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ABSTRACT

One hundred one strains of Listeria monocytogenes isolated from seafood and cheese industry samples and from patients
with listeriosis were assessed using a microtiter plate method for adhesion to polystyrene and stainless steel surfaces. The
adhesion rate for these strains ranged from 3.10 to 35.29% with an inoculum of 8 � 108 cells per well. A strong correlation
was found between adhesion to polystyrene and stainless steel microtiter plates, indicating that the intrinsic ability of L.
monocytogenes to adhere to inert surfaces is stronger than the influence of the surface’s physicochemical properties. The
clinical strains were less adherent to inert surfaces than were the industrial strains. By integrating other factors such as location
of the industrial strains, contamination type of the clinical strains, serotype, and pulsotype into the analysis, some weak but
significant differences were noted. For the industrial isolates, the number of cells attached to both surfaces differed significantly
depending on whether they were isolated from food or food-processing environments in the seafood and cheese industry. For
clinical isolates, sporadic strains exhibited greater adhesion to polystyrene than did epidemic strains. Strains belonging to the
pulsed-field gel electrophoretype clusters A and M (lineages II and I, respectively) were less able to adhere to polystyrene
and stainless steel than were strains in the more common clusters.

Listeria monocytogenes is a common bacterial contam-
inant of many foods including fish, seafood, meat, soft
cheese, delicatessen products, raw milk, and vegetables
(30). Compared with other foodborne pathogens, L. mon-
ocytogenes is unique in its resistance to adverse conditions
that normally prevent or limit bacterial growth. This path-
ogen can grow at high salt concentrations, relatively low
pH, and refrigeration temperatures (15). The economic im-
pact of L. monocytogenes contamination is considerable be-
cause of the large number of products recalled for failure
to meet strict regulations governing such contamination.

L. monocytogenes has been recovered from a wide
range of food contact surfaces and equipment because of
the ability of this pathogen to form biofilms (26) and to
adhere to inert surfaces in the food-processing environment
(2, 11, 31). Compared with planktonic strains, L. monocy-
togenes strains in biofilms are more resistant to disinfection
procedures (32, 33), and these attached cells serve as a
reservoir for re- or cross-contamination of foods during
manufacture. Adhesion is a crucial step in the contamina-
tion process and is defined as the first phase of biofilm
formation in which the cells attach to a surface within min-
utes to hours (6). Hereinafter, the term adhesion will refer
only to initial adhesion of bacteria to surfaces.

Adhesion to inert surfaces is a complex process in-
volving van der Waals and electrostatic forces and hydro-
phobic interactions (8, 25). The extent of adhesion is dic-
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tated by surface composition, charge, and hydrophobicity
of the cells and the food contact surface and the roughness
(topography) of the contact surface (6). Bacterial adhesion
is also influenced by specific cellular or molecular struc-
tures on the cell surface, including flagella (35, 38). How-
ever, data on bacterial adhesion generated from different
laboratories vary depending on the cell preparation and ad-
hesion assay methods. Environmental conditions such as
temperature, pH, and growth phase also influence the ability
of L. monocytogenes to adhere to inert surfaces (4, 5, 11,
35). To overcome this bias, Beresford et al. (2) assessed
adhesion of L. monocytogenes 10403 to a broad range of
materials used in food-processing facilities under the same
conditions and concluded that the surface material had a
limited role in reducing the spread of L. monocytogenes.
Adhesion variation also can be attributed to the test strains,
as has been shown for adhesion of L. monocytogenes to
stainless steel (9, 18, 23). Lunden et al. (23) reported that
adhesion was linked to strain persistence. Typing tech-
niques such as serotyping, lysotyping, or ribotyping are less
discriminative and reproducible than pulsed-field gel elec-
trophoresis (PFGE). Consequently, PFGE is now widely
used for the characterization of L. monocytogenes subtypes
(1, 19, 34) when tracing environmental and clinical isolates.
Among 26 L. monocytogenes strains recovered from a plant
dicing line, Lunden et al. (21) reported that the number of
cells adhering to stainless steel was higher for one L. mon-
ocytogenes pulsotype (type I; 20 strains) than other pulso-
types (types II, III, and IV; 6 strains). However, the methods
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used for adhesion assays were time-consuming, which lim-
ited the number of strains that could be tested for adhesion.
To screen a broad range of strains for adhesion to inert
surfaces, a simple and rapid technique was recently adapted
for use with 96-well microtiter plates (35).

In this study, we assessed 101 L. monocytogenes strains
for differences in adhesion to two common food contact
surfaces, polystyrene and stainless steel. A 96-well micro-
titer plate method was used to evaluate adhesion capability
based on strain origin (seafood industry, cheese industry,
or clinical cases), sampling location (food, food-processing
environment), type of human isolate (sporadic or epidemic),
serotype, and pulsotype.

MATERIALS AND METHODS

Strains. The 101 L. monocytogenes strains were provided by
Institut Pasteur (Lille, France) and Agence Française de Sécurité
Sanitaire des Aliments (AFSSA; Boulogne-sur-mer, France). Of
these 101 strains, 38 were isolated from seafood plants (21 from
seafoods and 17 from the plant environment) in France between
1997 and 2003, 28 were isolated from cheese plants (12 from
cheeses and 16 from the plant environment) in France in 2000,
and 35 were worldwide isolates from sporadic (18 cases) and ep-
idemic (17 cases) listeriosis cases. The strains were received in
cryotubes or gelose tubes and stored at �20�C. All strains isolated
in France by Institut Pasteur and AFSSA came from the first cul-
ture after isolation of the strains. Each strain was subcultured in
Trypticase soy broth supplemented with 6 g/liter yeast extract
(TSBYE; Biokar Diagnostics, Beauvais, France), aliquoted in 1.5-
ml tubes in fresh sterile TSBYE supplemented with 20% glycerol,
and stored as stock cultures at �20�C.

Strain serotyping. Strains of unknown serotype were char-
acterized using multiplex PCR as described by Doumith et al. (14)
with the following modifications. The DNA fragments targeting
the five genes (lmo0737, lmo1118, ORF2819, ORF2110, and prs)
were amplified from one colony of each strain grown on plates
of Trypticase soy agar supplemented with 6 g/liter yeast extract
(TSAYE; Biokar Diagnostics) for 24 h at 37�C and resuspended
in 50 �l of sterile water. L. monocytogenes strains Scott A, X-Li-
mo 500, X-Li-mo 538, and GP7 were selected as controls for
serotypes 4b, 1/2a, 1/2c, and 1/2b, respectively. PCRs were per-
formed with an initial denaturation step at 94�C for 5 min; 35
cycles at 94�C for 0.40 min, 53�C for 1.15 min, and 72�C for 1.15
min; and 1 final cycle at 72�C for 7 min in a mastercycler personal
thermocycler (Eppendorf, Sartrouville, France). The PCR products
were separated as described by Doumith et al. (14).

PFGE and cluster analysis. Each strain was grown on
TSAYE for 24 h at 37�C. Bacterial cells were suspended in 2.5
ml of TE buffer (10 mM Tris-HCl, pH 8, and 1 mM EDTA), and
the cell density was adjusted to an optical density (OD) of 1.3 at
610 nm. PFGE was performed as described by Graves and Swa-
minathan (16). The standardized cell suspension (240 �l) was
transferred to a 1.5-ml microcentrifuge tube and incubated with
60 �l of 10 mg/ml lysozyme solution. A 50% agarose solution of
the cell suspension was aliquoted (100 �l) into a plug mold (Bio-
Rad, Marne La Coquette, France). The agarose plugs were then
incubated in lysis solution (50 mM Tris-HCl, pH 8, 50 mM
EDTA, 1% sodium lauryl sarcosine, and 150 �g/ml proteinase K)
in an orbital shaker water bath (100 rpm) at 54�C for 2 h, washed
with sterile distilled water at 50�C and then with TE buffer at

50�C, cut into four pieces, and then stored in TE buffer at 4�C
until digestion.

DNA was digested with ApaI (New England Biolabs, Ozyme,
Saint-Quentin en Yvelines, France) or AscI (New England Biol-
abs) according to the manufacturer’s instructions. The macrores-
triction fragments generated by ApaI were separated in a 1.2%
(wt/vol) agarose gel in 0.5� TBE solution (45 mM Tris, 45 mM
boric acid, and 1 mM EDTA) at 14�C in a CHEF-DRIII device
(Bio-Rad) at a 120� angle, a gradient of 7.6 V/cm2, and pulse
times from 15 to 35 s for 9 h then 2 to 20 s for 15 h. The
macrorestriction fragments generated by AscI were separated in a
1.0% (wt/vol) agarose gel in 0.5� TBE solution at 14�C in the
CHEF-DRIII device at a 120� angle, a gradient of 7.6 V/cm2, and
pulse times from 10 to 45 s for 20 h. The cluster E strains were
digested with ApaI and run using pulse times from 2 to 20 s for
15 h and then 2 to 8 s for 9 h. A Lambda Ladder PFG Marker
(New England Biolabs) was used on each gel as a molecular
weight marker (50 to 1,000 kb). Gels were stained with 1 �g/ml
ethidium bromide, photographed with a Gel Doc 1000 video sys-
tem (Bio-Rad), and analyzed with Bionumerics software (Applied
Maths, Sint-Martens-Latem, Belgium). The similarity index be-
tween PFGE banding profiles was calculated based on Dice’s co-
efficient (position tolerance of 1.2%) (12), and the dendrogram
was constructed using UPGMA (unweighted pair group method
with arithmetic averages).

Growth rate and stationary phase determination. The
stock bacterial culture (400 �l) was added to 2 ml of TSBYE and
incubated at 20�C for 8 h. Half of the 8-h subculture was trans-
ferred to 10 ml of TSBYE and incubated at 20�C overnight. This
subculture was then used to assess the growth rate of each strain.
Growth curves were obtained using a Bioscreen C plate reader
(Thermo Life Science, Cergy-Pontoise, France). From the 10-ml
overnight subculture, 1.5 ml was centrifuged at 13,000 � g for
20 min at 20�C and resuspended in 1.5 ml of TSBYE. The OD
of the culture was measured at 550 nm and converted into CFUs
per milliliter using a calibration curve from L. monocytogenes
strains Scott A, EDGe, and X-Li-mo 500. Each culture was diluted
in TSBYE to obtain 5 � 106 CFU/ml and distributed in 10 rep-
licates in the wells of a sterile Bioscreen honeycomb plate (Ther-
mo Life Science). Growth was monitored at 20�C for 24 h by
hourly measurement of the OD at 420 to 580 nm.

Results obtained from the Bioscreen C were used to deter-
mine the maximum growth rate from the mean of the 10 repli-
cates. The value corresponding to the time needed to reach the
stationary phase � 25% was also determined for the adhesion
assays.

Stainless steel microtiter plate passivation, cleaning, and
disinfection. Two 96-well stainless steel 316L microtiter plates
were manufactured by MECA-CN (Widehem, France). Dimen-
sions of each plate were 127 by 86 by 15 mm, and each flat-
bottom cylindrical well had a diameter of 6.4 � 0.02 mm and a
height of 11 � 0.02 mm for a capacity of 0.35 ml. The wells
were manufactured at a numerical machining center (KRYLE,
Stoke-on-Trent, UK) with new tools for each plate. The roughness
in and outside the wells ranged between 0.5 and 0.8 �m. The
bottom diameter of the well, the number of wells, the space be-
tween the wells, and the dimension of the stainless steel plate were
identical to those aspects of commercial 96-well polystyrene mi-
crotiter plates (Greiner bio-one, Courtaboeuf, France). Conse-
quently, both adhesion assays could be performed with the same
equipment (a Tecan Colombus washer and high channel multipi-
pets). Before the first use, each stainless steel microtiter plate was
subjected to a surface passivation and a cleaning-disinfecting cy-
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cle. Surface passivation was accomplished by incubating the stain-
less microtiter plates for 1 h in 4 N HNO3

� at 50�C followed by
10 rinses with distilled water. The cleaning-disinfecting cycle in-
volved cleaning the wells five times with 95% ethanol and then
incubating the plate at 60�C for 1 h in a 5% commercial surfactant
solution RBS 35 (Traitements chimiques de surfaces SARL, Fre-
linghien, France), which is commonly used to clean food contact
surfaces. After a final rinse with distilled water, the stainless steel
plates were air dried and autoclaved at 121�C for 20 min in a 1-
liter Nalgene beaker. After each adhesion assay, the stainless steel
plates were immersed in water and autoclaved for 1 h at 121�C.
The wells were swabbed with 5% RBS 35, and the plates were
sonicated for 30 min at 40 kHz in an ultrasound bath 2510 (Bran-
son, Annemasse, France). The final washing step was the same
cleaning-disinfecting cycle as described above.

Bacterial adhesion to polystyrene and stainless steel. For
the adhesion assay, 0.8 ml of the 10-ml subculture was added to
40 ml of sterile TSBYE, shaken in a rotary shaker at 150 rpm,
and incubated at 20�C until the culture reached stationary phase
plus an additional 25% of the incubation time to reach this phase.
Each bacterial culture was centrifuged at 3,000 � g for 20 min
at 20�C. The cell pellet was washed with 30 ml of tryptone salt
(TS; 8.5 g/liter tryptone and 1 g/liter NaCl), centrifuged at 3,000
� g for 20 min at 20�C, and resuspended in 10 ml of TS supple-
mented with chloramphenicol at a subbactericidal concentration
(100 �g/ml) to prevent further cell growth, multiplication, and
adaptation during the assay (35). The bacterial adhesion assays
were performed in six replicates in 96-well sterile polystyrene and
stainless steel 316L microtiter plates according to the protocol
previously described by Tresse et al. (35) with the following mod-
ifications. Adhesion assays were conducted in TS medium sup-
plemented with 100 �g/ml chloramphenicol. Cells numbers were
estimated using the previously described OD550 nm calibration
curve to obtain 8 � 108 cells per well with cell numbers con-
firmed by spiral plating on Oxford and TSAYE (DS, Interscience,
Saint-Nom, France) followed by incubation at 37�C for 24 h.
These plate counts eliminated any OD bias due to cells of different
sizes. The initial bacterial populations were calculated from the
mean of colonies enumerated on both Oxford and TSAYE (i.e.,
six replicates); there was no difference in results obtained with
these two media for each strain. The attached cells were stained
with crystal violet, and the number of attached cells (Y) was de-
termined from a calibration curve that represents the correlation
between the number of cells and the crystal violet intensity at
OD595 nm as described previously (29). The percentage of attached
cells was calculated with the following equation: attached cells
(%) � (Y/X) � 100.

The 101 L. monocytogenes strains were tested for adhesion,
and then two to four independent adhesion assays were conducted
on 32 and 30 randomly selected strains with polystyrene and stain-
less steel microtiter plates, respectively.

Measurement of contact angle using goniometry. Contact
angle measurements were obtained only for the stainless steel mi-
crotiter plate because these values were determined previously for
polystyrene surfaces (35). Contact angle was determined with a
goniometer Digidrop ASE (GBX Instruments, Romans, France)
driven by Windrop�� software (GBX Instruments) to determine
the hydrophobicity-hydrophilicity and microtiter plate surface
charge. Young’s equation and van Oss’s model (37) were used.
Young’s equation describes the relationship of the measurable liq-
uid surface tension 	L, the contact angle 
, the solid surface free
energy 	S, and the interfacial energy 	SL: 	L cos 
 � 	S � 	SL.
The mathematical approach of van Oss et al. (37) was chosen to

determine both Lifshitz–van der Waals (	S
LW) and Lewis acid-

base parameters (	S
�, 	S

�). The results were expressed as the
mean of triplicate contact angles for calibrated drops of three liq-
uids (water, formamide, and diiodomethane).

Statistical analyses. Analyses of adhesion data were per-
formed with the statistical software S-PLUS 2000 (MathSoft, Se-
attle, Wash.). Paired Student t tests were used to compare the
means of adhesion for each variable. Analyses of variance were
conducted to account for the effects on adhesion of all variables
and their interactions. Distribution of adhesion among the strains
also was described with box and whisker plots (36). Differences
were considered not significant at P � 0.05 and were considered
significant at P � 0.001.

RESULTS

Strain characterization and growth. The 101 L. mon-
ocytogenes strains were characterized by serotyping and
pulsotyping (Tables 1 and 2). The seafood isolates primarily
belonged to L. monocytogenes serotypes 1/2a or 3a, the
cheese isolates belonged to serotypes 1/2b or 3b, and the
clinical isolates belonged to serotypes 4b. PFGE finger-
printing revealed 52 different pulsotypes obtained from 47
unique restriction patterns with ApaI and 44 patterns with
AscI (Fig. 1). Cluster analysis indicated that these 52 pul-
sotypes could be grouped into 14 distinct clusters, with
77% similarity based on the Dice index. Seven different
clusters were found among the strains isolated from either
the seafood or cheese industries, and 10 were found among
the clinical isolates (Table 2). Only one cluster (F) was
common to the seafood industry, the cheese industry, and
the clinical strains. Four clusters (A, C, F, and K) were
common to the seafood industry and the clinical isolates,
six (F, H, J, L, M, and N) were common to the cheese
industry and the clinical isolates, and one (F) was common
to the seafood industry and the cheese industry. Ten or
more strains were classified in clusters A, C, G, K, M, and
N. The pulsotypes could be divided in two lineages. Lin-
eage I (49 strains) was composed of strains of serotypes
1/2b, 3b, 4b, and 4e representing pulsotype clusters J to N,
except strain DA236 whose serotype was 1/2a and pulso-
type was cluster K. Lineage II (52 strains) was composed
of serotypes 1/2a, 3a, and 1/2c representing pulsotype clus-
ters A to I (Fig. 1).

Overall, the bacterial growth rates varied from 0.17 to
0.40 h�1 with a mean of 0.30 � 0.05 h�1 for all strains.
No significant difference (P � 0.05) was noted between the
average growth rate of strains isolated from the seafood
industry (0.29 � 0.05 h�1), cheese industry (0.29 � 0.04
h�1), and clinical cases (0.31 � 0.04 h�1).

Material surface characterization. The adhesion as-
says were conducted using sterile 96-well polystyrene and
stainless steel 316L microtiter plates that were inoculated
to contain 8 � 108 cells per well and then incubated 4 h
at 20�C. The hydrophobic-hydrophilic character and the
charge of the stainless steel microtiter plate surface also
were determined. The contact angles were 66.5 � 0.25�,
63.4 � 0.25�, and 52.7 � 0.17� for water, formamide, and
diiodomethane, respectively. The resulting free surface en-
ergy (	S

tot) was 34.8 mJ/m with a Lifshitz–van der Waals
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TABLE 1. Serotype and pulsotype characterization of 101 L. monocytogenes strains isolated from diverse sampling locations at seafood
and cheese facilities and from patients with listeriosis

Seafood

Strain Sourcea Serotype

Pulso-
type

cluster

Cheese

Strain Sourcea Serotype

Pulso-
type

cluster

Patients

Strain Sourceb Serotype

Pulso-
type

cluster

B1261 France Fo 1/2a C X-Li-Mo 506 France Fo 4e L 00/09/01-4 Denmark Ep 4b M
B7200 France Fo 1/2a or 3a G X-Li-Mo 509 France Fo 4e J 00/09/01-5 Denmark Ep 4b M
C943 France Fo 1/2a or 3a G X-Li-Mo 511 France Fo 4e M 00/09/01-6 Denmark Ep 4b M
C1635 France Fo 1/2b K X-Li-Mo 519 France Fo 4e L 00/09/01-7 Denmark Ep 4b M
C5134 France Fo 1/2a or 3a G X-Li-Mo 520 France Fo 1/2b or 3b N 00/09/08-1 Sweden Ep 4b M
C5275 France Fo 1/2a A X-Li-Mo 525 France Fo 1/2b N 00/09/08-2 Sweden Ep 4b J
CL86 France Fo 1/2a or 3a A X-Li-Mo 528 France Fo 1/2b N 00/09/08-3 Sweden Ep 4b M
CL297 France Fo 1/2a or 3a A X-Li-Mo 529 France Fo 1/2b N 00/09/08-4 Sweden Ep 4b M
CPL631 France Fo 1/2a C X-Li-Mo 530 France Fo 1/2b N 00/09/08-6 Sweden Ep 1/2a F
D3289 France Fo 1/2a or 3a C X-Li-Mo 531 France Fo 4e M 00/09/21-2 New Zealand Ep 1/2a C
DA236 France Fo 1/2a K X-Li-Mo-533 France Fo 1/2b N 00/10/17-79 New Zealand Ep 4b M
DPL1419 France Fo 1/2a or 3a G X-Li-Mo 542 France Fo 1/2b L 00/10/17-84 New Zealand Ep 1/2a C
DPF234 France Fo 1/2a I X-Li-Mo 500 France Fe 1/2a B 00/10/17-85 New Zealand Ep 1/2a C
DSS758 France Fo 1/2b or 3b K X-Li-Mo 501 France Fe 1/2a B 00/10/17-88 Australia Ep 1/2b or 3b K
DSS1130

BFA2 France Fo 1/2a or 3a I X-Li-Mo 502 France Fe 1/2c H 00/10/17-89 Australia Ep 1/2b K
DSS1130

BFS2 France Fo 1/2b or 3b K X-Li-Mo 514 France Fe 1/2c H Lm ScottA USA Ep 4b L
E1012 France Fo 1/2a or 3a G X-Li-Mo 515 France Fe 1/2b N Lm EGDe Germany Ep 1/2c H
E3165 France Fo 1/2a or 3a A X-Li-Mo 516 France Fe 1/2a or 3a B 00/10/11-1 Finland Sp 3a A
F4125 France Fo 1/2a or 3a A X-Li-Mo 527 France Fe 4e J 00/10/17-3 Canada Sp 1/2b K
FE191 France Fo 1/2a or 3a G X-Li-Mo 536 France Fe 4e L 00/10/17-5 UK Sp 1/2b K
GP8 France Fo 1/2a C X-Li-Mo 538 France Fe 1/2c H 00/10/17-7 USA Sp 3b K
A4 France Fe 1/2a or 3a A X-Li-Mo 539 France Fe 1/2c H 00/10/17-8 UK Sp 1/2c H
B108 France Fe 1/2a A X-Li-Mo 540 France Fe 4e J 00/10/17-9 Canada Sp 4b M
B7678 France Fe 1/2a G X-Li-Mo 543 France Fe 1/2a F 00/10/17-16 UK Sp 1/2b K
CL356 France Fe 1/2a or 3a A X-Li-Mo 544 France Fe 1/2b N 00/10/06-1 Italy Sp 1/2b N
CL101 France Fe 1/2a or 3a A X-Li-Mo 526 France Fe 1/2b N 00/10/06-2 Italy Sp 4b L
CL265 France Fe 1/2a or 3a A X-Li-Mo 537 France Fe 1/2a B 00/10/17-6 USA Sp 1/2b N
CS462 France Fe 1/2a or 3a G X-Li-Mo 541 France Fe 1/2b N 00/10/17-12 UK Sp 4b M
CS537 France Fe 1/2a or 3a G 00/10/17-13 USA Sp 4b M
DS649 France Fe 1/2a or 3a G 00/10/17-14 USA Sp 1/2a D
GP6 France Fe 3b K 00/10/17-44 UK Sp 1/2a or 3a F
GP7 France Fe 1/2b K Lm C1 Australia Sp 1/2b K
GP24 France Fe 1/2a C Lm C2 New Zealand Sp 1/2a or 3a C
GP28 France Fe 1/2a C Lm C3 Sweden Sp 4b M
Lm E1 France Fe 1/2a E Lm C4 Sweden Sp 4b J
Lm E2 France Fe 1/2a E
Lm E3 France Fe 1/2a F
Lm E4 France Fe 1/2a E

a Fo, directly from food; Fe, from facility environment.
b Ep, epidemic strains; Sp, sporadic strains.

energy (	S
LW) of 32.7 mJ/m, a Lewis electron donor energy

(	S
�) of 0.0 mJ/m, and a Lewis electron acceptor energy

(	S
�) of 25.0 mJ/m. These results indicated that the stain-

less steel microtiter plate surface was slightly hydrophobic
and negatively charged.

Adhesion to inert surfaces in general. All adhesion
results were expressed as the percentage of attached cells.
When an adhesion assay was first conducted on the two
autoclaved stainless steel microtiter plates with one strain
(L. monocytogenes EGDe), no significant difference in ad-
hesion (P � 0.52) was observed in the 96 wells between

the two stainless steel plates (11.47% � 1.01% for the first
plate and 11.35% � 1.47% for the second plate). To esti-
mate the effect of stainless steel cleaning on adhesion, an
adhesion test was conducted using three L. monocytogenes
strains (EGDe, Xi-Li-mo 500, and Scott A) before and after
22 adhesion-cleaning cycles. Overall, the adhesion-cleaning
cycles did not significantly affect adhesion of the three
strains (P � 0.38); no difference was noted between the
two plates after 22 adhesion-cleaning cycles (P � 1.00).
However, significant differences were observed (P �
0.001) between strains on both stainless steel plates before
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TABLE 2. Distribution of 101 L. monocytogenes strains based
on serotyping and PFGE cluster analysis

Grouping

No. of isolates

Seafood Cheese Clinical Total

Serotype (lineage)

1/2a or 3a (II) 34 4 8 45
1/2c (II) 4 2 7
1/2b or 3b (I) 4 12 9 25
4b (I) 16 16
4e (I) 8 8

Total 38 28 35 101

PFGE cluster

A 10 1 11
B 4 4
C 6 4 10
D 1 1
E 3 3
F 1 1 2 4
G 10 10
H 4 2 6
I 2 2
J 3 2 5
K 6 7 13
L 4 2 6
M 2 12 14
N 10 2 12

Total 38 28 35 101

FIGURE 1. UPGMA dendrogram of L. monocytogenes strains based on the PFGE analysis of fragments obtained with enzymes ApaI
(first column) and AscI (second column). Numbers LI and LII indicate the resulting pulsotype, and letters A through N represent the
PGFE clusters based on 77% Dice coefficient similarity.

and after 22 adhesion-cleaning cycles; there were more at-
tached cells for Scott A than for X-Li-mo 500 and fewer
attached cells for EGDe than for X-Li-mo 500. Therefore,
it was assumed that the adhesion-cleaning cycles did not
affect adhesion of the test strains.

The analyses of variance performed on the complete
set of data revealed no significant difference (P � 0.05)
between the replicates and the independent assays. Overall,
the adhesion analyses for all strains indicated that 3.66 to
35.29% (median, 15.57%) and 3.10 to 31.36% (median,
13.73%) of the cells adhered to polystyrene and stainless
steel, respectively.

Effect of strain origin, colonized surface, sampling
location, and contamination type. Because serotype, pul-
sotype, and strain origin were not independent variables,
strain types (serotype and pulsotype) were analyzed sepa-
rately from the other variables. Consequently, all strains
were first analyzed according to their origin. Then, the clin-
ical strains were separated from the industrial strains (sea-
food and cheese industries) because one of the test variables
was dependent on strain origin (sporadic or epidemic for
clinical strains and sampling location for industrial strains).
The effects of these variables on adhesion were then sep-
arately evaluated by analyses of variance. The analyses re-
vealed that the number of attached cells was significantly
higher (P � 0.001) for the industrial strains than for the
clinical strains. Strain origin (seafood or cheese industry)
and sampling location (food or food environment) had a
significant effect (P � 0.001) on adhesion of L. monocy-
togenes, but the colonized surface (polystyrene or stainless
steel) had no effect (P � 0.847) on adhesion. A strong
correlation (r � 0.64) was found between adhesion to poly-
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FIGURE 2. Correlation between adhesion of 101 L. monocyto-
genes strains to polystyrene and stainless steel surfaces.

→

FIGURE 3. Plotted order-2 interactions based on analysis of var-
iance for adhesion of 101 L. monocytogenes strains to polystyrene
(PS) and stainless steel (SS). (a) Colonized surface and strain
origin; (b) strain origin and contamination type or sampling lo-
cation; and (c) contamination type or sampling location and col-
onized surface. Error bars indicate the 95% confident intervals
based on analysis of variance.

styrene and to stainless steel surfaces for all strains (Fig.
2). In general, adhesion to polystyrene and stainless steel
was not significantly different (P � 0.05). However, inte-
gration of the interactions (order 2 of the analysis of vari-
ance) highlighted some significant differences. Significant
effects on adhesion (P � 0.001) were noted for all inter-
actions, except for those between the sampling location and
colonized surface (P � 0.011). The specific analysis of var-
iance for the clinical strains also indicated a significant dif-
ference (P � 0.001) in adhesion for all variables and all
interactions at order 2. The interactions with significant dif-
ferences are plotted in Figure 3.

No difference in adhesion to inert surfaces was ob-
served between sporadic and epidemic L. monocytogenes
strains (Fig. 3a). However, strains isolated directly from
seafood were more likely to attach to inert surfaces than
were strains isolated from the seafood environment. How-
ever, strains originating from the cheese environment ex-
hibited greater adherence than did strains isolated directly
from the cheese (Fig. 3a). The plots of the interactions re-
vealed that the clinical strains attached more readily to
polystyrene than to stainless steel, whereas the industrial
strains adhered similarly to polystyrene and stainless steel
(Fig. 3b). Although cells of sporadic strains attached in
higher numbers to polystyrene than to stainless steel (Fig.
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FIGURE 4. Adhesion of L. monocytogenes
strains based on serotype (a, b) and PFGE
clusters (c, d) that included 10 or more
strains. (a, c) Plotted interaction from
analysis of variance. (b, d) Distribution
analysis. The white lines indicate the me-
dian, the boxes are limited by the first and
third quartiles Q1 and Q3 (25 and 75% of
data below these values, respectively), the
whiskers contain values between Q1 �
1.5(Q3 � Q1) and Q3 � 1.5(Q3 � Q1),
and outer values appear as individual
lines.

3c), no difference in adhesion was seen based on the source
of the industrial (seafood or cheese) and clinical (sporadic
or epidemic) strains.

Adhesion based on PFGE cluster and serotype.
Cluster analysis revealed that serotype and pulsotype were
dependent, as demonstrated with divisions I (serotypes 1/2b
or 3b, 4b, and 4e) and II (serotypes 1/2a or 3a, and 1/2c)
(Fig. 1). Consequently, the effect of pulsotype and serotype
on adhesion were analyzed separately. Because the number
of strains represented in each PFGE cluster or each serotype
was heterogeneous, it was difficult to statistically compare
adhesion among all clusters and serotypes. Therefore, only
PFGE clusters or serotypes with at least 10 strains were
analyzed. A significant effect (P � 0.001) on strain adhe-
sion was noted among the serotypes and PFGE clusters
(Fig. 4) for both industrial and clinical strains. The statis-
tical (Fig. 4a) and distribution (Fig. 4b) analyses among the
serotypes revealed that serotype 4b strains were less adher-
ent to both surfaces than were strains of serotypes 1/2a or
3a and 1/2b or 3b. Considering the PFGE clusters with at
least 10 strains (A, C, G, K, M, and N), the statistical (Fig.
4c) and distribution (Fig. 4d) analyses revealed that the
strains from clusters A and M were less adherent to both

surfaces than were strains belonging to clusters C, G, K,
and N. Cluster A was composed of serotype 1/2a and 3a
strains from the seafood industry and a clinical case, where-
as cluster M contained cheese industry strains and clinical
isolates of serotypes 4b and 4e.

DISCUSSION

A total of 101 L. monocytogenes isolates from the sea-
food and cheese industries and human clinical listeriosis
cases were tested using the 96-well microtiter plate tech-
nique for their ability to adhere to two different materials.
Two colonized surfaces (stainless steel and polystyrene)
were selected to evaluate the effect of surface properties on
strain adhesion. To quantify adhesion to stainless steel, two
microtiter plates manufactured from stainless steel and
commercially available 96-well polystyrene microtiter
plates were used as models. The polystyrene microtiter
plate had the following surface properties as previously de-
scribed: 41.8 mJ/m Lifshitz–van der Waals energy (	S

LW),
4.7 mJ/m Lewis electron-donor energy (	S

�), and 1.1 mJ/m
Lewis electron-acceptor energy (	S

�), indicating that the
surface was hydrophobic and uncharged (35). Characteriza-
tion of the stainless steel microtiter plate in this study in-
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dicated that the surface was slightly hydrophobic and neg-
atively charged.

All strains exhibited at least 3.10% adhesion to both
surfaces. This result is in accordance with those of Kal-
mokoff et al. (18) and Lunden et al. (23), who found that
L. monocytogenes adhered to stainless steel coupons after
2 h of contact. Because adhesion is the first step in biofilm
formation, these findings support the ability of L. mono-
cytogenes to form biofilms on inert surfaces (3, 9, 13, 28).
A strong correlation was found between adhesion to poly-
styrene and adhesion to stainless steel, although the phys-
icochemical surface properties of the polystyrene and stain-
less steel plates were different. Adhesion of L. monocyto-
genes to various surfaces such as stainless steel, polypro-
pylene, and glass was previously observed (17, 24). By
comparing the adhesion of one L. monocytogenes strain to
various surfaces, Beresford et al. (2) also found that the
surface had a limited effect on adhesion. Similar results
were obtained by Chae et al. (10), who found that the sur-
face properties of the cells and the substrata did not signif-
icantly influence adhesion of L. monocytogenes. The intrin-
sic ability of L. monocytogenes to adhere to inert surfaces
is therefore stronger than the influence of the physicochem-
ical surface properties.

Among the 101 strains examined, some significant var-
iations were seen in the number of cells that attached to
inert surfaces (from 3.10 to 35.29%). Consequently, the ef-
fects of several variables were investigated for their contri-
bution to the adhesion of L. monocytogenes to both surfac-
es. Environmental variables (strain origin and sampling lo-
cation) were selected to evaluate the impact of strain his-
tory. Isolates from the food-processing environment were
separated from food isolates to assess the impact of envi-
ronment on adhesion. Clinical isolates from sporadic or ep-
idemic cases of human illness also were assessed for ad-
hesion. Serotyping was chosen to characterize the flagellar
antigens that reflect the cell surface chemistry. PFGE anal-
ysis was used to estimate the impact of genotype on ad-
hesion of a broad-range of L. monocytogenes strains, which
has not been done before.

By integrating these variables, weak but significant ad-
hesion differences were found among the strains according
to the colonized surface and strain source. Greater adhesion
of sporadic clinical strains to polystyrene than to stainless
steel was seen, whereas no differences were observed be-
tween the two surfaces for the epidemic or industrial
strains. Chae et al. (10) noticed higher crystal violet absor-
bance for sporadic strains than for epidemic strains attached
to polystyrene microtiter plates after 1 h of incubation at
37�C.

For the industrial strains, no significant difference in
adhesion was noted between the seafood or cheese industry
isolates nor was the percentage of attached cells signifi-
cantly different between polystyrene and stainless steel.
However, within the seafood and cheese industry isolates,
some significant differences in adhesion were observed be-
tween the food and environmental isolates. Fewer attached
cells were observed for the seafood environmental com-
pared with the seafood isolates, whereas greater attachment

was seen for cheese environmental compared with cheese
isolates. This difference could be explained by the process-
es used in each industry and/or by the food per se, which
could enhance or limit adhesion of L. monocytogenes. For
example, in the seafood industry, the environmental strains
were collected from floors, salt hoppers, drain grids (for
unpacking, salting, and thawing), scorpion fish containers,
balances, rugs of store boxes, and store boxes, whereas in
the cheese factories, samples were collected from floors in
brine rooms, wood and stainless steel shelves in cheese ma-
turing cellars, brine containers, wood churns, and starter
cultures. Because it was not specified whether the food was
contaminated before or after processing, it was not possible
to determine the effect of food. Further analyses should be
conducted to investigate these effects.

All L. monocytogenes strains were characterized by se-
rotyping and pulsotyping. Although the multiplex PCR as-
say did not distinguish serotype 1/2a from serotype 3a, 1/2b
from 3b, 1/2c from 3c, and 4b from 4d and 4e, it did dis-
tinguish serotypes 1/2a, 1/2b, 1/2c, and 4b, which constitute
98% of the food, environmental, and clinical isolates (14).
The serotype distribution for the 101 strains is similar to
that reported previously: serotype 4b strains are most com-
monly recovered from patients, whereas serotypes 1/2a and
1/2b are most frequently encountered in food-manufactur-
ing facilities (20, 30). Based on pulsotypes, the 101 strains
could be classified into 14 PFGE clusters. Serotypes 1/2a
(or 3a) and 1/2c were included in PFGE clusters J through
N and serotypes 1/2b (or 3b), 4b, and 4e were included in
PGFE clusters A through I. Genotypic analyses have con-
sistently grouped L. monocytogenes into two major lineages
(39). Multilocus enzyme electrophoresis divided the species
into division I (serotypes 1/2b, 4a, and 4b) and division II
(serotypes 1/2a and 1/2c) (29). PFGE also yielded a binary
division into lineage I (serotypes 1/2b, 3b, 4b, 4d, and 4e)
and lineage II (serotypes 1/2a, 3a, 1/2c, and 3c). Conse-
quently, clusters J through N represent lineage I and clus-
ters A through I represent the lineage II. The serotype 1/2c
strains corresponded to cluster H. No strains from lineage
III, which correspond to serotypes 4a and 4c, were identi-
fied. These strains are isolated rarely from food-processing
environments and patients (39). In this study, the PFGE
cluster and serotype data sets were heterogeneous, making
statistical analyses difficult. However, studies conducted on
clusters with 10 or more strains revealed that serotype 4b
isolates were less adherent than were isolates of serotypes
1/2a (or 3a) and 1/2b (or 3b). Strains in clusters A and M
were less adherent than those in clusters C, G, K, and N.
Cluster A contained serotype 1/2a strains from the seafood
industry and a clinical case, whereas cluster M contained
serotype 4b strains from clinical cases and serotype 4e
strains from the cheese industry. Cluster A strains belong
to lineage II, and cluster M strains belong to lineage I, and
no significant difference in adhesion to either surface was
noticed between the two lineages. This result suggests that
low adhesion could not be related to a genetic lineage. Dif-
ferences in survival between strains of serotypes 1/2a and
4b in response to bacteriocins and heat already have been
observed (7). Genomic comparisons have revealed that se-
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rotype 1/2a strains have a slightly larger genome than do
serotype 4b strains (27). Concerning adhesion to stainless
steel, Lunden et al. (23) and Norwood and Gilmour (28)
observed the highest levels of attachment for serotype 1/2c
strains as compared with serotypes 1/2a, 1/2b, and 4b.
However, Kalmokoff et al. (18) did not observe a direct
correlation between the serotype of L. monocytogenes and
attachment to stainless steel. In this study, the weakest ad-
hesion was attributed to serotype 4b strains as compared
with strains of serotypes 1/2a (or 3a) or 1/2b (or 3b). How-
ever, serotype 1/2a strains in cluster A and serotype 4b
strains in cluster M both displayed weak adhesion, indicat-
ing that the serotype cannot be used to distinguish between
weakly and strongly adhering strains. Conversely, the clin-
ical isolates were less adherent than were the industrial iso-
lates. Therefore, strain origin and PFGE cluster analysis
may be more useful than serotyping for assessing adhesion.
Using pulsotyping to categorize adhesion in L. monocyto-
genes, Lunden et al. (22) also found that adherence of
PFGE type I was significantly stronger than that of other
PFGE types. Further experiments with a larger set of
known pulsotypes belonging to clusters A, M, C, G, K, and
N should be performed to explore this conclusion.

Adhesion to both polystyrene and stainless steel was
highly correlated, indicating that the physicochemical prop-
erties of the colonized surface are not a determining factor
for adhesion of L. monocytogenes cells. The industrial iso-
lates adhered more readily to inert surfaces than did the
clinical strains. Adhesion was more closely related to ge-
netic variation, as indicated by PFGE cluster analysis, than
to specific flagellar antigens, as demonstrated by serotyp-
ing.
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