ability to invade a cultured cell line or organs or
tissues in a mouse model.

Listeria monocytogenes is a facultative intracellular gram-
positive bacterium that is responsible for food-borne illnesses
and may lead to encephalitis, meningitis, or stillbirths and
infection of the central nervous system in newborn or immu-
nocompromised patients (1, 31). Despite the widespread dis-
tribution of L. monocytogenes, the incidence of listeriosis is not
high. Furthermore, not all L. monocytogenes serotypes are ca-
pable of causing food-borne illnesses (2, 12). In fact, serotypes
4b, 1/2a, 1/2b, and 3b were responsible for more than 90% of
listeriosis outbreaks that have had occurred in the past 2 de-
cades (12, 16). The factors other than serotype that may also
affect infectivity are the infective dose, survival of the bacteria
in the stomach, and the host immunity (31). Epidemiological
evidence shows that the gastrointestinal tract is the primary
route of infection and that penetration of the intestinal epi-
thelial cell barrier is the first step in the infection process (17).
Moreover, the ability of L. monocytogenes to invade epithelial
cells correlates with bacterial virulence (5, 19, 27).

The virulence of L. monocytogenes stems from its capacity to
adhere, invade, and multiply within professional and nonpro-
fessional phagocytes (31). Several surface proteins are involved
in these processes. Ami (20), fibronectin binding protein (10),
and Listeria adhesion protein (LAP) (23) are responsible for
adhesion; internalin A and internalin B are required for intra-
cellular invasion; Act A is involved in the cell-to-cell spread;
and listeriolysin O and phospholipases are responsible for the
disruption of the phagosomal membrane (31).

Listeriolysin O is an important virulence factor in L. mono-
cytogenes pathogenicity (2, 3, 22), and quantitative analysis of
this factor may not accurately determine the pathogenicity
potential of a strain. Therefore, in vitro assays with intestinal

cell lines (5, 19, 24, 27, 30) and in vivo animal models are
important in confirming the pathogenicity characteristics of
isolates (1–3, 18, 21, 29, 30). The pathogenicity of L. monocy-
togenes in mice following intragastric, intraperitoneal, or intra-
venous injections has been evaluated, and the majority of those
studies have determined the translocation of the bacteria only
to the liver or the spleen, except for some instances of trans-
location to the Peyer’s patches following intragastric inocula-
tion (1–3, 18, 21). However, only a limited number of studies
have focused on the translocation of L. monocytogenes to the
brain.

L. monocytogenes adhesion to and invasion of intestinal ep-
ithelial cells and the subsequent translocation to distant organs
are critical in establishing a systemic infection in a host (31).
Therefore, it is necessary to determine whether there exists any
correlation between adhesion, invasion, and translocation of a
strain for the purpose of assessing its pathogenic potential. In
this study, we tested the adhesion properties of different sero-
types using an enterocyte-like Caco-2 cell line and examined
the invasion properties of the same cell line to determine the
relationship between adhesion and invasion among serotypes.
Translocation of selected serotypes with varied profiles of ad-
hesion to the liver, spleen, and brain were examined following
oral administration of the strains to mice.

Twenty-five L. monocytogenes strains belonging to 13 sero-
types were used in this study (Table 1). Cultures were stored in
brain heart infusion (BHI) slants at room temperature, and
fresh cultures were obtained after growth for 18 to 20 h at 37°C
in BHI. All isolates were tested for hemolysin production with
the CAMP test on sheep blood agar plates (26) and were found
to be hemolytic.

Adhesion analysis. The adhesion assays were performed us-
ing 3H-labeled Listeria species according to the method of
Hagman et al. (11), with modifications (14, 15). Bacteria were
grown overnight at 37°C in BHI containing 20 �Ci of [methyl-
3H]thymidine (79 Ci/mmol; Amersham Pharmacia Biotech,
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Inc., Piscataway, N.J.) per ml. One hundred microliters of
3H-labeled bacteria (�5 � 108/ml) was added to the Caco-2
cell monolayers in 24-well tissue culture plates to obtain a
multiplicity of infection (MOI) of 100:1, and the bacteria were
incubated for 30 min at 37°C (28). The plates were washed five
times with 20 mM phosphate-buffered saline, pH 7.0 (PBS),
and treated with 0.5 ml of 0.5% sodium dodecyl sulfate per
well, the well contents were mixed thoroughly with 10 ml of a
scintillation cocktail (CytoScint; ICN Biomedicals, Inc., Costa
Mesa, Calif.), and the radioactivity was enumerated using a
liquid scintillation counter (Beckman Coulter, Fullerton, Cal-
if.). All adhesion assays were performed at least three times in
triplicate.

All L. monocytogenes serotypes were able to attach to Caco-2
cells; however, the attachment varied greatly, with counts from
140 to 3,242 cpm (Fig. 1A), while the negative control (L.
innocua NCTC 10528) had a count of 111 cpm. The back-
ground counts for Caco-2 cell monolayers without labeled bac-
teria were generally around 40 cpm/well. By using a statistical
analysis software (SAS, Cary, N.C.) and Tukey’s test, adhesion
profiles could be divided into three groups, which were signif-
icantly different (P � 0.05) from one another. The serotypes
that exhibited the highest levels of adhesion (2,396 to 3,242
cpm) were serotypes 3b (SLCC 2540, ATCC 19113), 4b
(ATCC 19115, F4244), 7 (SLCC 2482), and 1/2a (ATCC
19111). The serotypes with medium levels of adhesion (1,121
to 2,197 cpm) were serotypes 4d (ATCC 19117), 4e (ATCC
19118), 4c (ATCC 19116), 4ab (MurrayB), 1/2a (V7, F4263,
EGD, ATCC 35152), 1/2b (F4233, F4260), and 4b (F4393,
CAP, F5069). The lowest levels of adhesion (140 to 908 cpm)

were observed for serotypes 1/2c (ATCC 19112, ATCC 7644),
4b (F2379, Scott A), 4a (ATCC 19114), and 3c (SLCC 2479).
In this study, a uniform MOI was used for most of the adhesion
analyses. In some cases, however, we used MOIs of 300:1,
1,000:1, or even 5,000:1, and no variation in adhesion within a
serotype was observed (data not shown). Direct microscopic
examination of the adhesion of nonlabeled L. monocytogenes
strains to Caco-2 cells supported the adhesion profiles ob-
tained from the radiolabeled bacteria (data not shown). Meyer
et al. (19) also reported a high variation in adhesion among
different serotypes of L. monocytogenes when the serotypes
were tested with a primary cell line from guinea pig.

Invasion assay. The invasion properties of serotypes were
analyzed by a gentamicin-based invasion assay with Caco-2 cell
monolayers in 24-well plates according to the method of Gail-
lard et al. (9), with modifications. Briefly, Caco-2 monolayers
were inoculated with 100 �l of the L. monocytogenes suspen-
sion (�5 � 108 CFU/ml) and incubated for 1.5 h at 37°C in 7%
CO2. The monolayers were washed with PBS, followed by the
addition of 100 �l of gentamicin (1 mg/ml) and an additional
1.5-h incubation. However, to determine total counts of bac-
teria associated with the cell (counts of adhered bacteria plus
counts of intracellular bacteria), duplicate wells with Caco-2
cells were analyzed without gentamicin treatment. The cell
monolayers with or without gentamicin treatments were then
washed with PBS and lysed with 1% Triton X-100 (Sigma).
Appropriate dilutions were plated on BHI plates, and the CFU
were enumerated. The invasion efficiency (invasion index) for
each serotype was calculated by dividing the number of CFU
that invaded the cells (with gentamicin) by the total number of
CFU obtained without gentamicin treatment (both the inva-
sion and the adhesion counts).

Statistical analysis, using Tukey’s test at a P of �0.05, re-
vealed that the serotypes could be divided into two major
groups based on their invasion profiles (Fig. 1B). Group 1
contained 19 strains with invasion efficiencies of 0.14 to 0.314.
This group comprised six of seven strains of serotype 4b, four
of five strains of serotype 1/2a, two of two strains of serotype
1/2b, one of two strains of serotype 1/2c, and one strain each of
serotypes 3a, 3b, 4c, 4d, 4e, and 7. Group 2 contained six strains
whose invasion efficiency values ranged from 0.018 to 0.086,
and the serotypes were one of seven strains of serotype 4b, one
of five strains of serotype 1/2a, one of two strains of serotype
1/2c, and one strain each of serotypes 3c, 4ab, and 4a (Fig. 1B).
The differences in invasion efficiencies between the serotypes
of the two groups were significant (P � 0.05), while the differ-
ences in results for members within the same group were not
significant (P � 0.05).

When the adhesion results were compared with the invasion
efficiencies of all 13 serotypes (25 strains), using the Microsoft
Excel software, the data showed a poor correlation (R2 �
0.1236) (Fig. 2). When the adhesion results and invasion effi-
ciencies were compared for different serotypes within serovar
1, 3, or 4, we observed varied correlations. Results for serovars
1 (1/2a, 1/2b, 1/2c) and 4 (4a, 4b, 4c, 4d, 4e, 4ab) showed the
lowest correlation (R2), 0.0506 and 0.0951, respectively, while
results for serovar 3 (3a, 3b, 3c) showed the highest correlation,
0.9539.

Using the RPMI 60 and HT-29 cell lines, Meyer et al. (19)
reported that all L. monocytogenes strains had similar invasion

TABLE 1. L. monocytogenes serotypes used in this study

Strain Serotype Sourcea

F4263 1/2a Human CSF and blood (CDC)
ATCC 35152 1/2a Guinea pig (ATCC)
V7 1/2a Raw milk (U.S. FDA)
EGD 1/2a S. Kathariou (NCSU)
ATCC 19111 1/2a Poultry (ATCC)
F4260 1/2b Human CSF and blood (CDC)
F4233 1/2b Human CSF and blood (CDC)
ATCC 19112 1/2c Human CSF (ATCC)
ATCC 7644 1/2c Human CSF (ATCC)
ATCC 19113 3a Human (ATCC)
SLCC 2540 3b Human CSF
SLCC 2479 3c Unknown
ATCC 19114 4a Bovine brain (ATCC)
Murray B 4ab Human (CDC)
ATCC 19115 4b Human CSF (ATCC)
F4244 4b Human CSF (CDC)
F4393 4b Cheese (CDC)
F5069 4b Raw milk (CDC)
Scott A 4b Human blood (CDC)
CAP 4b Human CSF (ADH)
F2379 4b Cheese (CDC)
ATCC 19116 4c Poultry (ATCC)
ATCC 19117 4d Sheep (ATCC)
ATCC 19118 4e Poultry (ATCC)
SLCC 2482 7 Human feces (SLCC)

a Abbreviations: ADH, Arkansas Department of Health; ATCC, American
Type Culture Collection; CAP, College of American Pathologists; CSF, cerebro-
spinal fluid; CDC, Centers for Disease Control and Prevention; NCSU, North
Carolina State University; SLCC, Special Listeria Culture Collection; U.S. FDA,
U.S. Food and Drug Administration.
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efficiencies. They also found that nonhemolytic L. monocyto-
genes strains exhibited higher efficiencies of invasion than many
hemolytic L. monocytogenes strains. In our study using the
Caco-2 cell line, we found significant variation in efficiencies of
invasion among L. monocytogenes strains, ranging from 1.8 to
31.4% of the initial inoculum. Similarly, Van Langendonck et
al. (30) observed that all clinical L. monocytogenes isolates
entered Caco-2 cells even though the invasion efficiency of
each strain varied from 0.6 to 23% of the initial inoculum. The
nonhemolytic or weakly hemolytic strains showed entry into
the cells, but the invasion efficiencies were minimal (0.2 to
0.6% of the initial inoculum). In a recent study, Olier et al. (22)
reported that two human fecal isolates with very high hemo-
lytic activities displayed varied abilities to invade Caco-2 cells
and varied levels of virulence in a chicken embryo test.

Meyer et al. (19) and Bunduki et al. (5) reported that there
is no correlation between invasion and adhesion among differ-

ent L. monocytogenes serotypes. However, they used only 10
serotypes in their study. Barbour et al. (2) observed a wide
variation in infectivity of seven L. monocytogenes serotypes
following an intragastric inoculation of mice. In our study, we
used all 13 serotypes (25 strains) of L. monocytogenes and
observed a low correlation (R2) of 0.1236 (Fig. 2). As stated
earlier, only the results for serotypes 3a, 3b, and 3c (belonging
to serovar 3) had a very high correlation of 0.9539, which
indicated that the strains with a high level of adhesion also had
a high efficiency of invasion into Caco-2 cells, while the results
for the remaining serotypes had a very poor correlation be-
tween levels of adhesion and efficiencies of invasion. Observed
discrepancies in adhesion and invasion among certain sero-
types could be attributed to the variation in expression of
different adhesion factors such as fibronectin binding proteins
(10), LAP (14, 15, 28), and Ami (20) and invasion factors such
as internalins (8, 25) in different serotypes (13, 22). Del Corral

FIG. 1. Adhesion (A) and invasion (B) analyses of 25 strains (13 serotypes) of L. monocytogenes with the secondary intestinal cell line Caco-2
(colon). (A) Adhesion profiles of serotypes (adhesion values are expressed as counts per minute/well � standard deviations) are grouped as high
(a), medium (b), and low (c), and the results of the groups are significantly different (P � 0.05) from each other. (B) Invasion index � standard
deviation results of the same serotypes with the Caco-2 cell line. Serotypes were grouped as having high (a) and low (b) invasion efficiencies, and
the results for the groups are significantly different (P � 0.05) from each other. Invasion efficiency is the ratio of invasion values to the total counts
of invasion and adhesion (see the text for details).
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et al. (7) analyzed the adhesion and invasion properties of
numerous food and clinical isolates with the HEp-2 cell line
and found that the abilities of L. monocytogenes strains to
adhere vary greatly and that the degree of invasion and adhe-
sion overlaps those of nonpathogenic strains.

Analysis of the translocation of L. monocytogenes serotypes
to the liver, spleen, and brain in a mouse bioassay. Six sero-
types representing high (3b, SLCC 2540; 4b, ATCC 19115),
medium (1/2a, EGD), and low (1/2c, ATCC 19112; 3c, SLCC
2479; 4a, ATCC 19114) adhesion profiles, along with an L.
innocua strain, were chosen to determine their ability to trans-
locate to the liver, the spleen, and the brain following oral
inoculation. Male BALB/c mice (8 to 12 weeks old) were
purchased from Hilltop Lab Animals (Scottdale, Pa.) and
housed in the animal facility at Purdue University Veterinary
School. The mice were divided into eight groups (three to six
mice per group); one group was left as a negative control
without any inoculation, while the other seven groups were
subjected to oral gavage with an animal feeding needle (Pop-
per, Inc., New Hyde Park, N.Y.) with viable L. monocytogenes
or L. innocua strains at a concentration of 5 � 108 CFU/
mouse. Mice were sacrificed 72 h after inoculation, and livers,
spleens, and brains were aseptically removed and blended with
PBS (9 ml of PBS for the liver and spleen samples and 4 ml for
the brain samples). Diluted samples were plated onto BHI

agar plates by a pour plate method and incubated for 24 to
36 h.

Of the six serotypes tested, four (3b, 4b, 3c, and 4a) trans-
located to the spleen, the liver, and the brain in 72 h, while two
others (1/2a and 1/2c) were isolated from the spleen and the
liver but not from the brain (Table 2). In the liver, serotype 3c
showed the highest cell counts (6.99 log10 CFU/ml), followed
by serotypes 1/2a (4.83 log10 CFU/ml), 3b (4.81 log10 CFU/ml),
4b (4.55 log10 CFU/ml), 4a (4.3 log10 CFU/ml), and 1/2c (4.19
log10 CFU/ml). The counts for serotype 3c in the liver were
significantly different (P � 0.05) from those for the other
serotypes. An almost similar trend was observed for cell counts
in the spleen (3c � 3b � 1/2a � 4b � 4a � 1/2c). Generally,
counts for each serotype from the spleen were lower than those
from the liver. Only four strains translocated to the brain, with
serotype 4b showing the highest count, namely, 4.35 log10

CFU/ml, which is significantly different from those for sero-
types 3b (3.55 log10 CFU/ml), 3c (2.69 log10 CFU/ml), and 4a
(1.83 log10 CFU/ml). L. innocua, which was used as a negative
control, showed some counts in the liver (2.5 log10 CFU/ml)
and the spleen (0.3 log10 CFU/ml) that were significantly dif-
ferent (P � 0.05) from those of L. monocytogenes, and L.
innocua also did not translocate to the brain. Lammerding et
al. (16) also reported similar translocation patterns for L. in-
nocua to livers and spleens.

FIG. 2. Correlation plot of the adhesion and invasion index profiles of 25 L. monocytogenes strains with the secondary intestinal cell line
Caco-2.

TABLE 2. Comparison of translocations of different serotypes from high-, medium-, and low-level-adhesion groups to different organs in a
mouse bioassay after 72 h of oral administrationa

Serotype Strain Adhesion
(avg � SD)b

Invasion index
(avg � SD)b

Avg log10 CFU/ml � SD

Liver Spleen Brain

3b SLCC 2540 3,242 � 169 A 0.185 � 0.19 A 4.81 � 3.62 A 4.54 � 4.45 A 3.55 � 3.53 A
4b ATCC 19115 3,165 � 454 A 0.146 � 0.08 A 4.55 � 4.37 A 3.91 � 3.58 A 4.35 � 3.62 B
1/2a EGD 1,375 � 253 B 0.047 � 0.026 B 4.83 � 4.72 A 3.97 � 4.17 A �5 C
1/2c ATCC 19112 899 � 399 C 0.226 � 0.068 A 4.19 � 4.22 A 3.25 � 2.76 A �5 C
4a ATCC 19114 172 � 38 C 0.054 � 0.076 B 4.30 � 4.30 A 3.90 � 3.48 A 1.83 � 1.71 C
3c SLCC 2479 140 � 26 C 0.015 � 0.007 B 6.99 � 5.83 B 6.25 � 6.28 B 2.69 � 2.46 C

a Three to six mice were used for each group.
b Values are taken from Fig. 1. Adhesion values are counts per minute of 3H-labeled bacteria. Invasion index values are ratios of intracellular counts to the total

counts (intracellular and adhering bacteria). Values marked with different capital letters (A, B, C) in the same column are significantly different at a P of � 0.05.
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The in vitro adhesion values of selected serotypes (3b, 4b,
1/2a, 1/2c, 3c, 4a) were compared with the counts of bacteria
from the liver, spleen, and brain, and correlation values (R2)
were determined to be 0.1085, 0.0553, and 0.3371, respectively.
The most striking discrepancy was observed for serotype 3c
(ATCC 19113), which had the lowest adhesion and invasion
counts in the Caco-2 cell assay but showed the highest counts
in the liver and spleen (Table 2). This result clearly indicates
the lack of a positive correlation between adhesion to and
invasion of organs or tissues in the mouse model (Table 2). All
together, these observations further indicate that adhesion is
essential for L. monocytogenes strains but that the degree of
adhesion may not accurately reflect the virulence potential,
invasiveness, or multiplication and survival properties of a
strain in organs or tissues in an animal model.

A variation in translocation to the brain was observed for
some strains in that serotypes 1/2a (EGD) and 1/2c (ATCC
19112) were not detected at all in the brain (Table 2). The
reason why some bacteria did not reach the brain despite
reaching the liver and spleen may be that they might not have
survived the immune system while they were in the blood-
stream. Apparently those strains were not virulent enough to
circumvent the mouse immune system; therefore, they were
cleared from the blood before reaching the brain (31). Berche
(4) indicated that if the bacteremic phase does not last long
enough to seed the brain, there will be no invasion of the brain.
The 4b serotype, which is frequently implicated in human lis-
teriosis (2, 6), was isolated from the brain, which suggests this
strain to be highly invasive.

We have observed some variations in the translocations of
different serotypes administered orally to healthy mice after
72 h. L. monocytogenes serotypes were better at translocating
to the liver than to the spleen or the brain. These results differ
from results obtained by Barbour et al. (2), who reported that
L. monocytogenes serotypes grew better in the spleen than in
the liver following an intravenous injection. This result indi-
cates that the route of administration dictates the distribution
of L. monocytogenes among the target tissues. They also re-
ported that most virulent strains grew more in the liver than in
the spleen. The reasons behind this variation are that the
numbers of macrophages differ between the spleen and the
liver and that the mechanisms of growth also differ between
serotypes (2). However, Barbour et al. did not analyze the
translocation of L. monocytogenes to the brain tissues. Oka-
moto et al. (21) indicated that variation could also arise from
the host cellular immunity and variation in the intestinal bac-
terial flora. In this study, it is noteworthy that strain 4b counts
were not the highest in the liver or spleen but were the highest
in the brain. This could be an indicator of its virulence, as not
all L. monocytogenes strains were able to cross the blood-brain
barrier.

In conclusion, we observed different adhesion and invasion
profiles among different serotypes of L. monocytogenes with
which the serotypes could be divided into groups of high,
medium, and low levels of adhesion or invasion. Furthermore,
we found a low correlation between adhesion and invasion. In
the mouse bioassay, serotypes from the high-level-adhesion
group had slightly higher counts in the brain than those of
medium- and low-level-adhesion groups, whereas no signifi-

cant differences were observed in the translocations to livers
and spleens.
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