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Two transposon-insertional mutants of Listeria monocytogenes showing smaller viable surface-attached cell
populations after disinfection with N,N-didecyl-N,N-dimethylammonium chloride were identified. In both
mutants, transposon Tn917-lac was found to be inserted into the same gene, Imo1462, which is homologous to
the essential Escherichia coli era gene. Both L. monocytogenes Imo1462-disrupted mutants displayed lower
growth rates, as was also shown for several E. coli era mutants, and the Imo1462 gene was able to complement
the growth defect of an E. coli era mutant. We showed that the disruption of Imo1462 decreased the ability of
L. monocytogenes cells to adhere to stainless steel. Our results suggest that this era-like gene is involved in
adhesion and contributes to the presence of L. monocytogenes on surfaces.

The food production environment has been widely recog-
nized as a possible source of food contamination by Listeria
monocytogenes (18). Indeed, this pathogen is frequently found
after cleaning and disinfecting procedures (4, 5). It has been
shown that strains from lineage II (serotypes 1/2a and 1/2c)
adhere to an inert surface to a greater extent than lineage I
strains (serotypes 4b and 1/2b) but only after growth in a
diluted growth medium better mimicking natural conditions
(10). This difference between lineages was also observed by
Borucki et al. (2) when Listeria was grown in modified
Welshimer’s broth. In addition, strains from genetic lineage II
are more frequently found in food-processing environments
than strains from lineage I (13, 19, 28). Thus, adhesion poten-
tial may be a contributing factor leading to the presence of L.
monocytogenes in food-processing plants.

It is likely that increased biocide resistance of biofilms (this
term designates the bacterial communities formed after growth
of adherent cells) also contributes to the presence of L. mono-
cytogenes in food-processing facilities. Multiple mechanisms of
biofilm resistance have been proposed (1, 6, 9, 20, 22). With
most of the growth media used, such as brain heart infusion or
tryptone soy broth, the growth of L. monocytogenes on surfaces
leads to communities distributed as single cells (16, 17). As
observed for thick and dense biofilms, these adherent cells are
more resistant to antimicrobials than their planktonic counter-
parts (8, 11), indicating that mechanisms other than poor an-
timicrobial penetration or limitation of metabolic substrates
are involved in the decreased susceptibility of adherent cells to
biocides.

The presence of L. monocytogenes after hygiene operations
may be because surface-attached cell populations are highly
adherent and/or highly resistant to disinfectant. In order to
investigate any genetic basis for the persistence of adherent L.
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monocytogenes after treatment with disinfectant, a bank of
transposon-insertional mutants was screened.

Selection of L. monocytogenes mutants with small viable sur-
face-attached cell populations after disinfection. A total of
3,367 random Tn917-lac (7) insertional mutants of L. mono-
cytogenes EGD (serotype 1/2a) were each inoculated into 100
wl TSBYE (tryptone soy broth enriched with 0.6% yeast ex-
tract; Difco laboratories) supplemented with 5 g ml~! eryth-
romycin in the wells of sterile 96-well polystyrene microtiter
plates (Nunc). Each plate included three wells inoculated with
the L. monocytogenes parental strain and two uninoculated
wells as controls. Biofilms were allowed to form at 37°C for
24 h and then at 3°C for a subsequent 6-day period. Mutants
with smaller amounts of surviving cells after exposure to bio-
cide were selected by using a method similar to that described
by Gilbert et al. (12). Briefly, the planktonic contents were
carefully removed from the wells, which were then rinsed with
200 pl sterile distilled water and filled with 100 pl Bardac-22
(N,N-didecyl-N,N-dimethylammonium chloride; Lonza, Leval-
lois Perret, France) at 0.01% (vol/vol). Following incubation
for 30 min at room temperature, the disinfectant was replaced
by 120 ul neutralizing Tween 80 (30 g liter ') solution, and
after 5 min, the wells were gently washed with 150 wl TSBYE
and finally filled with 150 pl TSBYE. Since the number of
surviving cells correlates with the time taken to grow after
disinfection (12), the plates were incubated at 37°C and the
optical density at 600 nm (ODg,) was measured after a 9-h
incubation by using a microtiter plate reader (Fluostar; BMG
LabTechnologies, Champigny sur Marne, France). A total of
266 candidate mutants showing low ODg, values (<70% of
that of the wild type) in at least two out of three independent
experiments were selected and transferred into new microtiter
plates. These were retested as described above except that a
higher Bardac-22 concentration (0.03%, vol/vol) was used and
the ODg,, was measured after 24 h of regrowth. Only two
mutants, designated 3A6 and 3A10, which displayed an ODgj,
value of half that of the wild-type strain, were identified after
this second screen.
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Identification of the Tn917-lac insertion target in mutants
3A6 and 3A10. Southern hybridization confirmed that each
mutant carried a single copy of the transposon (data not
shown), and sequencing of the DNA flanking the transposon
insertion site revealed that Tn917-lac was inserted into the
same gene, Imo1462, between nucleotide (nt) 683 and nt 684 in
3A6 and between nt 817 and nt 818 in 3A10. A predicted
Rho-independent transcription terminator was located 79 bp
downstream from Imo1462, which is the last member of a
six-gene operon. The transposon insertion resulted in the de-
letion of the C-terminal 74 and 28 amino acid (aa) residues of
the 301-residue-long Imol462-encoded product in 3A6 and
3A10, respectively. However, the possibility that these trun-
cated versions of the Lmo1462 protein may retain partial ac-
tivity in the mutants cannot be excluded. Sequence analysis
showed that Lmo1462 is 40% identical and 63% similar across
its entire sequence (region of homology: aa 8 to 296) to the
Escherichia coli Era protein, a GTPase with RNA-binding ac-
tivity that has been implicated in a wide array of cellular func-
tions, including DNA replication, protein translation, metab-
olism, and cell cycle regulation (3, 25, 26). BlastP analysis also
indicated that Lmo1462 displayed high homology (66% iden-
tity and 81% similarity) to Bex, the Bacillus subtilis Era ho-
molog. Interestingly, bex was identified as a gene whose ex-
pression is induced when cells are within a biofilm as opposed
to a planktonic state (27).

Complementation of an E. coli era mutant by L. monocyto-
genes Imo01462. In order to determine whether Imo1462 from L.
monocytogenes was the functional homolog of the E. coli era
gene, we tested its ability to complement the E. coli era mutant
HT120, for which era expression is dependent on induction by
tetracycline because of the rnc40::ATnl0 mutation (3). For
complementation experiments, an Imol462-containing plas-
mid, designated pTV1462, was constructed. Briefly, a DNA
fragment containing the chromosomal Imo1462 gene, as well as
162 nt upstream of the predicted translational start codon and
102 nt downstream of the translational stop codon, was ampli-
fied and ligated to an origin of replication [repA(Ts)] and a
kanamycin resistance gene (aphA3) from pTV32-OK (7), cre-
ating pTV1462. To construct the control vector pTV, a frag-
ment containing the repA(Ts) and aphA3 genetic elements was
circularized by self-ligation. The HT120 strain was then trans-
formed with pTV or pTV1462, and growth was examined at
25°C on LB agar plates in the absence of tetracycline. HT120
containing pTV formed microcolonies that were visible only
after 6 days, whereas HT120 containing pTV1462 formed col-
onies after 1 day, as did a wild-type strain (data not shown).
The ability of Imo1462 to complement the growth defect of the
E. coli era mutant thus indicated that it is a functional homolog
of E. coli era.

Adhesion of mutants 3A6 and 3A10 to inert surfaces. The
screening of the bank of transposon mutants exposed to disin-
fectant did not allow us to determine whether the small resid-
ual cell populations observed for the mutants 3A6 and 3A10
were due to either reduced adhesion or increased susceptibility
to Bardac-22 (to both). In order to investigate the adhesion
ability of the mutants, populations of adherent and nonadher-
ent cells cultured on stainless steel slides were assessed using
the selected mutant strains and compared to the wild type.
Biofilms were prepared as follows. Bacterial cells taken from
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FIG. 1. Total (solid bars) and adherent (open bars) cell populations of
the wild-type strain (EGD/pTV), mutant strains (3A6/pTV and 3A10/
pTV), and the Imo1462-complemented mutant strains (3A6/pTV1462
and 3A10/pTV1462). One-hundred-microliter inocula containing 5 < 107
CFU of each strain were deposited on clean, sterile, stainless steel slides
which were placed at 30°C for 24 h and then at 3°C for 6 days for biofilm
formation. Nonadherent (planktonic) and adherent bacterial cells were
counted. The sum of adherent and planktonic CFU is referred to as the
“total population.” Bars indicate the grand means of mean values ob-
tained from one triplicate and two single independent experiments (n =
3) in the case of 3A6, from three triplicate independent experiments (n =
3) in the case of 3A10, and from four independent triplicate experiments
(n = 4) in the case of the wild-type strain. Error bars represent standard
deviations (no error bar is shown for 3A6/pTV1462 total population as all
values were identical).

tryptone soy agar (TSA) slopes were washed twice in 9 ml of
physiological saline, and concentrations of the suspensions
were adjusted with TSBYE to 5 X 107 to 5 X 10 CFU ml ™’
(ODgqp of 0.15 in 1.5-cm-diameter tubes). One-hundred-mi-
croliter inocula were deposited on clean, sterile, stainless steel
slides (25 by 40 mm) in a 50-cm-diameter petri dish which was
placed in a 120-cm-diameter petri dish containing 25 ml of
water. The slides were incubated at 30°C for 24 h and then at
3°C for 6 days for biofilm formation (colonized surface area of
approximately 1 cm?). Nonadherent (planktonic) cells were
collected in 10-ml filter-sterilized ultrapure water poured on
the slides, and adherent bacteria were detached from the slides
by swabbing as described previously (23). The counts of plank-
tonic and adherent cells were assessed on TSA incubated at
30°C for 24 h. The sum of surface-attached and planktonic
populations was referred to as the “total population.” No sig-
nificant differences (P = 0.29, as determined by variance anal-
ysis) were observed in the total populations of the different
strains tested (Fig. 1). However, significantly smaller adherent
populations were observed for mutants 3A6 (5 X 10* CFU)
and 3A10 (2 X 10° CFU) than for the wild type (5 X 10° CFU)
(P < 0.0001, as determined by variance analysis), suggesting
that adhesion was less efficient in the absence of an intact era
gene. The mutants were then complemented with Imo1462
carried by plasmid pTV1462. A wild-type copy of the era-like
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FIG. 2. Morphologies of surface-attached wild-type and Imo1462
mutant cells. Cells of wild-type strain EGD and mutants 3A6 and 3A10
grown on polyurethane slides at 37°C for 24 h and incubated at 3°C for
6 days were stained with DAPI and visualized under an epifluores-
cence microscope (magnification, X100). Arrows indicate some of the
cells that have an increased size. Scale bars, 10 pm.

gene was able to restore adhesion, since the complemented
mutants (3A6/pTV1462 and 3A10/pTV1462) had adherent
populations significantly larger than those of the control non-
complemented strains (Fig. 1) (P < 0.0001, as determined by
variance analysis). In order to investigate whether mutants 3A6
and 3A10 had a higher susceptibility to biocide than the pa-
rental strain, these two mutants and the wild-type strain grown
either as planktonic cells or as biofilms on stainless steel slides
were subjected to Bardac-22 and the CFU that survived this
treatment were counted. The analysis of the survival curves
obtained did not reveal any significant differences in suscepti-
bility to the disinfectant between the mutant and the wild-type
strains (data not shown). As the survival curves obtained from
microtiter plates could not be interpreted because of poor
reproducibility (data not shown), the hypothesis of a decreased
susceptibility of mutants when attached to microtiter plates
cannot be excluded. Since the adhesion phenotype of the mu-
tants was clear and considered an interesting result on its own,
the susceptibility to Bardac-22 was not further investigated in
the present study.

Microscopic observations of adherent mutant cells. In an
attempt to analyze the impact of Imo1462 mutation on adher-
ent-cell morphology, mutant cells attached to polyurethane
slides were examined by epifluorescence microscopy. Slides
were prepared and incubated as described for the adhesion
experiments. Adherent cells were stained with 5 ug ml~* 4/,6'-
diamidino-2-phenylindole (DAPI) (Sigma) solution for 15 min
in darkness, rinsed with 25 ml of peptone solution, and imme-
diately examined in a wet state under an epifluorescence mi-
croscope (magnification, X100) (Axioskop; Zeiss, Le Pecq,
France) connected to a charge-coupled device camera (Jaim
50; Adersa, Palaiseau, France) and a digital image acquisition
system. A variation in cell length was observed for both mu-
tants (Fig. 2). Fifteen percent of the mutant cells were longer
than 2 pm, compared to only 2% for the wild type (175 cells
were tested for each strain, with a minimum of five fields
examined per strain). It is not likely that a larger amount of
elongated cells could be the cause of reduced attachment.
Indeed, cells having a larger area in contact with the substra-
tum adhere more strongly, as shown by Gomez-Suarez et al.
(15), who compared spherical and rod-shaped microorganisms.
Furthermore, when comparing only the numbers of normal-
sized attached cells (85% for the mutants and 98% for the wild
type), the large differences observed in Fig. 1 between the two
mutants and the wild type are nearly unchanged (e.g., log 2.00
versus log 2.06 in the case of 3A6). Microscopic observations of
the mutant cells in a planktonic state also revealed larger
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FIG. 3. Effect of disruption of Imo1462 on growth of L. monocyto-
genes at 30°C in TSBYE. The growth of the wild-type EGD strain and
mutants 3A6 and 3A10 (A) and the growth of the mutants containing
either plasmid pTV1462 (carrying the Imo1462 gene) or control vector
pTV (B) were measured by monitoring the ODy, and determining the
number of CFU at various time points. Data are presented for one
representative experiment out of three independent experiments. For
more clarity, only the CFU data corresponding to the enumeration
performed at 9 h 30 min are presented in panel B.

amounts of elongated cells than for the wild type (data not
shown), as was also observed for several E. coli era conditional
mutants (14, 21). This result suggested the involvement of
Imo1462, either directly or indirectly, in cell division.

Growth characteristics of mutants 3A6 and 3A10. To inves-
tigate the physiological effect of the Imo1462 disruption, the
growth rates of the mutants and the wild-type strain were
determined. Growth was monitored at 30°C for 30 h in 96-well
sterile microplates using a microplate reader (Fluostar), each
well containing 100-ul TSBYE supplemented with kanamycin
when appropriate and an initial bacterial concentration of 107
CFU ml ™ '. The growth at 30°C was also monitored by CFU
counts on TSA plates incubated for 24 h at 30°C. The growth
of mutants 3A6 and 3A10 was slower than that of the wild type,
as determined both by OD measurements and CFU counts
(Fig. 3A). Similarly, mutant strains containing control vector
pTV grew more slowly than those containing plasmid pTV1462
(which carried a copy of the Imo1462 gene) or the wild type
(Fig. 3B). The growth rates were calculated from OD values
obtained from three independent experiments by using Mi-
crofit software (version 1.0; Institute of Food Research, Nor-
wich, United Kingdom). The growth rate differences between
strains that contained a wild-type copy of the era gene (i.e., the
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wild-type and complemented mutants) and strains that did not
(the noncomplemented mutants) were highly significant. Mu-
tants 3A6 and 3A10 displayed mean growth rates of 0.95 h™*
and 0.89 h™%, respectively, which were both significantly dif-
ferent from that of the wild type (1.49 h™') (P = 0.0027, as
determined by variance analyses; n = 3). Bacterial strains
3A6/pTV1462 and 3A10/pTV1462 had significantly higher
mean growth rates (1.41 h™' and 1.89 h™!, respectively) than
3A6/pTV and 3A10/pTV (0.72 h~" and 0.81 h™*, respectively)
(P = 0.0047 and P = 0.0014, respectively, as determined by
mean comparison; n = 3), indicating that the Imo1462-con-
taining plasmid pTV1462 complemented the growth defect of
the mutants. These results showed that disruption of Imo1462
was detrimental but not lethal to the cell, as also reported for
bex null mutation in B. subtilis (24) and era conditional muta-
tions in E. coli (3).

Concluding remarks. In this study, we identified two
Imo1462-disrupted mutants that displayed a decreased number
of surface-attached cells on stainless steel compared to the
number of surface-attached wild-type cells, indicating that
their capacity to adhere to surfaces was reduced. These results
suggest that the L. monocytogenes era-like gene Imo1462 is
involved in adhesion. To our knowledge, this is the first report
of an L. monocytogenes gene whose mutation decreased the
adhesion of this pathogen to inert surfaces.
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