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Listeria monocytogenes is a food-borne facultative intracellular pathogen. It is widespread in the environment
and has several distinct life-styles. The key transcriptional activator PrfA positively regulates L. monocytogenes
virulence genes to mediate the transition from extracellular, flagellum-propelled cell to intracellular pathogen.
Here we report the first evidence that PrfA also has a significant positive impact on extracellular biofilm
formation. Mutants lacking prfA were defective in surface-adhered biofilm formation. The �prfA mutant
exhibited wild-type flagellar motility, and its biofilm defect occurred after initial surface adhesion. We also
observed that mutations that led to the constitutive expression of PrfA-dependent virulence genes had a
minimal impact on biofilm formation. Furthermore, biofilm development was enhanced in a mutant encoding
a PrfA protein variant unable to fully transition from the extracellular form to the virulent, intracellular
activity conformation. These results indicate that PrfA positively regulates biofilm formation and suggest that
PrfA has a global role in modulating the life-style of L. monocytogenes. The requirement of PrfA for optimal
biofilm formation may provide selective pressure to maintain this critical virulence regulator when L. mono-
cytogenes is outside host cells in the environment.

Listeria monocytogenes is an opportunistic food-borne patho-
gen that can be isolated from a variety of environments (5, 14).
This Gram-positive bacterium can contaminate foods by per-
sisting on food-processing surfaces, and it has been hypothe-
sized that this persistence is at least partly due to the formation
of biofilms, which can be difficult to eradicate (29). Once in-
gested, L. monocytogenes causes life-threatening infections in
fetuses, newborns, and immunocompromised people (9, 23).
The high case fatality rate of listeriosis (�20%) makes L.
monocytogenes food contamination, and, thus, biofilms, an im-
portant health issue (24). In contrast to its pathogenesis, little
is known about L. monocytogenes biofilm development.

L. monocytogenes has three distinct life-styles: (i) an intra-
cellular pathogen that utilizes actin-based motility for cytoplas-
mic movement and cell-to-cell spread; (ii) an extracellular,
free-living, flagellum-propelled bacterium in the environment;
and (iii) an extracellular bacterial member of a multicellular
biofilm community. Biofilm formation and intracellular inva-
sion appear to be mutually exclusive life-styles. The critical
virulence transcription factor PrfA regulates the switch from
extracellular, flagellum-propelled bacterium to intracellular
pathogen (reviewed in references 10, 13, and 39). PrfA binds to
a specific DNA sequence (the PrfA box) and positively regu-
lates the expression of the canonical L. monocytogenes viru-
lence genes, including itself. During intracellular invasion, the
PrfA-dependent transcription of virulence genes increases first

in the phagocytic vacuole. After vacuolar escape into the host
cytosol, a subset of PrfA-dependent virulence genes is induced
to an even greater extent.

PrfA production is regulated at transcriptional, transla-
tional, and protein activity levels (13, 39). Three promoters
drive prfA transcription (Fig. 1). Two of these promoters,
PprfAP1 and PprfAP2, control the expression of a monocistronic
prfA transcript (11, 12). PprfAP1 is dependent on the house-
keeping sigma factor, �A. PprfAP2 can be driven by either �A or
the stress response sigma factor, �B (30, 36, 38). In addition,
the promoter of the upstream gene plcA, PplcA, contains a
canonical PrfA box and is positively autoregulated by PrfA,
resulting in the transcription of a bicistronic message contain-
ing plcA and prfA (4, 26). The resulting increased level of PrfA
expression from PplcA is necessary for wild-type virulence (4,
12). The transcript from PprfAP1 contains a 5� untranslated
region (UTR) that acts as a thermosensor; the translation of
this transcript is efficient at the host body temperature but
inefficient at 30°C and below (18). In contrast to PplcA, tran-
scription from PprfAP2 is PrfA independent, and in contrast to
PprfAP1, the translation of this transcript is temperature inde-
pendent. It has been postulated that this transcript is important
for PrfA production outside mammalian hosts; we provide
evidence here to support this hypothesis.

PrfA is a member of the cyclic AMP receptor protein-fuma-
rate and nitrate reduction regulator (CRP-FNR) family of
transcriptional regulators (20). Small-molecule cofactors reg-
ulate the protein activity state of many family members (19,
39). While no such cofactor has been identified yet for PrfA, a
variety of point mutations in prfA (prfA* mutants) that result in
variant PrfA proteins whose function is locked in the intracel-
lular activity state support the theory that PrfA activity is al-
losterically regulated (16, 28, 37, 40, 44, 47). These prfA* mu-
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tants constitutively express levels of the actin-nucleating
protein ActA comparable to those observed when bacteria are
in the host cytosol (40). These mutations also result in an
increased level of production of the PrfA* protein via the
activation of PplcA (43, 47). Another recently isolated muta-
tion in prfA (Y154C) results in a PrfA protein that cannot fully
transition from the extracellular activity state to the intracel-
lular activity state (27). The prfA(Y154C) mutant demonstrates
a 4-fold increase in actA expression levels in brain heart infu-
sion (BHI) medium compared to the wild type but fails to
increase actA expression levels to wild-type levels (100-fold less
than the wild type) during intracellular infection (27). It effec-
tively enters the host cytosol but is defective in cell-to-cell
spread and is attenuated for virulence (150-fold reduction in a
mouse model) (27). Thus, there are PrfA protein variants that
are locked in the intracellular activity state (PrfA*) and one
[PrfA(Y154C)] that is unable to fully transition to the intra-
cellular activity state.

L. monocytogenes has never been observed to form biofilms
in host cells; intracellular bacteria are single cells that move
through the cytosol using actin-based motility (34). Extracel-
lularly, L. monocytogenes motility is mediated via flagella. Fla-
gellum-mediated motility appears to be important for initial

epithelial cell attachment, and flagellum-minus mutants show
an early host invasion defect in a competitive oral infection
model (32). Similarly, flagellum-mediated motility is critical for
initial abiotic surface attachment, and flagellum-minus mu-
tants are defective in biofilm formation (22, 41). This common
need for flagellum-mediated motility to transition from an
existence as a single, extracellular cell to either environmental
biofilm formation or intracellular invasion led us to hypothe-
size that there might be regulatory cross talk between PrfA and
biofilm formation. Indeed, here we report that prfA mutants
are defective in biofilm formation at a stage after initial surface
attachment. The regulatory connection between PrfA and bio-
film formation demonstrates that PrfA has a global role in
regulating the life-style of L. monocytogenes.

MATERIALS AND METHODS

Strains and media. Media used were tryptic soy broth yeast extract (TSBYE)
consisting of 3% Bacto tryptic soy broth (Becton Dickinson and Co.) and 0.6%
Bacto yeast extract (Becton Dickinson and Co.), Bacto BHI broth (Becton
Dickinson and Co.), and, for biofilm formation, Hsiang-Ning Tsai medium
(HTM) with 3% glucose plus an essential amino acid(s), a defined minimal
medium (42). Essential amino acids (cysteine and, for 10403S derivatives, me-
thionine) were added to a final concentration of 0.1 mg/ml. Strains used are listed
in Table 1. NF-L1124 is a derivative of NF-L100, which is wild-type serotype 1/2a

PplcA

PrfA box

PprfAP1 PprfAP2

plcA prfAA A AB
5’ UTR

thermosensor

FIG. 1. Schematic that shows the three promoters that drive the expression of prfA. PplcA is positively autoregulated by PrfA, which binds to
the PrfA box (black box), and produces a bicistronic message. PprfAP1 is �A dependent, and its transcript contains a thermosensor in the 5�
untranslated region and is not efficiently translated at 30°C or below. PprfAP2 can be activated by both �A and �B, and its transcript does not contain
a translational thermosensor.

TABLE 1. L. monocytogenes strains used

Strain Description Reference(s)

NF-L1124 10403S actA-gus-neo-plcB (serotype 1/2a) 27
NF-L1123 10403S �prfA actA-gus-neo-plcB 27
NF-L1213 NF-L1124 prfA(Y154C) 27
NF-L1166 NF-L1124 prfA(L140F) 28
NF-L1177 NF-L1124 prfA(G145S) 28
NF-L1214 NF-L1124 prfA(Y63C) 28
KPL1712 NF-L1124 �sigB This work
KPL1714 NF-L1124 �sigB prfA::Tn917-LTV3 This work
KPL1720 NF-L1124 prfA::Tn917-LTV3 This work
KPL1727 NF-L1124 tRNAArg::pPL2 This work
KPL1733 NF-L1123 tRNAArg::pPL2 This work
KPL1783 NF-L1124 tRNAArg::pHyperSPO1-hly5�UTR-prfA This work
KPL1787 NF-L1123 tRNAArg::pHyperSPO1-hly5�UTR-prfA This work
M35303A Wild type, serotype 1/2a (bulk milk container isolate) 3
KPL1676 M35303A prfA::Tn917-LTV3 This work
H9067 Wild type, serotype 1/2c (cheese isolate) 3
KPL1680 H9067 prfA::Tn917-LTV3 This work
KPL1018 Wild-type 10403S (serotype 1/2a, human skin lesion) 2, 8
KPL 1672 KPL1018 prfA::Tn917-LTV3 This work
DP-L1075 10403S prfA::Tn917-LTV3 12
DP-L4221 10403S tRNAArg::pPL2 21
DH-L1028 10403S �prfA tRNAArg::pHyperSPO1-hly5�UTR-prfA A. Shen and D. Higgins, unpublished data
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strain 10403S (2, 8, 27). Chloramphenicol was used at a concentration of 5 to 7.5
�g/ml for the integration of pPL2-based constructs and at a concentration of 10
�g/ml for strain construction via allelic exchange in TSBYE. A mix of erythro-
mycin at 1 �g/ml and lincomycin at 25 �g/ml was used for the selection of phage
transductants carrying Tn917 insertions.

Mutant strain construction. All mutants containing prfA::Tn917-LTV3 were
constructed by the transduction of the transposon insertion in prfA from DP-
L1075 (12) using L. monocytogenes phage P35 as described previously (15, 17).
Mutants with genes expressed from constructs integrated at the neutral locus
tRNAArg were constructed by using vectors derived from pPL2 (21). For the
complementation of �prfA, a construct from DH-L1028 that is integrated at
tRNAArg with the HyperSPO1 promoter (35) driving the expression of a tran-
script containing the full-length 5� UTR of hly fused to the first ATG of the prfA
open reading frame (A. Shen and D. Higgins, personal communication) was
transduced into strains NF-L1124 and NF-L1123 by using L. monocytogenes
phage P35. As controls, pPL2 integrated at tRNAArg in DP-L4221 (21) was
transduced into NF-L1124 and NF-L1123. A mutant with an in-frame deletion of
sigB was constructed in the NF-L1124 background by using allelic exchange with
plasmid pBMB27. pBMB27 carries a sigB in-frame deletion identical to pTJA57
(46). This plasmid was previously used to make a sigB sigL double mutant (33).

Motility assay. Flagellum-mediated motility was assayed by measuring the
diameter of the bacterial swarm in millimeters 24 h after inoculation with a
sterile pointed toothpick in 0.3% BHI agar at room temperature (RT) (�24°C),
30°C, or 36°C (22).

Biofilm assay. Surface-adhered biofilm formation was assayed in a 96-well
format by using crystal violet (CV) staining as described previously (22). Briefly,
a culture of each strain grown overnight at �20°C in TSBYE was diluted into
freshly made biofilm-promoting medium (HTM with 3% glucose plus essential
amino acids) to an initial optical density at 600 nm (OD600) of 0.03 to 0.06. One
hundred fifty microliters was aliquoted into each of 8 wells of a 96-well polyvinyl
chloride (PVC) plate. Biofilms were grown in standing culture for 1 to 4 days at
the specified temperature. To quantify biofilm formation, planktonic cells were
removed along with any loosely adhered or sedimented cells. Biofilms were
washed three times with water and then stained for 30 min with a 0.1% aqueous
solution of CV. After staining, wells were washed four times with water and then
air dried. Finally, 150 �l of 33% acetic acid was added to each well, mixed well
to fully solubilize the CV, and transferred onto a fresh polystyrene 96-well plate;
the OD590 was then measured by using a SPECTRAmax M2 plate reader
equipped with SOFTmax Pro software (Molecular Devices).

Adhesion to glass. Initial surface adhesion to glass coverslips was determined
at room temperature as previously described (22). A rolling culture of each strain
grown for 16 to 18 h at �20°C in TSBYE was diluted into freshly made biofilm-
promoting medium to a starting OD600 of between 0.01 and 0.09. Light micros-
copy was used to confirm that most cells were swimming, and at time zero, dishes
(catalog number P35G-1.5-14-C; MatTek Co., Ashland, MA) were then inocu-
lated with 1.5 ml of each culture. Prior to imaging, the MatTek dish coverslip was
washed gently by adding 1 ml of medium to the edge of the dish. Digital images
of 5 to 10 high-powered fields (HPF) per dish were captured by using a 100 Plan
Apo objective with differential interference contrast optics on an inverted Nikon
TE2000-U microscope equipped with a cooled charge-coupled-device camera
(ORCA-ER; Hamamatsu) and MetaMorph imaging software (version 6.1; Mo-
lecular Devices). Images were converted to 8 bits in MetaMorph and opened
using ImageJ (NIH), and the number of cells/HPF were then counted manually.

Statistical analyses. Statistical analyses were performed by using SigmaPlot
11. The t test was used for pairwise comparisons except when the data failed the
equal variance test, in which case the Mann-Whitney rank sum test was then
used. One-way analysis of variance (ANOVA) with Holm-Sidak multiple com-
parison (H-S) was used for multiple comparisons except where data failed either
normality or equal variance testing, in which case the Kruskal-Wallis one-way
analysis of variance on ranks with Tukey multiple-comparison testing (KW with
T) was used.

RESULTS

L. monocytogenes prfA mutants are defective in biofilm for-
mation. To test if PrfA is involved in biofilm formation, we
assayed surface-associated biofilm formation on polyvinyl chlo-
ride (PVC) 96-well plates using crystal violet staining. L. mono-
cytogenes strain 10403S (serotype 1/2a) was compared to a
mutant that contains an in-frame deletion in prfA (�prfA).
Previous work demonstrated that biofilm formation on plastic

corresponds well with attachment to food-processing-grade
stainless steel (7, 22). PrfA expression is thought to be optimal
at host body temperature, whereas L. monocytogenes biofilms
are a source of food contamination at or below ambient tem-
perature; therefore, biofilm assays were performed at several
temperatures. Compared to wild-type strain 10403S, the �prfA
mutant was defective in biofilm formation each day of 4 days at
room temperature (RT) (�24°C), 30°C, and 36°C (Fig. 2A). In
contrast, the �prfA mutant’s growth was comparable to that of
the wild type in the same biofilm-promoting medium (HTM
with 3% glucose) in a rolling culture (see Fig. S1 in the sup-
plemental material).

To determine if a loss of prfA resulted in a biofilm defect in
other L. monocytogenes strains, we used a previously charac-
terized Tn917 transposon insertion (DP-L1075) that disrupts
the prfA open reading frame (12). In strain 10403S this inser-
tion results in both a virulence defect (12, 25) and a biofilm
defect similar to an in-frame deletion (compare Fig. 2B to A).
Mutants were generated by phage transduction of prfA::Tn917
into two nondomesticated strains that are robust biofilm form-
ers: M35303A (serotype 1/2a), an environmental isolate from
bulk milk, and H9067 (serotype 1/2c), a cheese isolate (3). In
both of these strain backgrounds, prfA mutants were also de-
fective in biofilm formation (Fig. 2B). This indicates that the
disruption of prfA results in a biofilm defect that is neither
strain nor serotype specific. It is also worth noting that while
growths in biofilm-promoting medium in rolling culture were
comparable for these strains (see Fig. S2A in the supplemental
material), in a clumping assay, the wild-type strains sedimented
at a much higher rate than did the corresponding prfA mutants
(Fig. S2B).

While laboratory strain 10403S was not as robust a biofilm
former as the environmental isolates in our biofilm assay, it
behaved similarly, and a number of prfA mutations were pre-
viously generated in this background; therefore, we focused
the remainder of our studies on strain 10403S. The expression
of PrfA from a heterologous locus restored wild-type levels of
biofilm formation to the �prfA mutant (Fig. 2C) while not
impacting growth (see Fig. S3A in the supplemental material).
Together, the data in Fig. 2 indicate that L. monocytogenes
needs prfA to achieve wild-type levels of biofilm development.

The �prfA mutant displayed wild-type flagellum-mediated
motility and initial surface attachment. Similar to most bac-
teria, L. monocytogenes biofilm formation on surfaces proceeds
incrementally, starting with initial surface attachment and pro-
ceeding to microcolony formation, biofilm maturation, and,
finally, dispersion (41). Flagellum-minus mutants are deficient
in biofilm formation (22, 41). We have previously shown that
flagellum-mediated motility in L. monocytogenes, and not the
flagella themselves, is critical for initial surface attachment and
subsequent biofilm development (22). We therefore investi-
gated the flagellum-mediated motility and surface attachment
of the �prfA mutant. Laboratory strain 10403S is one of ap-
proximately 20% of L. monocytogenes strains that remain mo-
tile at close to mammalian physiological temperatures (45). As
expected, 10403S formed a biofilm well at 36°C (Fig. 2A). The
�prfA mutant (Fig. 3A) displayed flagellum-mediated motility
that was comparable to that of wild-type strain 10403S (Fig.
3A) at RT and 30°C and was slightly increased at 36°C. This
slight increase was statistically significant (P � 0.05 by t test)
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(Fig. 3A). In addition to having wild-type levels of flagellum-
mediated motility, the �prfA mutant also displayed initial sur-
face attachment comparable to that of the wild type in a sur-
face attachment assay (Fig. 3B). These data indicate that the
�prfA mutant’s defect in biofilm development occurs after ini-
tial surface attachment.

SigB is required for wild-type levels of biofilm at 30°C but
not at 36°C. PrfA expression is optimal at host physiological
temperatures, and the transcription and translation of prfA are
highly regulated with transcripts from multiple promoters (Fig.
1). As discussed above, transcription from the PprfAP2 pro-
moter does not rely on PrfA, and the translation of the
PprfAP2-derived transcript is not temperature dependent.
While PprfAP1 and PprfAP2 are redundant for virulence in
mammalian hosts (11), and PplcA is critical (4), it has been
postulated that PprfAP2 might be key for virulence gene ex-
pression at lower temperatures, such as in Drosophila melano-
gaster (1, 6, 25). PprfAP2 contains binding sites for both the
housekeeping sigma factor, �A, and the stress response sigma
factor, �B, which overlap and are offset by a few base pairs. We
hypothesized that �B might influence the production of PrfA at
temperatures below mammalian body temperatures and,
therefore, biofilm formation in most environments.

FIG. 2. The L. monocytogenes �prfA mutant is defective in biofilm
formation. Shown are bar graphs of the surface-adhered biofilm
formed by the wild type (WT) and the �prfA mutant (PrfA�) quan-
tified by measuring the OD590 of solubilized crystal violet after biofilm
staining. (A) Biofilms were formed at RT (�24°C), 30°C, and 36°C for
the specified number of days. A pairwise comparison of the difference
between the WT (NF-L1124) and the �prfA mutant (NF-L1123) was
statistically significant on each day at each temperature (P � 0.05 by
Mann-Whitney test). Data are from four experiments with seven rep-
licates of each strain per experiment. Error bars represent standard
errors of the means (SEM). (B) Biofilms of the wild type of each strain
compared to an isogenic prfA::Tn917 mutant (PrfA�) formed at 30°C
and harvested after 3 days. Differences between the wild type and the
�prfA mutant were statistically significant for each pair of strains (P �
0.05 by Mann-Whitney test). Data are from four or five experiments

with seven replicates of each strain per experiment. Error bars repre-
sent SEM. (C) Heterologous expression of prfA restores wild-type
levels of biofilm formation in the �prfA mutant. For complementation,
prfA was expressed from the tRNAArg locus by using the pHyper
promoter in a transcript containing the 5� UTR from the hly gene
(cPrfA�) in both the wild type and the �prfA mutant. Biofilms formed
at 30°C and 36°C for 3 days. The difference between the �prfA mutant
and the complemented prfA strain was statistically significant at both
temperatures (*, P � 0.05 by t test). Data are from four experiments
with seven replicates of each strain per experiment. Error bars repre-
sent SEM.

FIG. 3. The L. monocytogenes �prfA mutant displays wild-type lev-
els of flagellum-mediated motility and initial surface attachment at
temperatures below mammalian body temperatures. (A) Motility of
wild-type 10403S (WT) (NF-L1124) and the �prfA mutant (PrfA�)
(NF-L1123) at RT, 30°C, and 36°C measured as the diameter of the
bacterial swarm in millimeters 24 h after inoculation. The difference in
motility between the wild type and �prfA mutant was statistically sig-
nificant at 36°C (*, P � 0.05 by t test) but not at lower temperatures.
Data are from 12 independent experiments. Error bars represent
SEM. (B) Initial surface adherences to glass by the wild type (NF-
L1124) and the �prfA mutant (NF-L1123) were comparable. There
was no statistical difference between the wild type and the �prfA
mutant using the Mann-Whitney rank sum test. Data are from three
independent experiments with 5 to 10 high-powered fields counted per
strain in each experiment. The wild type was counted first during each
experiment. Error bars represent SEM.
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A mutant containing an in-frame deletion of sigB produced
wild-type levels of biofilm at 36°C, as measured by a crystal
violet assay (Fig. 4, right), but displayed a biofilm defect at
30°C (Fig. 4, left). The �prfA �sigB double mutant displayed
defective biofilm formation at both temperatures (Fig. 4). Both
of these mutants displayed wild-type levels of growth in broth
culture (see Fig. S3B in the supplemental material). We pos-
tulate that the �sigB mutant’s biofilm defect at 30°C might
reflect the importance of PprfAP2 for prfA expression at lower
temperatures and extracellularly.

A PrfA protein activity mutant that is unable to fully tran-
sition to the intracellular activity state favors biofilm forma-
tion. In addition to transcriptional and translational regulation,
PrfA protein activity is also regulated (13, 39). We hypothe-
sized that the conformation of the PrfA protein that positively
affects biofilm formation is the extracellular activity form and
that it is different from the intracellular form that positively
regulates virulence gene expression. To test this hypothesis, we
assayed biofilm formation by strains containing prfA alleles
that produce protein locked in two different activity states:
PrfA*, which constitutively expresses virulence genes to levels
normally seen only inside host cells, and PrfA(Y154C), which
is incapable of completely upregulating virulence gene expres-
sion, even inside a host cell (27).

In the biofilm assay, the prfA(Y154C) mutant displayed in-
creased biofilm formation at 30°C and with a similar trend at
36°C (Fig. 5A), although it was comparable to that of the wild
type at RT (Fig. 5A). The increased level of biofilm formation
by the prfA(Y154C) mutant was observed by day 2 (data not
shown). We observed a slight but statistically significant de-
crease in the motility of the prfA(Y154C) mutant compared to
the wild type at 30°C, although this did not appear to impact
biofilm formation (Fig. 5B). Growth in broth culture was com-

parable to that of the wild type at all three temperatures (see
Fig. S1 in the supplemental material).

PrfA* mutants, which are locked in the intracellular activity
form, display wild-type levels of biofilm formation at lower
temperatures. In contrast to the prfA(Y154C) mutant, three
different prfA* mutants (L140F [44, 47], G145S [37], and Y63C
[28]) all displayed both wild-type motility and wild-type levels

FIG. 4. L. monocytogenes biofilm formation is sigB dependent at
30°C but sigB independent at 36°C. Quantification of biofilms formed
at 30°C and 36°C for 3 days by the wild type (WT) (NF-L1124), the
prfA::Tn917 mutant (PrfA�) (KPL1720), the �sigB mutant (SigB�)
(KPL1712), and the prfA::Tn917 �sigB double mutant (PrfA� SigB�)
(KPL1714) was done by measuring the OD590 of solubilized crystal
violet. The difference in biofilm formation at 30°C was statistically
significant: wild type 	 prfA::Tn917 	 both �sigB and prfA::Tn917
�sigB (i.e., a is different from b, which is different from c, with a P value
of �0.05 by KW with T). At 36°C, the wild type and the �sigB mutant
were comparable, as were the prfA::Tn917 and prfA::Tn917 �sigB mu-
tants, but the two sets of strains differed significantly from each other
(i.e., d is different from e, with a P value of �0.05 by KW with T). Data
are from five experiments with seven replicates of each strain per
experiment. Error bars represent SEM.

FIG. 5. The prfA(Y154C) mutant forms more biofilm at and above
30°C than the wild type, and the prfA* mutant forms wild-type biofilm
and displays wild-type motility at 30°C and RT. (A) Day 4 biofilm
formed by the wild type (WT) (NF-L1124), the �prfA mutant (P�)
(NF-L1123), the prfA(Y154C) mutant (Pi) (NF-L1213), and the prfA*
mutant (P*) [prfA*(L140F)] (NF-L1166) at RT, 30°C, and 36°C. At
RT, the wild type, the prfA(Y154C) mutant, and the prfA*(L140F)
mutant were comparable, and the difference in biofilms between these
strains and the �prfA mutant was statistically significant (a, P � 0.05 by
KW with T). At 30°C, the wild type and the prfA*(L140F) mutant were
comparable (b), but the difference with the �prfA mutant and the
prfA(Y154C) mutant was statistically significant (c and d, P � 0.05 by
KW with T). At 36°C, there was a trend toward increased biofilm
formation by the prfA(Y154C) mutant that did not reach statistical
significance (e), but the decrease in biofilm formation by the �prfA
mutant and the prfA*(L140F) mutant did (f and g, P � 0.05 by KW
with T). Data are from four experiments with seven replicates of each
strain per experiment. Error bars represent SEM. (B) Motility mea-
sured as the diameter of the bacterial swarm in millimeters after
incubation at RT (�24°C), 30°C, or 36°C for 24 h. At 30°C, the
decreased motility of the prfA(Y154C) strain compared to the wild
type, the �prfA mutant, and the prfA*(L140F) mutant was statistically
significant (a, P � 0.05 by ANOVA with H-S). At 36°C the decreased
motility of the prfA*(L140F) mutant compared to the wild type, the
�prfA mutant, and the prfA(Y154C) mutant was statistically significant
(b, P � 0.05 by KW with T). Data are from 12 independent experi-
ments, and error bars represent SEM.
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of biofilm formation at RT and 30°C [Fig. 5, and see Fig. S1 in
the supplemental material for the prfA(L140F) mutant; data
are not shown for the prfA(G145S) or prfA(Y63C) mutant].
However, the prfA* mutants produced less biofilm at 36°C,
where they also displayed a motility defect (Fig. 5). The growth
of the prfA* mutant in broth culture was comparable to that of
the wild type at all three temperatures (Fig. S1). It is unclear
whether the decrease in biofilm formation at 36°C was related
to decreased motility or to some other factor(s). However, the
wild-type levels of biofilm formation at lower temperatures
indicate that the PrfA* form of the protein is not completely
lacking in biofilm-promoting activity.

DISCUSSION

In this study, we have demonstrated a new role for the L.
monocytogenes virulence regulator PrfA in promoting biofilms
outside host cells. L. monocytogenes has three distinct life-
styles: (i) an intracellular pathogen, (ii) a flagellum-propelled
extracellular bacterium, and (iii) an extracellular bacterial
member of biofilms. The virulence master regulator PrfA is
essential for the switch from extracellular flagellum-propelled
bacterium to intracellular pathogen. The data presented here
are the first to indicate that PrfA also promotes biofilm for-
mation after the transition from extracellular flagellum-pro-
pelled bacterium to surface-adhered biofilm former. Thus,
PrfA is a global regulator of the life-style of L. monocytogenes
and provides a regulatory connection between the seemingly
mutually exclusive life-styles of biofilm former and intracellu-
lar pathogen.

The loss of prfA resulted in a biofilm defect in several dif-
ferent strain and serotype backgrounds and was not specific to
the commonly used laboratory strain 10403S. The �prfA mu-
tant displayed wild-type levels of flagellum-mediated motility
and initial surface attachment. Based on this finding, PrfA
positively impacts biofilm formation at a step in biofilm mat-
uration after surface adhesion.

PrfA expression is highly regulated from multiple promot-
ers. Previous data suggest that extracellularly and at tempera-
tures lower than mammalian body temperatures, the PprfAP2

promoter is likely to be the primary driver of PrfA expression.
PprfAP2 can be activated by �B, and under our conditions,
biofilm formation was sigB dependent at 30°C but not at 36°C.
We speculate that this may be due partly to the effect of �B on
prfA expression. A role for �B in biofilm formation at lower
temperatures fits with the possibility that biofilm formation
might be a response to environmental stress.

In addition to transcriptional regulation, PrfA activity is
regulated posttranslationally, and PrfA variants that constitu-
tively mimic the activity of the protein when bacteria are inside
host cells have been isolated (PrfA*). While prfA is required
for wild-type levels of biofilm formation, mutants that pro-
duced a PrfA* variant had no impact on biofilm formation at
RT and 30°C, although they did demonstrate a modest and
statistically significant decrease in biofilm formation at 36°C.
This decrease is likely a secondary effect of the decreased
motility of the prfA* mutants at 36°C. prfA* mutants produce
increased levels of the PrfA* protein due to the positive auto-
regulation of prfA transcription (43, 47). Therefore, we pro-
pose that the conformation of wild-type PrfA when bacteria

are outside a host cell favors biofilm formation, but either form
of PrfA (extracellular or intracellular) is sufficient for biofilm
formation.

In contrast to the prfA* mutant, a mutant with a PrfA variant
that is unable to fully transition to the intracellular activity
form, PrfA(Y154C), demonstrated a modest but statistically
significant increase in biofilm formation at 30°C with a trend in
that direction at 36°C. PrfA regulates its own expression, but
Western blot analysis with an anti-PrfA antibody showed that,
unlike prfA* mutants, the prfA(Y154C) mutant did not produce
appreciably more PrfA protein outside host cells than does the
wild type (M. Miner and N. E. Freitag, unpublished data). This
suggests that PrfA(Y154C) behaves more like the protein con-
formation that wild-type PrfA assumes when the bacterium
experiences biofilm-promoting conditions outside host cells.

While there was an increase in biofilm formation by the
prfA(Y154C) mutant compared to the prfA* mutant, it is not
nearly as large as the increase in virulence observed for prfA*
mutants in comparison to the prfA(Y154C) mutant (27). There-
fore, while PrfA clearly has a positive influence on biofilm
formation after initial surface attachment, this activity does not
appear to be regulated via changes in protein activity in quite
the same way, or to quite the same magnitude, as virulence
gene expression.

It is not known yet why the loss of prfA decreases biofilm
maturation. Preliminary data from microarray experiments
comparing wild-type 10403S and the �prfA mutant suggest that
the level of expression of prfA-dependent virulence genes is
significantly increased upon a transition from complex medium
(TSBYE) to the defined medium used here to promote biofilm
formation (HTM plus 3% glucose) (K. P. Lemon, unpublished
data). However, single mutants lacking the virulence gene
actA, hly, mpl, or hpt and double mutants lacking either inlA
inlB or plcA plcB did not phenocopy the �prfA mutant’s biofilm
defect (Lemon, unpublished). This suggests that none of these
virulence factors alone is the PrfA-dependent effector of bio-
film formation. However, a subset of these factors (ActA, InlA,
and InlB) are cell surface expressed, and a separate subset
(listeriolysin O [LLO], encoded by hly, and the phospholipases
encoded by plcA and plcB) are secreted proteins; the combined
loss of PrfA-dependent cell surface-expressed and secreted
virulence factors in the �prfA mutant might alter the cell sur-
face in a manner detrimental to biofilm formation. Overall, we
favor a model in which the extracellular form of the PrfA
protein preferentially influences biofilm formation via a hypo-
thetical biofilm-promoting factor(s), whereas the intracellular
form preferentially binds to canonical PrfA boxes and mas-
sively upregulates the expression of virulence genes in the host
cytosol. It will be very interesting to elucidate the molecular
mechanism by which PrfA promotes biofilm maturation in
future studies.

Individual flagellum-propelled L. monocytogenes bacteria
appear to be the common precursor to both intracellular in-
vasion and biofilm formation. PrfA has a role in these mutually
exclusive life-styles as a critical positive regulator of virulence
gene expression and as a promoter of biofilm formation. It is
possible that low levels of PrfA in extracellular, motile bacteria
would be an advantage and keep the bacteria poised for initial
eukaryotic cell adhesion and subsequent invasion as well as for
biofilm maturation after adhesion to abiotic surfaces. Similarly,
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�B, the stress response sigma factor, also has a role in viru-
lence, which is intertwined with that of PrfA (31), and, at
temperatures below host body temperature, in biofilm forma-
tion (Fig. 4). Thus, under stress-inducing conditions, flagellum-
propelled bacteria are prepared for either eukaryotic cell in-
vasion or abiotic surface-associated biofilm formation. This
model easily accommodates the role of an intermediate pro-
tein activity form of PrfA, characterized by the PrfA(Y154C)
mutant, in promoting eukaryotic cell invasion and vacuolar
escape as well as biofilm maturation on abiotic surfaces. It may
also imply that L. monocytogenes in a biofilm has a form of
PrfA that is poised for intracellular invasion after ingestion by
a mammalian host.

L. monocytogenes is widespread in the natural environment
as a saprophyte and can be easily isolated from a number of
different sample types (5, 14). It has also been reported to
infect a variety of animals (14). We speculate that strains that
maintain prfA should have a fitness advantage outside host
cells in the environment. A role for PrfA in potentiating ex-
tracellular biofilm formation may well explain the maintenance
of virulence potential in this facultative intracellular pathogen.
PrfA’s role in both virulence and biofilm formation also sug-
gests that similar key links between virulence regulators and
extracellular life-styles might exist for other facultative patho-
gens.
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