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Listeria monocytogenes is a food-borne pathogen that is able to form biofilms in food processing facilities.
Biofilms are generally more resistant to antimicrobial agents, making it difficult to eradicate them during
cleanup procedures. So far, little is known about the function of stress resistance mechanisms in biofilm
formation and their resistance to disinfectants. In this study, we investigated the role of sigB, which encodes
a major transcriptional regulator of stress response genes, in L. monocytogenes static and continuous-flow
biofilm formation and its function in the resistance of biofilm cells to the disinfectants benzalkonium chloride
and peracetic acid. Quantitative real-time PCR and promoter reporter studies showed that sigB is activated in
static and continuous-flow biofilms. Biofilm formation studies using an in-frame sigB deletion mutant and
complementation mutant showed that the presence of SigB is required to obtain wild-type levels of both static
and continuous-flow biofilms. Finally, disinfection treatments of planktonically grown cells and cells dispersed
from static and continuous-flow biofilms showed that SigB is involved in the resistance of both planktonic cells
and biofilms to the disinfectants benzalkonium chloride and peracetic acid.

The food-borne pathogen Listeria monocytogenes is a Gram-
positive facultative anaerobic rod and the causative agent of
listeriosis, which is often manifested as meningitis, encephali-
tis, sepsis gastroenteritis, and spontaneous abortions (47). L.
monocytogenes is of great public health concern because its
incidence is increasing in many European countries (13). It is
estimated that 99% of the listeriosis cases are caused by contam-
inated food products (26). Since L. monocytogenes is widely
present in rural environments, it contaminates raw materials used
by the food industry, thereby facilitating transmission to food
processing facilities. In the food processing environment, L.
monocytogenes is expected to survive by the formation of biofilms
on food processing equipment, in drains, and in pipes and sub-
sequently disperses to contaminate food products (31, 43).

A biofilm is defined as a community of microorganisms that
is attached to a surface (29). So far, two distinct morphologies
for L. monocytogenes biofilms have been identified. Biofilms
formed under static conditions consist of small rod-shaped
cells attached as single cells, microcolonies, or a homogeneous
layer (8, 20, 35), while biofilms formed under continuous-flow
conditions consist of ball-shaped microcolonies that are sur-
rounded by a dense network of knitted chains composed of
elongated cells (33). Recently, it was shown that formation of
continuous-flow biofilms was dependent on the activation and
presence of the SOS response factor YneA (44). Biofilms are
generally more resistant to antimicrobial agents and disinfec-
tants than planktonic cells. L. monocytogenes biofilms have also
been shown to be more resistant to various disinfectants com-
pared with planktonically grown cells (6, 16, 30, 34, 36, 41).
Proposed mechanisms for the increased resistance of biofilms
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are the restricted penetration of the biofilm, the slow growth
rate of organisms in the biofilm, and the induction of resistance
mechanisms in the biofilm (14, 23, 24). Previously, a role for stress
response sigma factors in the resistance of Pseudomonas aerugi-
nosa biofilms to disinfectants has been shown (11). For L. mono-
cytogenes, the stress response sigma factor SigB appeared not to
be essential for attachment to stainless steel surfaces (39). So far,
little is known on the activation and function of stress resistance
mechanisms in L. monocytogenes biofilm formation and the resis-
tance of biofilms to disinfectants.

In this study we investigated the role of sigB, which encodes
the major stress response regulator, in L. monocytogenes static
and continuous-flow biofilm formation and resistance of bio-
film-grown cells to the disinfectants benzalkonium chloride
and peracetic acid. The autoregulatory alternative sigma factor
SigB is the regulator of the class II stress genes, which encode
a group of proteins that play roles in response to various stress
conditions (4, 5, 15, 45). SigB recognizes alternative —35 and
—10 promoter sequences (GTTT-N,;_,,-GGGWAT) that are
located in front of the class II stress genes (21). sigB is cotrans-
cribed with seven regulatory genes from two operons, which
are involved in posttranslational regulation of SigB (10, 19).
Previously, it was shown in L. monocytogenes that the expres-
sion of a large number of genes and small rRNAs is regulated
by SigB (1, 2, 18, 28). Furthermore, a role for SigB in the
resistance of planktonic cells to benzalkonium chloride was
recently identified (38). Investigating the role of this major
stress response activator may provide clues to the require-
ments of stress genes in L. monocytogenes static and continu-
ous-flow biofilm formation and disinfectant resistance.

MATERIALS AND METHODS

Strains, media, and plasmids. L. monocytogenes strain EGD-e and its deriv-
atives (Table 1) were grown in brain hearth infusion (BHI) broth (Becton
Dickinson, Le Pont de Claix, France). A genomically expressed sigB promoter
reporter strain was constructed using the site-specific integration plasmid pIMK-
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TABLE 1. Bacterial strains and plasmids used in this study

L. monocylogenes strain Relevant genotype or characteristics Reference
or plasmid or source

Strains

EGD-e Wild-type serotype 1/2a strain 17

AsigB mutant EGD-e AsigB 9

EGD-e:Pr.sigB-EGFP EGD-e: genomic expression of EGFP from the sigB promoter using plasmid pIMK-Pr.sigB-EGFP This study

sigB-c mutant EGD-e AsigB: genomic complementation of sigB using plasmid pIMK-sigB This study
Plasmids

pIMK2-EGFP Kan'; pIMK2 derivative containing EGFP 46

pIMK-Pr.sigB-EGFP Kan"; pIMK2-EGFP derivative containing the sigB promoter in front of EGFP This study

pIMK-sigB Kan'; pIMK2-EGFP derivative containing the sigB gene This study

Pr.sigB-EGFP. This plasmid is a derivative of plasmid pIMK2-EGFP. The pro-
moter region of sigB was amplified using primers sigB-1 and sigB-2 (Table 2) and
cloned into pIMK2-EGFP as a SacI-Ncol fragment, which replaced the consti-
tutively active Phelp promoter in front of enhanced green fluorescent protein
(EGFP). The sigB genomic complementation mutant was constructed with the
site-specific integration plasmid pIMK-sigB. This plasmid was made by replacing
the EGFP of plasmid pIMK-Pr.sigB-EGFP with the sigB gene. sigB was amplified
with primers sigB-3 and sigB-4 (Table 2) and cloned as an Ncol-Smal fragment,
thereby using the terminator present in plasmid pIMK-Pr.sigB-EGFP behind the
EGFP gene.

Biofilm formation. (i) Static biofilm formation. Static biofilms were grown in
12-well polystyrene microtiter plates (Greiner Bio-One, Frickenhausen, Ger-
many). Overnight-grown cultures (18 h at 20°C) were inoculated (1%) in wells
containing 3 ml BHI broth. The plates were incubated at 20°C for 48 h, and the
medium was removed. The biofilms were washed three times with phosphate-
buffered saline (PBS) (Merck, Darmstadt, Germany) and dispersed in 1 ml PBS
by pipetting rigorously. Complete removal of the biofilms was verified by staining
the wells with 0.1% crystal violet (Merck, Darmstadt, Germany). Serial dilutions
were made in PBS, and appropriate dilutions were plated on BHI agar. The agar
plates were incubated for 2 days at 30°C, and colonies were enumerated. Static
biofilm formation was determined in two independent biological experiments
using two replicates each.

(ii) Continuous-flow biofilm formation. Continuous-flow biofilms were grown
in a flow cell (BST FC 281; Biosurface Technologies Corporation, Bozeman,
MT) at 20°C. Overnight-grown cultures (18 h at 20°C) were diluted in BHI (1%),
and the flow chambers were inoculated. After 1-h bacterial adhesion, BHI me-
dium was pumped through the flow cell with a flow of 10 ml/h. After 48 h, the
biofilms were harvested and dispersed in 10 ml PBS. Cells were serial diluted in
PBS, and appropriate dilutions were plated on BHI agar. Colonies were enu-
merated after 2 days of incubation at 30°C. Continuous-flow biofilms were
quantified in two independent biological experiments using two replicates each.

Quantitative real-time PCR. Cultures or biofilms were quenched in RNA-
protect (Qiagen, Venlo, Netherlands) according to the manufacturer’s protocol
and harvested. RNA extraction was performed as described previously (46).
Superscript III reverse transcriptase was used for synthesis of first-strand cDNA
using 1 wg of total RNA. Absence of chromosomal DNA was verified for each
RNA sample by omitting the Superscript III reverse transcriptase. Quantitative

TABLE 2. PCR primers used in this study
Sequence (5'-3")"

Primer

GTGGGAGCTCTTTAGAGAGCATTTACTG
GTGA

... GTGGCCATGGCTTCACCCCATCTAATTTTAAG

.GCCCATGGAGGTGGAGGAGAATGCCA

.GCCCCGGGTGATTCAACTGCCTTGTTCAT

sigB-fwd .. .GCCGCTTACCAAGAAAATGG
sigB-rev ... AATATTTTCGGGCGATGGAC
tpi-fwd .. AACACGGCATGACACCAATC
tpi-rev... .CACGGATTTGACCACGTACC
rpoB-fwd. .CGTCGTCTTCGTTCTGTTGG

rpoB-rev...... .GTTCACGAACCACACGTTCC

16S-rRNA-fwd... .GATGCATAGCCGACCTGAGA

16S-rRNA-rev ... ..TGCTCCGTCAGACTTTCGTC

“ Nucleotides introduced to create restriction sites are underlined.

real-time PCRs were performed using the 2X Sybr green PCR Master Mix
(Applied Biosystems, Nieuwerkerk a/d IJssel, Netherlands) and 200 nM primers
in a total volume of 20 wl. The primers used for quantitative real-time PCR
analyses were sigB-fwd and sigB-rev for sigB, tpi-fwd and tpi-rev for #pi, rpoB-fwd
and rpoB-rev for rpoB, and 16S-TRNA-fwd and 16S-rRNA-rev for 16S rRNA
(Table 2). Reactions were run on a ABI Prism 7000 sequence detection system
(Applied Biosystems, Nieuwerkerk a/d IJssel, Netherlands) with an initial step of
10 min at 95°C and 40 cycles of 15 s at 95°C and 1 min at 60°C. A dissociation
curve was added to verify single product formation. Furthermore, a calibration
curve was generated for each primer set to calculate the efficiency of the PCRs.
Expression levels of sigB were normalized using the average expression of the pi,
poB, and 16S rRNA housekeeping genes.

Microscopy. Phase-contrast and fluorescence microscopy was performed using
a BX41 microscope (Olympus, Zoeterwoude, Netherlands). Expression of EGFP
was visualized using the MNIBAS3 filter (Olympus, Zoeterwoude, Netherlands).

Disinfection treatments. One milliliter of planktonic cells (24 h, 20°C) and
cells dispersed from static and continuous-flow biofilms (log,, 8.8 = 0.3 CFU)
were centrifuged for 2 min at 5,000 X g and resuspended in 1 ml sterile water.
Benzalkonium chloride (Merck, Darmstadt, Germany) or peracetic acid (Sigma-
Aldrich, Steinheim, Germany) was added in a final concentration of 20 wg/ml.
Cells were exposed up to 15 min at 20°C, and samples were diluted (1:10) in
neutralizing liquid (3 g/liter lecithin [VWR International Ltd, Poole, United
Kingdom], 3% [vol/vol] Tween 80 [Merck, Hohenbrunn, Germany], 5 g/liter
sodium thiosulfate [VWR International Ltd, Poole, United Kingdom], 1 g/liter
L-histidine [Sigma-Aldrich, Steinheim, Germany], 0.34 g/liter potassium dihydro-
gen phosphate [Merck, Darmstadt, Germany]). Samples were serial diluted in
PBS and plated on BHI agar. Colonies were enumerated after 3 to 5 days of
incubation at 30°C. Disinfection treatments were performed in two independent
biological replicates.

Data analyses. Inactivation curves of the disinfectant treatments were fitted
with the reparameterized Gompertz model (48) using the following equation:
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FIG. 1. Activation of sigB during biofilm formation. The graph
shows differential expression of sigB between 48-h planktonic cultures,
48-h static biofilms, and 48-h continuous-flow biofilms grown at 20°C in
BHI. Expression of sigB in planktonic cultures is set at 1. *, signifi-
cantly different from planktonic cultures (P < 0.05, ¢ test).



7856 VAN DER VEEN AND ABEE

AR

FIG. 2. Activation of the sigB promoter during static (A) and con-
tinuous-flow (B) biofilm formation. Micrographs show fluorescence (1)
and phase-contrast (2) pictures of cells expressing EGFP from the sigB
promoter after 48 h of biofilm formation in BHI at 20°C.

k-e

logiy N, = log;yNy + A4 - exp{—exp[ 7A t, — 1) + ]]} (1)

where A is the difference between the surviving population and the initial pop-
ulation (log,, CFU/well), k is the maximum specific inactivation rate (log,,/min),
and ¢ is the duration of the shoulder (min). The inactivation curves were fitted
in Microsoft Excel by minimizing the residual sum of squares using the Excel
Solver add-in.

Significant differences in biofilm formation and sigB expression and between
parameter estimates of the fitted inactivation curves were identified using the
Student ¢ test (P < 0.05).

RESULTS

SigB is activated during biofilm formation. To investigate
the possible activation of sigB during L. monocytogenes biofilm
formation, the relative expression of sigB was analyzed with
quantitative real-time PCR (Fig. 1). Compared with expression
in planktonic cells, sigB expression was induced 3-fold in static
biofilms and 9-fold in continuous-flow biofilms. The promoter
activity of sigB in biofilms was further analyzed with a promoter
reporter (Fig. 2). Expression of EGFP was not observed with
planktonic cells (results not shown). Both static biofilm forma-
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FIG. 3. Comparative analysis of static and continuous-flow biofilm
formation between the wild-type strain, the AsigB strain, and the
complementation mutant (sigB-c). The graph shows biofilm forma-
tion in BHI at 20°C after 48 h under static (light gray) and contin-
uvous-flow (dark gray) conditions. *, significantly different from
wild-type strain (P < 0.05, ¢ test).
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FIG. 4. Disinfection treatment of planktonic and biofilm cells with
benzalkonium chloride. The graphs show the inactivation of 24-h
planktonic cells (A), cells from a 48-h dispersed static biofilm (B), and
cells from a 48-h dispersed continuous-flow biofilm (C) treated with 20
weg/ml benzalkonium chloride for 15 min at 20°C of wild-type (dia-
monds), AsigB (squares), and sigB-c (triangles) strains. N,, number of
viable cells at time #; N, number of viable cells at time zero.

tion (Fig. 2A) and continuous-flow biofilm formation (Fig. 2B)
resulted in high expression of EGFP, indicating that sigB is
specifically activated during biofilm formation. Furthermore,
expression of EGFP in continuous flow biofilms appeared to be
more intense compared with expression in static biofilms,
which corresponds with the results from the quantitative real-
time PCR experiments.

SigB is important for biofilm formation. The impact of SigB
on static and continuous-flow biofilm formation was assessed
using the wild-type strain, an in-frame deletion mutant, and a
complementation mutant (Fig. 3). No difference in planktonic
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TABLE 3. Parameter estimates of the inactivation curves after treatment with disinfectants

Benzalkonium chloride

Peracetic acid

Strain Growth condition
A k t A k [

Wild-type Planktonic —4.39 £ 0.56 0.70 = 0.03 0.25 £ 0.06 —-6.32 £ 0.18 1.20 = 0.03 1.52 = 0.20
Static biofilm —-1.32 £0.52* 0.12 = 0.01¢ 1.92 = 0.21¢ —4.04 = 0.42¢ 0.39 = 0.01¢ 3.47 £0.90
Continuous-flow biofilm  —4.23 = (0.13 0.62 = 0.10 0.20 = 0.53 =531 £0.12 0.57 = 0.06" 2.02 = 0.47°

AsigB mutant  Planktonic —5.14 £0.26 135+ 0.17° 0.25 £0.03 —7.20 + 0.03” 1.61 = 0.08° 1.80 = 0.08
Static biofilm —3.54 046" 039 +0.01“*  0.08 =0.24> —539 =0.12¢*  0.47 = 0.10¢ 0.74 = 0.01¢"
Continuous-flow biofilm  —5.24 = 0.30° 1.13 + 0.29 0.17 £ 0.15 —6.43 + 029" 0.59 = 0.02° 0.07 = 0.15+¢

sigB-c mutant  Planktonic —1.97 £ 0.08* 035+ 0.03" 0.29 = 0.41 —7.17 £ 013" 0.67 * 0.02° 1.09 = 0.12
Static biofilm —1.03 = 0.15*  0.06 = 0.00“*  0.06 = 0.97 —2.01 £ 0.51¢*  0.19 = 0.02¢*  0.99 = 1.02
Continuous-flow biofilm  —4.38 = 0.52*  0.56 = 0.05¢ 0.51 £0.30 —5.44 = 0.37¢ 0.61 £ 0.06 2.08 = 0.04“

¢ Parameter estimate significantly different from planktonic cells (P < 0.05; ¢ test).

b Parameter estimate significantly different from the wild-type strain (P < 0.05; ¢ test).

growth between the wild-type and the AsigB mutant strain was
observed (results not shown). The AsigB mutant showed a
significant deficiency in biofilm formation under both static
and continuous-flow conditions compared with the wild-type
strain. This deficiency was restored in the complementation
mutant, showing that SigB is an important factor during bio-
film formation.

SigB is important for biofilm resistance against disinfection
treatments. To investigate the role of SigB in the disinfection
resistance of planktonic cells and biofilms, wild-type and mu-
tant planktonic cells and cells dispersed from static and con-
tinuous-flow biofilms were exposed to the disinfectants benz-
alkonium chloride and peracetic acid. The inactivation curves
were modeled, and parameter estimates were determined. Re-
sistance against disinfection treatments is determined by the
surviving population (4), the maximum specific inactivation
rate (k), and the duration of the shoulder (¢,). As reflected by
the wild-type inactivation curves (Fig. 4) and all three of their
parameter estimates (Table 3), dispersed static biofilm cells
and not-dispersed continuous-flow biofilm cells showed in-
creased resistance against benzalkonium chloride compared
with planktonic grown cells. Furthermore, a role for SigB in
the resistance of planktonic and biofilm cells against benzalko-
nium chloride was shown. Planktonic and dispersed static and
continuous-flow biofilm cells of the AsigB mutant showed
lower resistance to benzalkonium chloride treatments than
wild-type cells, which is reflected by the lower surviving pop-
ulation (static and continuous-flow biofilm cells), the higher
maximum inactivation rate (planktonic and static biofilm cells),
or the shorter duration of the shoulder (static biofilm cells) of
the AsigB mutant (Fig. 4 and Table 3). Complementation of
the AsigB mutant restored or even overcompensated the benz-
alkonium chloride resistance level (Fig. 4 and Table 3), show-
ing the requirement of SigB for the benzalkonium chloride
resistance of both planktonic and biofilm cells.

Notably, both dispersed static and continuous-flow biofilm
cells of the wild-type strain showed higher resistance to per-
acetic acid treatments than planktonically grown cells (Fig. 5
and Table 3). Static biofilm cells showed a higher surviving
population and a lower maximum inactivation rate than
planktonically grown cells, while continuous-flow biofilm cells
showed a lower maximum inactivation rate and a longer dura-

tion of the shoulder. Also, a role for SigB in the resistance of
planktonic and dispersed biofilm cells against peracetic acid
treatments was identified. Planktonically grown cells of the
AsigB mutant showed a lower surviving population and a
higher maximum inactivation rate than wild-type cells, and
dispersed static and continuous-flow biofilm cells of the AsigB
mutant showed a lower surviving population and a shorter
duration of the shoulder than wild-type cells (Fig. 5 and Table
3). The role of SigB in the peracetic acid resistance of plank-
tonic and biofilm cells was further emphasized by the fact that
complementation of the AsigB mutant restored the resistance
against peracetic acid of dispersed continuous-flow biofilm
cells to wild-type levels and overcompensated the resistance of
planktonic and dispersed static biofilm cells (Fig. 5 and Table
3), which resulted in increased resistance against peracetic
acid.

DISCUSSION

In this study we investigated the role of SigB in static and
continuous-flow biofilm formation and the resistance of bio-
film cells against the disinfectants benzalkonium chloride and
peracetic acid. Our results show that the expression of sigB was
specifically induced in static and continuous-flow biofilms. Fur-
thermore, an in-frame deletion and complementation mutant
showed that SigB is required to reach wild-type levels of both
static and continuous-flow biofilms. It has been suggested in
the past that the biofilm mode of growth results in microniches
in which bacteria experience stress and therefore activate var-
ious stress resistance mechanisms (12). So far, not much is
known of the activation and requirement of stress response
genes in L. monocytogenes biofilm formation. One study has
shown that SigB is not essential for the initial surface attach-
ment of L. monocytogenes to stainless steel (39). To our knowl-
edge, our study is the first that shows the involvement of SigB
in L. monocytogenes biofilm formation. For Staphylococcus au-
reus and Staphylococcus epidermidis, a role for SigB in biofilm
behavior has also been established previously. In these organ-
isms, SigB-dependent biofilm-forming behavior involved regu-
lation of the ica operon (22, 32). These studies indicate that,
besides activation of SigB in biofilms due to local stresses
encountered in these biofilms and thereby increasing the via-
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FIG. 5. Disinfection treatment of planktonic and biofilm cells with
peracetic acid. The graphs show the inactivation of 24-h planktonic
cells (A), cells from a 48-h dispersed static biofilm (B), and cells from
a 48-h dispersed continuous-flow biofilm (C) treated with 20 pg/ml
peracetic acid for 15 min at 20°C of wild-type (diamonds), AsigB
(squares), and sigB-c (triangles) strains. Data points below the detec-
tion limit (log,, [N/Ny] =~ —6.5) are not shown in the graphs.

bility, in some bacteria certain stress signals can activate bio-
film-forming behavior by activation of SigB and its regulon
members.

We furthermore investigated the role of SigB in the resis-
tance of static and continuous-flow biofilms to the disinfectants
benzalkonium chloride and peracetic acid. Benzalkonium chlo-
ride and peracetic acid are commonly used disinfectants in the
food industry (25). Commonly used concentrations of disinfec-
tants in the food industry are 200 to 800 wg/ml for benzalko-
nium chloride and 0.5 to 5% for peracetic acid. However, it has
been shown that L. monocytogenes is capable of surviving these
disinfectants in, for instance, turkey processing plants and fish

APPL. ENVIRON. MICROBIOL.

smokehouses (3, 27, 40), resulting in the development of re-
sistance. In particular, L. monocytogenes biofilms have been
shown to be capable of surviving disinfection treatments with
benzalkonium chloride and peracetic acid (36, 41). So far, not
much is known of the mechanisms behind the increased resis-
tance of L. monocytogenes biofilms compared with planktonic
cells. Benzalkonium chloride is thought to work by disruption
and dissociation of the lipid bilayer of the cell membrane,
resulting in leakage, while peracetic acid is expected to work as
an oxidizing agent that produces hydroxyl radicals, which sub-
sequently attack essential cell components (25). It has been
shown previously that the resistance of L. monocytogenes
planktonic cells to benzalkonium chloride is related to the fatty
acid composition of the cell membrane and the induction of
the efflux pump MdrL (37, 42). Furthermore, a role for the
SigB response in benzalkonium chloride resistance has been
established, since planktonic cells of a sigB deletion mutant
showed enhanced sensitivity to benzalkonium chloride expo-
sure (38). So far, no resistance mechanisms for peracetic acid
have been shown for both planktonic and biofilm cells. In our
study, increased resistance of dispersed static biofilm cells of
the wild-type strain was observed after exposure to both benz-
alkonium chloride and peracetic acid compared with plank-
tonically grown cells, while increased resistance of dispersed
continuous-flow biofilm cells was shown only after peracetic
acid treatments. A role for SigB in disinfectant resistance was
shown with the reduced survival of the AsigB mutant in plank-
tonic, static biofilm, and continuous-flow biofilm cells com-
pared with that of the wild-type strain after exposure to both
benzalkonium chloride and peracetic acid. However, the im-
pact of SigB on the resistance of planktonic and biofilm cells
against both disinfectants appeared to vary. A 3-fold induction
of sigB expression was observed with static biofilm cells com-
pared with planktonic cells, which is consistent with the ob-
served increased resistance of these cells against both disinfec-
tants. However, a 9-fold induction of sigB expression was
observed with continuous-flow biofilm cells compared with
planktonic cells, while increased resistance of continuous-flow
biofilm cells was observed only after peracetic acid exposure
and not after benzalkonium chloride exposure. Furthermore,
continuous-flow and/or static biofilm cells of the wild-type
strain showed increased resistance against benzalkonium chlo-
ride and/or peracetic acid exposure compared with planktoni-
cally grown cells of the AsigB mutant. These results indicate
that SigB is not the only factor that is involved in the resistance
of L. monocytogenes biofilms against disinfectants. Further-
more, induction of stress resistance genes, such as sigB, in
biofilms probably indicates that bacteria already experience
stress in these biofilms. Depending on the nature of this stress,
bacteria might be adapted to resist specific types of disinfec-
tants, while other types of disinfectants still kill these biofilm
cells equally effectively. For Pseudomonas aeruginosa it has
previously been shown that biofilms grown under continuous-
flow conditions in a drip flow reactor experience DNA damage
as a result of endogenous oxidative stress (7). For L. monocy-
togenes, it has previously been shown that oxidative stress re-
sults in the activation of sigB and that a AsigB mutant is less
resistant to oxidative stress (4, 15). Exposure of continuous-
flow biofilm cells to benzalkonium chloride, which targets the
cell membrane, might result in a cumulative stress effect of
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DNA damage and cell membrane damage that is more difficult
to resist. High expression of sigB in continuous-flow biofilm
cells therefore might not be sufficient to increase the survival
after benzalkonium chloride exposure. On the other hand,
peracetic acid is an oxidizing agent that potentially targets
DNA. High expression of sigB in collaboration with activated
DNA repair mechanisms apparently increases the resistance of
continuous-flow biofilm cells against this disinfectant. Previous
studies have shown a number of SigB-regulated genes that
could play a role in benzalkonium chloride or peracetic acid
resistance, such as genes that encode proteins with a function
in cell membrane biogenesis, lipid transport and metabolism,
and oxidative stress resistance (18, 21).

In conclusion, our study highlighted the impact of SigB on L.

monocytogenes biofilm formation and disinfection resistance.
The SigB-regulated genes that contribute to the increased re-
sistance of static and continuous-flow biofilm cells against dis-
infection treatments remain to be elucidated in future studies.
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