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Listeria monocytogenes was previously shown to form biofilms composed of a network of knitted chains under
continuous-flow conditions. Here we show that the SOS response is activated under these conditions and that
deletion of its regulon member yreA4 results in diminished biofilm formation under continuous-flow conditions.

The food-borne pathogen Listeria monocytogenes is widely
distributed in the environment and is able to grow in soil and
on plant materials, thereby facilitating environmental trans-
mission of this pathogen. L. monocytogenes is therefore fre-
quently encountered in food processing facilities, on food con-
tact surfaces, in pipelines, on floors, and in drains, which in
turn may result in contamination of food products. It is ex-
pected that the formation of biofilms and subsequent dispersal
plays an important role in recontamination processes. Biofilms
are structured communities of microorganisms adhering to a
surface that may be encapsulated within a self-produced pro-
tective and adhesive matrix of extracellular polymeric sub-
stances (EPS) (9). Most studies of L. monocytogenes biofilm
formation focus on biofilm formation under static conditions
on polystyrene, glass, or stainless steel surfaces. L. monocyto-
genes biofilms on polystyrene and glass consist of a homoge-
neous layer, while on stainless steel L. monocytogenes biofilms
consist of single attached cells or microcolonies (2, 6, 11). The
small, rod-shaped morphology of these static biofilm cells is
very similar to the morphology of planktonic cells. However, L.
monocytogenes biofilms formed under continuous-flow condi-
tions, conceivably encountered in industrial pipelines, consist
of a dense network of knitted chains composed of elongated
cells and surrounding ball-shaped microcolonies (10). Re-
cently, it has been shown that activation of the L. monocyto-
genes SOS response factor YneA resulted in cell elongation
(14). The SOS response is involved in DNA repair, restart of
stalled replication forks (3, 8), and mutagenesis (12). It is
regulated by RecA (activator) and LexA (repressor) and fur-
thermore contains DNA repair systems and translesion DNA
polymerases such as DinB (15). To prevent transaction of the
genome during replication fork stalling, septum formation at
the midcell is inhibited by YneA, which results in cell elonga-
tion (7, 14). Recently, RecA-dependent genetic recombination
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was described for Pseudomonas aeruginosa biofilm cells har-
vested from a drip flow reactor, pointing to activation of the
SOS response under these conditions (1). In this study, we
investigated whether the SOS response is activated during L.
monocytogenes EGD-e biofilm formation and whether there is
a role for YneA in knitted chain biofilm formation.

L. monocytogenes EGD-e (5), its isogenic in-frame ArecA
and AyneA deletion mutants, its yneA complementation mu-
tant, and its rec4 and yneA promoter reporter mutants (14)
were grown in brain heart infusion (BHI; Difco) broth. No
significant difference in planktonic growth between wild-type
and mutant cultures was observed (results not shown). Con-
tinuous-flow biofilm formation experiments were performed as
described previously (10) with small modifications. Biofilms
were grown in a flow cell (BST FC 281; Biosurface Technolo-
gies Corporation) at 20°C, using BHI with a flow rate of 10
ml/h. Static biofilm experiments were performed as described
previously (4) with small modifications. Biofilms were grown in
BHI in 12-well polystyrene microtiter plates (Greiner) using a
1% inoculum of an overnight-grown culture. For quantifica-
tion, the biofilm cells were harvested in phosphate-buffered
saline (PBS), serially diluted in PBS, and plated on BHI agar.
Colonies were enumerated after 2 days of incubation at 30°C.
Quantitative real-time PCR analysis was performed as de-
scribed previously (13) using primers shown in appendix S1 in
the supplemental material. Shortly, biofilms were quenched in
RNAprotect (Qiagen) following the manufacturer’s protocol
and harvested. Expression levels were normalized using the
housekeeping genes #pi, rpoB, and 16S rRNA. Biofilm forma-
tion experiments and quantitative PCR (Q-PCR) analysis were
performed in two independent biological experiments using
two replicates each. Statistically significant differences were
identified using a two-tailed Student ¢ test (P < 0.05).

To investigate activation of L. monocytogenes EGD-e SOS
response during continuous-flow biofilm formation, Q-PCR
analysis of the SOS response genes recA, lexA, yneA, and dinB
and promoter reporter studies using the promoters for rec4
and yneA were performed (Fig. 1). Compared with the refer-
ence (planktonic cells from a 48-h liquid culture), all four
tested SOS response genes were upregulated in wild-type
strain cells isolated from a 48-h continuous-flow biofilm (P <
0.05, ¢ test), but not in cells isolated from a 48-h static biofilm
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FIG. 1. Activation of the SOS response during biofilm formation. (A) The graph shows differential expression of four SOS response genes in
the wild-type and ArecA mutant strain between 48-h stationary-phase cultures (black), 48-h static biofilms (light gray), and 48-h continuous-flow
biofilms (dark gray). Expression for each SOS response gene in the wild-type 48-h stationary-phase cultures is set at 1. (B and C) Micrographs show
fluorescence (1) and phase-contrast (2) pictures of cells expressing EGFP from the recA (B) and yneA (C) promoters after 48 h of biofilm formation

in BHI at 20°C under continuous-flow conditions.

(Fig. 1A). Furthermore, the ArecA mutant strain did not show
upregulation of yneA4 and the other SOS response genes during
continuous-flow biofilm formation, indicating that RecA is re-
quired for activation of the SOS response during continuous-
flow biofilm formation. Furthermore, continuous-flow biofilm
formation also resulted in visible expression of enhanced green
fluorescent protein (EGFP) for both yne4 and recA promoter
reporters (Fig. 1B and C). Expression of EGFP was not ob-
served for these promoter reporters in planktonic cells grown
in liquid culture or during static biofilm formation (results not
shown). These results indicate that the SOS response is spe-
cifically activated during continuous-flow biofilm formation.
The impact of RecA and YneA on biofilm formation was
assessed using the wild-type strain and in-frame AyneA and
ArecA strains (Fig. 2). Both ArecA and AyneA mutants showed

a significant deficiency in total biofilm produced under contin-
uous-flow conditions (P < 0.05, ¢ test), which was approxi-
mately 100-fold lower than that of the wild-type strain. No
significant difference in static biofilm formation between wild-
type and mutant strains was observed. Apparently, YneA and
RecA are not required for static biofilm formation, which is in
line with the lack of activation of the SOS response under these
conditions. The wild-type, AyneA, and ArecA strains were mi-
croscopically examined during continuous-flow biofilm forma-
tion (Fig. 3). Analysis of the number of adherent cells 1 h after
the start of the experiment did not reveal differences between
the wild-type strain and the two mutants, which indicates that
initial attachment is similar. After 24 h, the wild-type strain
biofilm appeared to be composed of a complex structure of
elongated cells forming a network of knitted chains, which
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FIG. 2. Comparative analysis of biofilm formation between wild-type strain and Arec4 and AyneA mutants under continuous-flow and static
conditions. The graph shows the amount of biofilm produced by wild-type and mutant strains after 48 h of biofilm formation at 20°C under
continuous-flow (dark gray) and static (light gray) conditions. *, significantly different from wild-type strain (P < 0.05, ¢ test).

after 48 h had developed into a denser network containing after 48 h. Thus, formation of elongated cells in a network of
ball-shaped microcolonies. These results are in concordance knitted chains was not observed for these mutants. These re-
with the study by Rieu et al. (10). However, both AyneA and sults indicate that RecA and YneA are required to form this
ArecA mutant strains showed only some patches of adherent type of biofilm. To verify the specific role of YneA in contin-
cells after 24 h, which developed into very small microcolonies uous-flow biofilm formation, a yneA complementation mutant

1h

FIG. 3. Knitted chain biofilm formation under continuous-flow conditions is dependent on RecA and YneA. The micrographs show biofilms
formed after 1, 24, and 48 h in BHI at 20°C for the wild-type strain (A), the Arec4 mutant strain (B), and the Ayne4 mutant strain (C).
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was constructed, which indeed showed biofilm formation ca-
pacity similar to that of the wild type, under both continuous-
flow and static conditions (results not shown).

This study established a clear link between the SOS response
and knitted chain biofilm formation under continuous-flow
conditions. RecA-dependent activation of the SOS response
and in particular of yne4 under continuous-flow conditions
resulted in cell elongation and the formation of knitted chain
biofilms. The signals that activate the L. monocytogenes SOS
response are currently being studied and may provide tools for
control of biofilm formation under continuous-flow conditions.
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