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ABSTRACT

Listeria monocytogenes is a Gram-positive bacterium, ubiquitously distributed in
the environment. It is the etiologic agent of listeriosis, a food-borne disease affecting
human and a variety of vertebrates. L. monocytogenes can form biofilms which are
multi-cellular layer of adherent bacteria surrounded by extracellular polysaccharide
matrix. Biofilm bacteria are highly resistant to sanitizers and are thus difficult to
eradicate, posing a big challenge to food processing industries and food service
departments.
The ability for a number of L. monocytogenes serotypes to form biofilms under
different environmental conditions, such as temperatures, pH and liquid media (BHI,
LB, HTM, 1:10 dilution of BHI), were tested. Different serotypes or strains require
different conditions to form higher biofilms, although for most of the strains, biofilm
formation is optimal in Hsiang-Ning Tsai (HTM) medium at 37°C. It was demonstrated
that at a pH of 9 or 7.4, every strain (10403S, ∆flaA, MAC, LO28, ATCC19115, ScottA)
formed more abundant biofilms compared to thst under a pH of 3 or 5.
An analysis of the relationship between stress response and biofilm formation was
revealed by testing several strains (∆sigB, ∆lmo0423, ∆htrA, ∆codY) with in-frame
deletions in genes encoding proteins involved in stress response. It was found the
biofilm formation of these mutants were the same as that of the L. monocytogenes wild
type strain 10403S.
The relation between the PrfA regulator and biofilm formation was examined by
ii

testing three different prfA mutant strains: ∆prfA, the in-frame deletion strain; NF-L924
and NF-L943, the hyper-PrfA activate strains.
The results obtained in our study provide a deeper understanding of how
environmental factors affect biofilm formation by L. monocytogenes, and also shed
light on possible strategies that could be applied to control product contamination by L.
monocytogenes in food industries.
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CHAPER ONE
1Introduction

I.

Background

Listeria monocytogenes is a Gram-positive, low G+C bacterium, ubiquitously distributed
in the environment, such as food products, soil, water, etc (1). It is the etiologic agent of
listeriosis, a food-borne disease affecting humans and a variety of vertebrates, especially in
immune-compromised people, elderly people, pregnant women and newborns (2). The
outbreaks of listeriosis are usually associated with consuming food contaminated with L.
monocytogenes.
It has been shown that L. monocytogenes can attach quickly to the surfaces of stainless
steel and buna-n rubber (3), two types of material commonly used in food processing
equipment, and subsequently forms biofilms. A biofilm is multi-cellular layer of adherent
bacterial communities

surrounded by an

extracellular polysaccharide matrix. L.

monocytogenes biofilms are extremely resistant to sanitizers, or other severe environmental
conditions, such as high or low temperatures, extreme acid. Therefore, they are very difficult to
eradicate, posing a big challenge to the food processing industry and the food service
department (18).
Gaining better understanding of how the environmental conditions such as temperatures
and pH affect L. monocytogenes biofilm formation would likely provide information on
effective measures to avoid biofilm formation and thus advance food safety. For instance, if
under some conditions it is found that bacteria do not form high biofilms, these conditions can
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be used by food industries to counter potential contamination with bacterial pathogens.
Additionally, the roles of genes, such as flaA, motB, prfA, related to L. monocytogenes
biofilm formation have not been well studied (26, 27, 28, 29, and 30). Besides these genes, it is
questioned whether there are stress response genes that are involved in biofilm formation. Thus,
some strains with in-frame deletions in genes involved in stress responses were selected, such
as ∆sigB, ∆lmo0423, ∆htrA, ∆codY and were tested for biofilm formation. By understanding
the relationship between stress response and biofilm formation in L. monocytogenes, we hoped
to better understand pathways that could enhance the control of biofilm formation in food
industries.
Last but not the least, predictions about the relationship between biofilm formation and
virulence expression have been demonstrated (29, 30), but the mechanisms are mainly
unknown. Glucose has been reported to inhibit the virulence gene regulon prfA (57), while the
presence of glucose-1-phosphate could activate it (55). These two substances are considered to
use in future work to activate or inhibit the virulence gene expression of the prfA regulon in
order to test whether the biofilm formation of different strains could be affected.

II.

L. monocytogenes and listeriosis

L. monocytogenes had been isolated in humans as early as 1920s (4, 5), but it wasn’t until
1940 that it was officially named L. monocytogenes. In 1979, it was recognized as an emerging
food-borne pathogen, and since then, many outbreaks from world-wide locations have been
reported. According to the Centers for Disease Control and Prevention (CDC), the infection
rate of human listeriosis is estimated to be around 7 per million, resulting in 2500 cases and 500
2

deaths per year in the United States(6).
Listeria is closely related to other bacteria, such as Bacillus, Clostridium, Enterococcus,
and Streptococcus (2). Listeria is a ubiquitous bacterium that thrives in diverse environments
such as soil, water, food products, effluents, plants and animals. In addition to Listeria
monocytogenes, there are five other species in the genus Listeria; L. seeligeri, L. ivanovii, L.
innocua, L. grayi and L. welshimeri (2). Among these six species, L. monocytogenes and L.
ivanovii are pathogenic to humans.
L. monocytogenes has 13 different serotypes, 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 4ab,
4d, 4e and 7 (10). Among the different serotypes, 1/2 strains such as 1/2a, 1/2b and 1/2c are
mainly isolated from food isolates, while 4b strains are isolated from people who are infected
with L. monocytogenes (7-9). This suggests that serotype 4b strains are more adaptive to
mammalian hosts than 1/2 strains (2). There is not much information about the sources of
serotypes 3a, 3b and 3c: a previous study indicated that serotypes 3a, 3b and 3c are rarely found
in food (87); another study reported that serotype 3a has been isolated in dairy butter during an
outbreak of disease in Finland (88).
Subtyping methods have been developed which can better discriminate strains in order to
study their differences, such as virulence and stress resistance. A variety of L. monocytogenes
subtyping methods that have been designed to differentiate within the species are based on
genetic or antigenic differences. Genetic methods includes: DNA fingerprinting, using either
specific (83) or random PCR primers to subtype; ribotyping (84), a sensitive way to subtype
which is based on rRNA gene restriction fragment polymorphisms; and DNA pulse-field gel
electrophoresis. Another method is by agglutination and differentiates L. monocytogenes
3

serotypes based on somatic (O) and flagellar (H) antigens reactions with a series of antisera.
For example, the strain name of the well-known food pathogen E. coli O157: H7 is based on
somatic (O) and flagellar (H) antigens reactions. Unfortunately, this method is quite costly
since high priced commercial antisera must be used for the serotyping. A more automated assay,
enzyme-linked immunosorbent assay, uses less antisera and thus somewhat avoids the high
cost of serotyping. This method can also determine if mixed serotypes are present, thus
providing a great advantage.
Outbreaks

of listeriosis

associated

with

food

contaminations mainly affect

immunocompromised people, pregnant women and newborns. During fetomaternal and
neonatal listeriosis, L. monocytogenes has been known to invade the fetus via the placenta and
develops as chorioamnionitis, which results in abortion, premature delivery, or stillbirth or
even death to the newborn child (1). In adults, listeriosis manifests as gastroenteritis,
meningitis, encephalitis and septicemia, and this has 20–30% or higher death rate (1, 11-12).
HIV infection is also a significant predisposing factor for infection with listeriosis (2). L.
monocytogenes can enter and colonize in host tissue, by crossing the intestinal barrier,
multiplying in the liver, colonizing the gravid uterus and the fetus, and invading of the brain
(2).

III.

Survival of L. monocytogenes

L. monocytogenes survives under extreme conditions. It has the ability to grow in a wide
range of temperatures, from -1.5°C to 45°C and to survive at much lower temperatures such as
-18°C to -20°C (89). The fact that L. monocytogenes can survive and grow at refrigerator
4

temperatures leads to difficulties in the control of this food-borne pathogen. Besides the
extreme temperatures, L. monocytogenes can also survive in low-pH environments by a
number of stress adaptation mechanisms (14). For example, the organism can survive at a pH
of 5.5 by inducing an acid tolerance response (15); the general transcription factor SigB plays a
role in the acid resistant (16). In addition, L. monocytogenes can also tolerate high
concentrations of salt (2).
L. monocytogenes has the ability to form biofilms. Microorganisms exist in the
environment in two ways, either as planktonic cells or as communities in biofilms. When
formed in a biofilm, they are attached to the surface, enclosed as a matrix, and surrounded by
extra polysaccharides (EPS) (18). There are five stages in the formation of biofilm. Firstly, the
cells initiate the attachment to the surface, which is followed by production of EPS resulting in
more firmly adhered “irreversible” attachment. Subsequently, the biofilm architecture is
developed and the cells replicate inside this architecture. At the last step, the single cells from
the biofilm are dispersed from the architecture, and are available to attach to another surface to
re-initiate the biofilm formation again (17).

Figure 1.1 Five steps of biofilm formation (17)
5

CHAPER TWO
2Material and Methods

I.

Bacterial strains and cultural conditions

Bacterial strains were streaked out freshly on BHI agar plates, and overnight inoculants
were inoculated into BHI liquid medium. Biofilms were grown in HTM, LB or BHI liquid
media without additional components, or with 0.5M NaCl, and in the presence of different pH
or temperatures. Bacterial stains used in this study are listed in Table 2.1. Components of HTM
are listed in Table 2.2
Table 2.1 L. monocytogenes strains used in this study.
Bacterial Strains Sero
type
CL-1 10403S
1/2a
CL-64 ∆flaA
1/2a
CL-57 ∆prfA
1/2a
CL-22 NF-L924

1/2a

CL-23 NF-L943

1/2a

CL-24 ∆lmo0423

1/2a

CL-66 motB-

1/2a

CL-34 ∆htrA
CL-81 ∆sigB
CL-76 ∆codY
CL2 MAC
CL3 LO28
CL74 ScottA
ATCC 19115

1/2a
1/2a
1/2a
1/2a
1/2c
4b
4b

Relevant characteristics

Source or
reference
Wild type
Martin SE (58)
flaA in-frame deletion in 10403S background
Wilson CB (61)
prfA in-frame deletion in 10403S background
Vázquez-Bolan
d JA (55)
E77K point mutation in PrfA, actA-gus Freitag N(59)
transcriptional fusion
G155S point mutation in PrfA, actA-gus Freitag N(59)
transcriptional fusion
lmo0423 in frame deletion in 10403S Lab stock
background
D23A point mutation in MotB in 10403S Cossart P (60)
background
htrA in frame deletion in 10403S background
Bayles DO (91)
sigB in frame deletion in 10403S background
Boor KJ (62)
codY in frame deletion in 10403S background
Lab stock
Also called SLCC 5764
Martin SE (92)
None
Lab stock
None
Lab stock
None
ATCC
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Table 2.2 HTM medium composition (per 1L)
Compound
MOPS pH 7.4
KH2PO4
Na2HPO4
MgSO4
Glucose
Thiamine
Riboflavin
Biotin
Lipoic Acid
Cysteine
Methionine

II.

Concentration in:
100mM
4.82mM
11.55mM
1.7mM
55mM
2.96uM
1.33uM
2.05uM
24pM
0.1mg ml-1
0.1mg ml-1

∆codY construction

The codY deletion mutant was generated previously by Dr. Min Cao. A set of primers
(Table 2.3) were used to amplify upstream and downstream fragment of codY through PCR.
Genomic DNA of L. monocytogenes 10403S was used as the template with High Fidelity Taq
Polymerase kit (Roche, Switzerland) in a final volume of 50μl. Upstream and downstream
fragments of codY, used as template for the Gene Splicing by Overlap Extension, were
connected and amplified through PCR (93). The products were applied to 0.8% agarose gel to
perform electrophoresis. After purification with QiaEXII (QIAGEN, Germany), this fragment
and pMAD(80) plasmid were enzyme digested by EcoRI and BamHI and then ligated.
pMAD-codY plasmid was transformed into 10403S competent cells at 1.8KV, 400Ω and
25µFad. Transformants were selected at 30°C on BHI plates containing erythromycin (5µg/ml)
and X-Gal (50µg/ml). The blue colonies were re-isolated and incubated in BHI liquid medium
at 40°C. Serial dilutions were plated on BHI agar plates supplemented with erythromycin
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(5µg/ml) and X-Gal (50 g/ml) and incubated at 40°C for 48h. The blue colonies were selected
and cultured at 30°C for 6 h, 39°C for 3 h and dilutions were plated on BHI plates
supplemented with X-Gal (50 g/ml). The white colonies were selected as template and PCR
was performed to amplify the gene fragment using primers codY-up-f and codY-dw-r to test the
successful deletion of codY.
Table 2.3 Primers used to amplify upstream and downstream of codY
Name
codY-up-f
codY-up-r
codY-dw-f
codY-dw-r

Oligonucleotide
5'-TTG GAT CCA GAG CTT CAA GGC CGT TT-3'
5'-CAT TCC TAG AGA GCG AGA ATC CGC CAT TTC TTT GAA GTT TAC-3'
5'-GTA AAC TTC AAA GAA ATG GCG GAT TCT CGC TCT CTA GGA ATG-3'
5'-TTG AAT TCT CCT GTA ATG GCT ACT TC-3

III.

Crystal Violet Assay

L. monocytogenes strains were streaked out from stocks, and fresh colonies were
inoculated overnight in 3ml BHI medium at 37°C with shaking. Optical densities (OD) of
inoculants at 600nm were adjusted to 0.03 in HTM or other media used for testing biofilm
formation. One milliliter of diluted bacterial cultures was added into BD Falcon 5ml
polystyrene round-bottom tubes for biofilm assay. Biofilm cultures were incubated statically at
25°C, 30°C, or 37°C for 24h, 48h and 72h.
To obtain the quantitative results of the biofilm formation, the supernatant of bacterial
cultures were discarded from each tube and the tube was washed three times with 5ml of
double-distilled water (ddH2O). One thousand and fifty micro-litters of 1% crystal violet were
added to each tube to stain the cells for 1h. The tubes were washed with 5ml ddH2O three times
to remove crystal violet that had not stained the biofilm. Finally, 1ml of a mixture of 80%
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ethanol and 20% acetone was added to each tube for 1h to solubilize the crystal violet that had
stained the biofilm into the solution. The quantity of biofilm formation was indicated by optical
density of the purple solutions at 600nm by spectrophotometer (Bio Rad- SmartSpec Plus).
To compensate growth defects of the ∆htrA and ∆sigB mutants under stresses,
modifications of the crystal violet assay were required to analyze the biofilm formation of these
mutants under different stresses. Strains were streaked out on BHI agar from -80°C stocks.
Fresh colonies were inoculated into 200ml of BHI medium and incubated overnight at 37°C
with shaking. Following measuring cell density of each culture, different amounts of bacterial
cultures were harvested for each strain for letting them had the same numbers of cells. Cell
pellets were acquired by centrifugation, washed with HTM medium once, resuspended in same
volume of HTM medium to reach the OD600 of 2.0. Biofilm assays were performed and the
OD600 readings indicating the biofilm formations were obtained as described above at 6h, 12h
and 24h at 37°C.

IV.

Western Blot Analysis of ActA expression

L. monocytogenes strains 10403S, ΔprfA, NF-L924 and NF-L943 were streaked onto BHI
agar plates and incubated overnight at 37°C. In each test group, single colonies of each strain
were inoculated in 2ml BHI incubated overnight at 37°C, diluted in 50ml HTM medium to
reach the OD 0.03, and then incubated at 37°C for 24 hours. In each control group, single
colonies of each strain were inoculated in 2ml BHI with 0.1% activated charcoal (to activate
prfA regulon) and incubated overnight at 37°C. The cell density of each culture was measured
when harvesting different volume of each culture for letting them have same cell count.
9

Eight cultures were centrifuged and cell pellets were resuspended in the 100μl sample
buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM
EDTA). The whole proteins were collected by heating the samples for 5 minutes in boiling
water bath. Whole protein concentration of each sample was tested by performing CB-XTM
Protein Assay (GBiosciences). Standard protein samples were tested to acquire the standard
line of OD595 vs. Protein concentrations and concentration of each protein samples was
calculated accordingly.
Each protein samples, 5xSDS loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10%
glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA ,0.02 % bromophenol blue) and ddH2O were
mixed to reach the final volume of 40μl containing the same amount of protein. Each mixture
was heated for 5 minutes in boiling water bath and homogenized by syringe with a fine needle.
These samples were centrifuged at max speed for 5 minutes at RT and supernatants were
collected to load onto the 8% SDS-page gel. 80V was used to run the samples through the
stacking gel and changed to 120V once the samples reached the separation gel. Proteins were
transferred onto the PROTRAN BA 85 Nitrocellulose (Whatman D 116774) by the
TRANS-BLOT SD Semi-dry Transfer Cell (BIO-RAD) and the membrane was later blocked
in a 5% non-fat milk-TBST (10mM Tris-HCl, 0.15 M NaCl, 0.05% Tween 20, pH8.0) solution
overnight. The primary rabbit antibody anti-actA (a gift from Dr. Helene Marquis, Cornell
University) was diluted 1/40000 in 5% non-fat milk-TBST solution and the membrane was
incubated in the solution for 2h with shaking. Four washes were performed for 5 minutes each,
followed by the addition of the goat-anti-rabbit antibody, and incubated for another 2h with
shaking. The membrane was then washed four times for 5 minutes per wash using the TBST
10

solution, and reactive antigens were detected using the Pierce ECL Western Blotting kit. (CAT#
HK107330)

V.

Glucuronidase (GUS) activity assay

GUS activity assays were performed on L. monocytogenes strains 10403S, ∆prfA,
NF-L924 and NF-L943. Strains were streaked freshly onto BHI plates, and incubated
overnight at 37°C. Individual colonies were inoculated into 2ml BHI broth and incubated
overnight at 37°C. Each inoculant was diluted in HTM medium to reach OD600 0.03 and was
then incubated for an additional 24h at 37°C. The cell density of each culture was measured
when harvested and the volume of each culture was collected for letting each culture has the
same cell numbers. The pellet for each strain was attained by centrifugation and was
resuspended in 1ml Z buffer (16g Na2HPO4-7H2O, 5.5g NaH2PO4-H2O, 0.75g KCl, 246mg
MgSO4-7H2O, 2.7ml 2-Mercaptoethonal/L) and lysozyme. After incubation at 37°C for 1h,
10μl of 20mg/ml D-glucoronide was added to test if the color is changed or not.
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CHAPER THREE
3Environmental conditions and L. monocytogenes biofilm formation

I.

Background

Biofilm bacteria are extremely resistant to severe environmental conditions, such as high
or low temperatures (21), therefore they are very difficult to eradicate. This poses a big
challenge to the food processing industry and the food service department. Wiedmann et al.
separated L. monocytogenes into three individual lineages based on ribotype patterns and
virulence gene alleles (64). Lineage I contains serotype 1/2b, 3b, 3c, and 4b; lineage II contains
serotype 1/2a, 1/2c and 3a; and lineage III contains serotype 4a and 4c (10). Isolates of L.
monocytogenes from food are usually serotype 1/2, while serotype 4b strains are mainly
isolated from people infected with L. monocytogenes (63). The fact that the strains that
contaminate food are not the same serotype as strains that are isolated from infected people is
of great concern. The aim of this work is to develop a better understanding of the differences in
biofilm formation in the different serotypes. According to our lab stock availability, we have
included strains belonging to the following serotypes: 1/2a, 4b, and 1/2c. L. monocytogenes
10403S and MAC strains belong to serotype 1/2a. L. monocytogenes ScottA and ATCC19115
belong to serotype 4b. ScottA was isolated from a patient during an outbreak of listeriosis in
Massachusetts in 1983 (20). L. monocytogenes LO28 strain belongs to serotype 1/2c, and was
recovered from the feces of a pregnant woman (22). Although several studies have been carried
out to study the biofilm formation among different serotypes, some conflicting results have
been obtained. McLandsborough et al. have shown bioﬁlm production of lineage I strains were
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significantly greater than those observed for lineage II and lineage III strains in Modified
Welshimer's Broth (MWB) medium (65). In contrast, Call et al.’s results demonstrate that
increased biofilm formation is observed in lineage II strains (serotypes 1/2a and 1/2c) using
MWB medium (66). Similar results were also shown from Pan et al. that serotype 1/2a strains
(lineage II) generally formed more abundant bioﬁlms than serotype 4b strains (lineage I) in
tryptic soy broth supplemented with 0.6% yeast extract (TSBYE) under a variety of conditions
such as including NaCl, glucose or ethanol (25). However, the 4b strains had higher maximum
planktonic growth as compared to the 1/2a strains (25).
It has been reported that L. monocytogenes can grow in temperature as low as -1.5°C and
as high as 50°C (21, 89). A better understanding of how the environmental conditions such as
temperature affects biofilm formation in L. monocytogenes will provide information on how to
advance food safety. Moreover, since strains may have different temperatures preferences to
form biofilms, we can investigate the biofilm formation under different environmental
conditions and information gained on conditions that may inhibit biofilm formation could be
used to control the production of biofilms in food industries.
The reason bacteria have increased flagellum production during growth at low
temperatures remains unclear. Korkeala et al. reported that the expression levels of two L.
monocytogenes flagella motility genes, flhA and motA, are higher at lower temperatures, and
flagella motility was proposed for optimal cold stress response in the EGD-e strain (24). Low
temperatures may also enhance bacteria attachment due to increased flagellum production.
Meanwhile, L. monocytogenes virulence genes have been found to be expressed at higher
temperatures such as 37°C (48). However, food industries use lower temperatures than 30°C or
13

37°C during the food processing, so we included the lower temperature of 25°C in this study. A
previous study using TSBYE media to grow 36 different isolated L. monocytogenes strains
reported that incubation at 37°C resulted in the formation of more biofilm as compared to 30°C
and 22.5°C (25). Hebraud et al. found that after 5 days at 37°C, 20°C or 8°C in MCDB 202
medium, the bioﬁlm structure of L. monocytogenes LO28 was composed of aggregates with a
3-dimensional shape at the two higher temperatures while only a single layer at 8°C (67).
There are several reasons why we included different kinds of media to test the biofilm
formation. First, we wanted to test different biofilm formation in BHI, LB and HTM. Second, a
study reported by Hill et al. demonstrated that growth of L. monocytogenes EGD-e in 1:10
dilution of BHI resulted in the formation of hyper biofilms; therefore we also included this
medium (23). Previous reports indicated that biofilm formation of avian pathogenic
Escherichia coli (APEC) is induced by nutrient deplete conditions, while APEC can form good
biofilms in both rich and depleted media (68). Svabić-Vlahović et al. has reported that when
using different media to grow L. monocytogenes biofilms, the most biofilms were produced in
rich media BHI, followed by TSB, then meat broth, and the worst biofilm in 1:20 dilution of
TSB (69).
L. monocytogenes can survive in extreme pHs, from 4.3 to 9 (21), and Byrne et al.
reported that the organism can survive at a pH of 3 for 90 minutes (81). During food production,
the pH of the food can be adjusted to a pH known to inhibit the formation of bacterial biofilms.
In order to test how different pHs might affect biofilm formation of different L. monocytogenes
serotypes, we tested L. monocytogenes 10403S, MAC, LO28, ScottA, ATCC 19115 using
HTM medium under pH=3, pH=5, pH=7.4, and pH=9. We selected the pH to test its effect on
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biofilm formation according to the survival range of L. monocytogenes, which has been
reported to be between a pH of 4.3 to a pH of 9 (21). Also, Borges et al. reported that when L.
monocytogenes formed biofilms in simulated vaginal fluid at different pH values (4.2, 5.5 and
6.5), the biofilm formation was inhibited by the normal vaginal pH (3.8 to 4.5) (70). Because
our preliminary results showed that most of the L. monocytogenes strains in our hands formed
more biofilm when incubated at 37°C in HTM medium, we used these conditions to test the pH
effects.
flaA encodes the flagellin protein of L. monocytogenes, which is the main structural
protein in flagella. Flagella are tail like structures protruding from the cell body that are used by
the bacteria to move around. L.monocytogenes is highly flagellated and motile at 30°C and
below, but is not motile at 37°C or above. This is due to MogR, an inhibitor of flagella
formation. At 37°C or above, MogR represses the expression of flagella genes, while at 30°C
or under, MogR is inhibited by its anti-repressor GmaR, and thus flagella are produced (26).
motAB encodes part of the flagella motor, thus motAB deletion strain contains intact but
non-functional flagella. Young et al. has reported that biofilm development involves
flagellum-based motility since under static condition at 30°C using MWB media, flagella
motility mutants, such as ∆cheA, ∆ﬂiF, ∆ﬂiI, ∆motA showed defects in biofilm production (27).
Meanwhile, non-motile flagella mutants decrease initial bacterial surface attachment but
subsequently lead to the formation of hyper-biofilms, in flow cells containing MWB, LB or
BHI (27). According to Lemon et al., using HTM with 3% glucose at 30°C, both
flagellum-minus and paralyzed-flagellum mutants showed defects in biofilm formation as
compared to wild type. Since supplying surface-directed motility restored wild-type levels of
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attachment to non-motile mutants, it has been suggested ﬂagellum-mediated motility is critical
for both initial surface attachment and subsequent bioﬁlm formation (28).

II.
A.

Results

Biofilm formation under different media,

temperatures by different L. monocytogenes serotypes

Crystal violet assays have been used to test L. monocytogenes 10403S (1/2a), ∆flaA
(10403S background 1/2a), MAC (1/2a), LO28 (1/2c), ScottA (4b), ATCC 19115 (4b) biofilm
formation under 25°C, 30°C, 37°C using HTM, 10%BHI, BHI, LB media which result is
showed in Figure 3-1 and Table 3-1.
∆flaA and motB- were reported to be defective in biofilm formation according to Gorski et
al. (26) and Lemon et al. (28). According to our result (Figure 3-1), ∆flaA strain showed a
4-fold reduction in biofilm formation as compared to wild type L. monocytogenes 10403S at
24h, 48h and 72h. Strain 10403S was then selected as the positive control and ∆flaA as the
negative control. We also tested motB- and it showed the same low level of biofilm formation
as the ∆flaA strain (data not shown).
In details, L. monocytogenes 10403S (1/2a) forms the biggest amount of biofilm (OD600 >
1.0) when incubated in HTM at 37°C. However, when growing these same strains in 10% BHI
or LB at the same temperature, less biofilm was produced (OD600< 0.5). At other temperatures,
and comparing each medium separately, L. monocytogenes 10403S formed less biofilm at
30°C, and, formed the least amount of biofilm at 25°C. L. monocytogenes MAC (1/2a) formed
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similar amounts of biofilm as compared to 10403S when using HTM at 37°C (OD600>1.0).
However, MAC formed more biofilm as compared with 10403S when grown in BHI medium
at 25°C, 30°C and 37°C (OD600~1.0).
L. monocytogenes LO28 was the only 1/2c serotype strain that we tested. Biofilm
formation was much lower than the positive control 10403S under all conditions tested except
when grown in HTM at 25°C (OD600>0.5).
For the two 4b strains that were included, L. monocytogenes ScottA biofilm formation was
the highest of all the strains that were tested. The OD600 readings were greater than 1.0 in each
condition that was tested. Some extreme readings included: At 37°C, in BHI medium, the
OD600 was approximately 2.0. In LB medium, the OD600 was approximately 1.5. At 30°C, in
LB medium, the OD600 was approximately 3. Using BHI medium, the OD600 was
approximately 2.5. This strain formed the most abundant biofilm at 25°C with a reading of 3.0
in both HTM and LB. Another 4b strain L. monocytogenes ATCC 19115 formed the least
amount of biofilms as compared to 10403S and ScottA. However, when using LB as the
medium, 19115 was able to form better biofilms compared with other media.
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Figure 3.1 Biofilm formation of L. monocytogenes 10403S, ∆flaA, MAC, LO28, ScottA,
19115 under different temperatures (25°C , 30°C , 37°C ) using different media (HTM,
10%BHI, BHI, LB). The results are based on the averages from three individual biofilm
assays.
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Figure 3-1 Continued.
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HTM

10%BHI
24h

48h

BHI
72h
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Table 3.1 48h Biofilm formation (Absorbance OD600) of L. monocytogenes 10403S, ∆flaA,
MAC, LO28, ScottA, 19115 under different temperatures (25°C , 30°C , 37°C ) in
different media (HTM, 10%BHI, BHI, LB).
The results are based on the averages from three individual biofilm assays.
Strains
10403S ∆flaA
MAC
LO28
ScottA
19115
1/2a
1/2a
1/2a
1/2c
4b
4b
Serotype
0.200
0.105
0.172
0.172
HTM
25°C
0.480
3.238
0.185
0.264
0.351
0.155
0.522
30°C
1.509
0.199
0.936
0.186
0.249
37°C
1.109
1.186
0.144
0.137
0.237
0.200
0.163
10%BHI 25°C
1.475
0.165
0.212
0.226
0.139
0.220
30°C
1.202
0.160
0.176
0.290
0.329
0.831
0.204
37°C
0.137
0.642
0.119
0.130
0.109
BHI
25°C
2.113
0.124
0.148
0.942
0.152
0.129
30°C
2.478
0.409
0.369
0.345
0.267
37°C
1.181
2.201
0.106
0.164
0.154
0.284
0.086
LB
25°C
3.037
0.103
0.124
0.425
0.271
0.514
30°C
3.085
0.228
0.184
0.250
0.160
0.260
37°C
1.412
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B.

Identification of pH effect on biofilm formation
of different L. monocytogenes serotypes

Figure 3-2 shows that, OD600 reading of 10403S incubated in HTM at 37°C with pH
adjusted to 7.4 and 9, OD600 can reach 2.0 and 1.5 respectively. However, when the pH is
adjusted to 3 or 5, biofilm formations were greatly reduced to 0.2, probably due to the growth
of bacteria was strongly inhibited. The OD600 of MAC, LO28 and ATCC 19115 at 37°C
incubated in HTM adjusted to pH 3, 5, 7.4, or 9 were lower than that of 10403S even though the
amount of growth was approximately the same as 10403S. All the strains except ScottA
showed the same pattern- at a pH of 9, the strains formed more biofilms at pHs of 7, 5 and 3.
The results with ScottA were slightly different since its biofilm formation was better at pH=7.4
as compared to pH=9.
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Figure 3.2 Biofilm formation of L. monocytogenes 10403S, ∆flaA, MAC, LO28, ScottA,
ATCC19115 under different pH=3, 5, 7.4, 9 using HTM medium at 37°C. The results are
based on the averages from three individual biofilm assays.
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III.

Discussion

Previous studies have shown inconsistent results about the biofilm formation of L.
monocytogenes ∆flaA strain. Both Kolter et al. and Flaherty et al. have shown that without
flagella or flagella motility, biofilm formation was significant reduced (26, 28). However,
Young et al. have shown that although loss of flagella-based motility decreases initial bacterial
surface attachment, but can subsequently result in the formation of hyper-biofilms (27). Based
on these results, we wanted to test what would occur under our lab conditions. It has been
shown in our system that ∆flaA strain shows significantly lower biofilm formation as compared
to the wild type strain 10403S in HTM, BHI, LB and 10% BHI, along with no detectable
hyper-biofilm formation. Interestingly, the biofilm formation is slightly better at 24h using BHI
medium. Our results about the biofilm defect of motB- mutants agree with those in the Kolter et
al. and Flaherty et al. papers, suggesting that the motility of the flagella affects the biofilm
formation in L. monocytogenes (26, 28).
Although different serotypes or strains prefer different temperatures and media when
forming biofilms, we could still conclude that most L. monocytogenes strains formed more
biofilm at 37°C in HTM medium as compared to other temperatures or media. For instance,
L.monocytogenes 10403S (serotype 1/2a), which was the positive control in our experiments,
showed significantly higher biofilm formation under 37°C as compared to 30°C and 25°C.
Interestingly, this strain formed more biofilm when incubated in the minimal medium HTM as
compared to the rich media BHI, LB or even 1:10 diluted BHI. Compared to previous results
reported by Riedel et al. that biofilm formation was significantly increased when the EGD-e
strain was grown in 1:10 diluted BHI, we did not observe an increase in biofilm production in
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1:10 diluted BHI (23). Despite this, our experiment does show some consistency with Pan et al.
These authors reported that 36 L.monocytogenes isolates form more abundant biofilm at 37°C
than at either 30°C or 22.5°C in TSB medium (25). However, their conclusion that serotype
1/2a had higher biofilm formation than the 4b strain in most conditions tested was due to better
EPS formation but not higher cell density is different from the results we obtained (25). One of
our 4b strains, ScottA, formed a larger amount of biofilm than 1/2a strain 10403S or MAC, but
the other 4b strain, ATCC 19115, formed a much smaller amount of biofilm than 1/2a strain
10403S or MAC. ScottA showed the same level of growth as compared to other strains.
The temperature’s effect on the L. monocytogenes MAC strain is the same as the effect on
other strains in that they formed more biofilm when incubated at 37°C in HTM medium.
However, when using BHI to grow the MAC biofilm, the data shows significantly higher
biofilm formation as compared to other strains, such as 10403S and LO28, excluding ScottA.
LO28 and ATCC 19115 strain show far lower biofilm formation as compared to the positive
control 10403S in HTM medium, while ScottA showed the best biofilm formation in all the
mediums tested. ScottA exhibited higher virulence while LO28 exhibited slightly attenuated
virulence (20).
We studied biofilm formation in strains 10403S, MAC, LO28, ScottA and ATCC19115 in
HTM medium at pHs of 3, 5, 7.4, and 9 at 24h, 48h and 72h. Since pH cannot be adjusted to 11
without the MgSO4 in the HTM crystallizing, we were not able to test at a pH higher than 9.
All the strains that were tested form larger amounts of biofilm at pH of 9 as compared to pH
7.4, which is the normal pH of HTM medium. In an acidic environment, such as a pH of 3 and
a pH of 5, all the strains produced less biofilm than at higher pH levels. And at a pH of 5, the
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strains formed more biofilm as compared to a pH of 3 environment. This is consistent with
previous reported results (70). These results are probably due to the bacteria’s inability to
grow well at the low pH of 3 or 5. Our conclusion is L. monocytogenes prefers to grow and
form biofilms in a basic environment.
The LB we used was the Difco LB made by Miller LLC, which had a sodium chloride
concentration of 1g/L (17.09mM) in the final liquid media. The BHI we used was the Bacto
Brain Heart Infusion, which had sodium chloride concentration of 0.5g/L (8.55mM) in final
liquid media. In HTM media, the salts used in the media were: MOPS (100mM), KH2PO4
(4.82mM), Na2HPO4 (11.55mM), and MgSO4 (1.7mM). Pan et al. reported that enhanced
biofilm formation in isolated 1/2a and 4b strains could be observed at certain increased levels
of NaCl (0.5% to2.0%, wt/vol) using TSBYE (25).
In conclusion, different serotypes had their different preferred environmental conditions
to form biofilms. Some strains (10403S, MAC) preferred higher temperatures to form more
abundant biofilms, while some (LO28) preferred lower temperatures to form more biofilms.
Most strains preferred minimal medium HTM to form biofilms (10403S, LO28). One 4b
strain ScottA formed hyper-biofilms, while the other 4b strain ATCC 19115 formed much
lower biofilm.
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CHAPER FOUR
4Stress response and L. monocytogenes biofilm formation

I.

Background

L. monocytogenes responds rapidly as a result of different environmental stresses since
they have several mechanisms that contribute to its survival in the presence of these stresses.
With the consumption of contaminated food, L. monocytogenes can survive in the gastric
passage, intestinal tract, and invade through epithelial cells (71). During the cellular infection
stages, the organism invades into the host cell, escapes from the vacuole, replicates in the
cytosol and spreads into the neighbor cells (2). L. monocytogenes can reproduce to high
numbers in different natural environments and can grow and form biofilm in a wide range of
environmental conditions (72). Biofilm formation is a strategy to overcome stresses such as
antibiotic presence or nutrient limitations. We propose there might be a relationship between
biofilm formation and responding to or coping with stress responses.
In L. monocytogenes, there are several genes that arouse our great interests to study their
relation to biofilm formations, such as sigB, lmo0423, codY, htrA.

A. Sigma factors—SigB and Lmo0423

Sigma factors, which are dissociable subunits of RNA polymerase, control the production
of optimal proteins required under specific conditions. SigB factor regulate the stress responses
of several Gram-positive bacteria, such as B. subtilis, B. cereus, L. monocytogenes and S.
aureus (31). Upon the stresses, SigB can be activated and turn on a series of stress responses to
transcribe SigB downstream genes (31). SigB factor is involved in coping with several stress
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responses including heat, acidic pH, high osmolarity, high ethanol concentration, antibiotic
resistance and pathogenesis (31, 90). Schwab et al found that ∆sigB and wild type 10403S
strains were capable of rapid attachment since attached ∆sigB and wild type cells on stainless
steel were similar at 5min or at 24h at 24°C. However, the level of attached ∆sigB cells was
significantly lower than wild-type 10403S strain after 48 and 72 h incubation at 24°C (32). Van
der veen et al. found that SigB is required to obtain wild-type levels of both static and
continuous-ﬂow bioﬁlms by L. monocytogenes EGD-e in BHI media (33).
B. subtilis encodes seven extracytoplasmic function (ECF) sigma factors, in which sigma
M, sigma W and sigma X mediate the responses to cell envelope-active antibiotics (45). Luo et
al. found when all seven ECF sigma factor genes were deleted, over 80 genes were affected
which including eps operons. eps operons encodes the enzyme for EPS, so that the biofilm was
also negatively affected in this seven gene deletion mutant (46). L.monocytogenes that belongs
to lineage II all carry a specific genome segment encoding the SigC, which is encoded by
lmo0423 (47). Since the sigma factors in B. subtilis affect the biofilm formation, we wanted to
know if it also affects biofilm formation in L.monocytogenes.

B.

CodY

Homologs of CodY can be found encoded of nearly all low-G+C Gram-positive bacteria.
CodY is a GTP and branched-chain amino acid (BCAA) sensing protein, which has been best
studied in B. subtilis. CodY controls many genes that can be induced when B.subtilis transits
from the exponential growth to stationary phase or sporulation. During stationary phase, the
GTP and BCAAs levels are decreased resulting in the loss of repressing activity in CodY and
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the transcription of its target genes (34). Hsueh et al. found that the disruption in codY gene
caused the fourfold biofilm defect in B. subtilis (35). In Staphylococcus aureus, CodY
represses the synthesis of a number of virulence factors which negatively regulates virulence
gene expressions (35). In L. monocytogenes, CodY controls genes related to amino acid
biosynthesis, carbohydrate metabolism, and motility. CodY is itself depressed by the stringent
response activator (36). However, no published results have shown its relation to biofilm
formation in L. monocytogenes.

C.

HtrA

HtrA, a heat-shock protein, was first studied in E.coli, and expression of HtrA is very
important for bacteria growing at high temperatures (39). Moreover, htrA is also essential for
the pathogenecity of several pathogenic bacteria, such as Streptococcus pneumonia (42),
Salmonella enterica (40), Streptococcus pyogenes(41), and others (43). Bayles et al. reported
that L. monocytogenes 10403S background htrA deletion strain is more sensitive at high
temperatures such as 44°C and does not survive well during heat shock (37). Additionally, htrA
is also involved in the stress response and is necessary for the survival of L. monocytogenes
10403S in the presence of high temperatures, high NaCl concentrations, and oxidative damage
(44).
There are some evidences suggesting the role for HtrA in biofilm formation: Wilson et al.
reported that L. monocytogenes HtrA is essential for growth in biofilms at high temperature
such as 40°C and is also essential for bacterial virulence (38). Burne et al. reported disruption
of htrA in S. mutans resulted in delayed growth at 37°C, reduced thermal tolerance at 42°C, and
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altered biofilm formation on polystyrene surfaces in the semi-defined BM medium,
supplemented with 20 mM glucose or sucrose (73). Surface proteins are related to biofilm
formation and HtrA has shown to be necessary for the surface expression and protein secretions
for S.aureus, L. lactis and S. mutans (74, 75, and 76). Biswas et al. reported that inactivation of
S. mutans htrA resulted in biofilms defect with a much more granular patchy appearance, rather
than the smooth confluent layer that usually seen with wild-type cells (77).

II.

Results

In order to test biofilm formation in the different L. monocytogenes stress response
mutants, the crystal violet assays were used to test biofilm formations of L. monocytogenes
∆lmo0423 ∆htrA, ∆sigB, ∆codY incubated in HTM medium at 37°C. Figure 4-1 shows that
L.monocytogenes strains ∆lmo0423, ∆htrA, ∆sigB and ∆codY formed similar biofilm as
compared to the positive control 10403S, with OD600 readings of approximately 2.0.
Although the biofilm formations in L. monocytogenes stress response mutants were
similar to the wild type strain 10403S under normal conditions, we wanted to see if these
mutants would show a different biofilm formation under stress. We tested L. monocytogenes
∆htrA under heat shock stress, and ∆sigB under acidic pH and 0.5M NaCl stresses. Under
acidic stress (pH 3 or 5) biofilm formation of ∆sigB strain was similar to that of wild-type
10403S. However, ∆sigB strain formed less biofilm (40% decrease) under high osmolarity
stress (0.5M NaCl) as compared to wild-type 10403S. Under heat shock stress at 40°C, L.
monocytogenes ∆htrA was showing a nearly 2 fold defect in biofilm production at 24h. To
compensate for slow growth of these strains, the biofilm assay was carried out slightly
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differently from other biofilm assays as described in the Materials and Methods section. The
starting OD600 for biofilm formation is 2.0.
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Figure 4.1 Biofilm formation of L. monocytogenes different mutants (∆lmo0423, ∆htrA,
∆sigB, ∆codY) using HTM medium. The results are based on the averages from three
individual biofilm assays.
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∆htrA) using HTM medium under different stresses. The results are based on the
averages from three individual biofilm assays.
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III.

Discussion

Among the different L.monocytogenes mutants, namely ∆sigB, ∆lmo0423, ∆htrA, and
∆codY, the biofilm formations were found to be similar to the wild type 10403S strains under
non-stress conditions. Although Van der veen et al reported that SigB is required to obtain L.
monocytogenes EGD-e wild-type levels of both static and continuous-ﬂow bioﬁlms with BHI
media (33), different result was observed with HTM media. No significant defects in biofilm
formation of L. monocytogenes mutant ∆htrA has been observed using HTM media, although
defects have been seen in other species, such as S. mutans (73, 77). The same media and
temperatures in Wilson’s experiment were not applied to the experiments, thus the non-defect
biofilm formation was probably due to 37°C being not high enough to cause stresses (38).
In this way, we also included the stresses to test the deletion mutant biofilm formation. We
found. Biofilm formations of ∆sigB were the same compared to 10403S under acidic stress (pH
3 or 5) but showed less abundant biofilm under high osmolarity stress (0.5M NaCl). Biofilm
formations of ∆htrA were affected compared to 10403S under heat shock stress at 40°C, which
provided evidence under our lab conditions that htrA is related to heat shock stress response.

33

CHAPER FIVE
5Defining L. monocytogenes global virulence regulator
PrfA and its role in biofilm formation

I.

Background

PrfA has been studied extensively for its role in regulating virulence genes expression in L.
monocytogenes. Expression of prfA is regulated at both the transcriptional and the
post-transcriptional and post-translational level (49). PrfA regulation is temperature dependent.
When temperature is low (i.e. less than 30°C), there is a secondary structure located on the
ribosome binding site that prevents the translation of the prfA transcript. However, high
temperatures, such as 37°C, melt the secondary structure so that translation can start efficiently,
with significantly increases in PrfA level. When PrfA is being produced, it becomes linked to a
proposed cofactor, which will then help locate PrfA to its binding site. This binding site is a
14-bp “box’’ with the consensus sequence TTAACANNTGTTAA (78, 79), and the synthesis of
more PrfA will happen efficiently via a positive auto-regulatory loop (48).
Previous results have shown that PrfA also has specific role in regulating biofilm
formation of L.monocytogenes. Zhou et al. has found that under the background EGD or EGDe
strains, the prfA deletion strains showed 20% decreased biofilm formation in BHI medium.
However, biofilm production can be complemented by introduction of the pERL3-prfA*
plasmid, which gives EGDe∆prfA a constitutively active PrfA (29). Other similar results have
been obtained by Lemon et al., who reported L. monocytogenes ∆prfA mutant under 10403S
background produced one third biofilm each day for 4 days at room temperature, 30°C and
36°C. This was compared to wild-type strain 10403S using HTM with 3% glucose plus
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essential amino acids as the medium. (30). Despite intensive research, it is still not clear how
PrfA affects L. monocytogenes biofilm formation. If expression of the PrfA is changed, will
biofilm formation also be changed? Is there any link between bacterial virulence and biofilm
formation?
Cultural conditions can also influence the activity of PrfA. For example, L.
monocytogenes can use a variety of carbohydrates as carbon sources for biofilm, but they
prefer to use glucose and phosphotransferase system (PTS)-sugars such as fructose, mannose,
and cellobiose when being grown in minimal media. Bacteria use PTS sugars to ultimately
convert them to glucose-6-phosphate in pathway. Besides the PTS sugars, L. monocytogenes
can also use some non-PTS sugars (56). When using BHI or LB medium or using the defined
minimal medium with PTS sugar supplemented to grow the L. monocytogenes, low PrfA
activity was observed (50, 51). Alternatively, PrfA activity is much higher with non-PTS
carbon substrate supplements (52-54). Glucose and cellobiose repressed virulence genes in L.
monocytogenes, while Glucose-1-phosphate (G-1-P) utilization by L. monocytogenes is under
the positive control of global regulation by PrfA (55). The strains we included were 10403S,
∆flaA, (which are the positive and negative control), ∆prfA, (which is the non-virulent strain),
NF-L924 and NF-L943 (which are the PrfA hyper activation strains due to the single amino
acid change at different positions in PrfA protein). NF-L924 and NF-L943 mutants have the
E77K and G155S mutations within PrfA which were isolated by Freitag et al. through chemical
mutation (30). G155S mutant has significantly higher ActA (required for cell to cell spread)
expression level than E77K. It is also less sensitive to glucose repression and more virulent in
the mouse model (30). The G155S mutation is located near the DNA-binding helix-turn-helix
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motif within PrfA while E77K is located near the PrfA dimer interface at opposite of the
DNA-binding region (82).

II.

Results

Biofilm formations of L. monocytogenes strains 10403S, ∆flaA, ∆prfA, NF-L924,
NF-L943 were tested using HTM media at 37°C. Compared to the positive control 10403S and
the negative control ∆flaA, ∆prfA, NF-L924 and NF-L943 strains showed no difference when
forming biofilms.
We also tested how different concentrations of glucose affect the biofilm formation of L.
monocytogenes. We used 1% glucose (55mM) and 3% glucose (165mM) HTM to test biofilm
formations in 10403S, ∆flaA, ∆prfA, NF-L924 and NF-L943. Our results show that there was
no significant difference between these two concentrations on each stain that was tested.
In order to reveal if the PrfA is activated during our conditions to grow biofilm, western
blot was also carried out to test the PrfA activation by testing the PrfA regulated ActA level.
When using the same condition as our biofilm assay (HTM 1% glucose condition), both strains
NF-L924 and NF-L943 were showing the 97kDa form ActA while 10403S and ∆prfA did not
show any signals. It showed the same result when using the BHI 0.1% activated charcoal to
grow these strains, which is a condition that already known to activate the PrfA activation.
The GUS assay was carried to test the PrfA activation by testing the protein ActA level
which is produced by its downstream gene actA. L. monocytogenes 10403S, ∆prfA, NF-L924
and NF-L943 were involved in this assay. ∆prfA, NF-L924 and NF-L943 have the actA-gus
fusion, and they produce β-glucuronidase in activate stage which can turn X-gluc blue. In
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Figure 5-4, both NF-L924 and NF-L943 turn X-gluc blue which gave us direct evidence that
PrfA is activated in NF-L924 and NF-L943 strains when the cells are grown in HTM 1%
glucose at 37°C.
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Figure 5.1 Biofilm formation of different L. monocytogenes 10403S, ∆flaA and prfA
strains (∆prfA, NF-L924, NF-L943) using HTM as the medium. The results are based on
the averages from three individual biofilm assays.
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Figure 5.2 Biofilm formations of L. monocytogenes 10403S, ∆flaA and ∆prfA strains
using HTM medium 1% or 3% glucose. The results are based on the averages from three
individual biofilm assays.
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Figure 5.3 Western Blot of ActA in L. monocytogenes 10403S, ∆prfA,
∆prfA NF-L924 and
NF-L943.
L943. From left to right, Strains were growing in HTM medium 24 hour and
BHI+0.1% AC overnight at 37°C.
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Figure 5.4 GUS assay in L. monocytogenes 10403S, ∆prfA, NF-L924 (actA-gus fusion)
and NF-L943 (actA-gus fusion) strains (from left to right). Strains were growing in HTM
medium 24 hour at 37°C.
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III.

Discussion

We did not observe any significant difference in biofilm formation between 10403S and
∆prfA strains. This is different from the results published by Zhou et al. and Lemon et al (29,
30). Our results also show that the PrfA* mutants, NF-L924 and NF-L943, formed the same
level of biofilm compared to wild type 10403S. Furthermore, we also tried growing biofilm
using the same conditions and media as Lemon’s et al. by increasing glucose concentration
from 1% to 3% in HTM (30). However, we did not observe any biofilm formation change
compared to 1% or 3% glucose HTM. ∆prfA did not show any decreased biofilm formation
also. We further provided evidence that the PrfA in NF-L924 and NF-L943 was activated in the
biofilm assay using HTM 1%glucose by Western blot and GUS assay. Although the PrfA was
activated, the biofilm formation was not changed. The non-specific bands that showed in the
western blot were probably due to the degradation of ActA proteins.
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CHAPER SIX
6Future Directions
In this L. monocytogenes biofilm formation project, we have gained some idea about how
different environmental conditions such as temperatures and pH affect different L.
monocytogenes strains’ biofilm formation. Some genes are shown to influence the formation of
L. monocytogenes biofilm formation, such as flaA.
For the PrfA and its relation to biofilm formation, this project will also involve testing if
some medium components that have been known to affect virulence also affect biofilm
formation, such as glucose and G-1-P. We will further define PrfA’s role in biofilm formation
by carrying out the following assays: I. Use BHI and LB media supplemented with 1% glucose
to see if glucose can affect the biofilm formation in minimal media. II. Use HTM medium
supplemented with either 1% glucose or 1% G-1-P to see how differently biofilm will be
formed. III. In case bacteria do not grow well, use BHI and LB media supplemented with 1%
glucose to see how differently biofilm will be formed.
The biofilm formation of ScottA is special compared to wild-type 10403S and other
strains. First, ScottA formed better biofilms than other strains at 25°C and 30°C as compared to
37°C, but other strains showed better biofilm at 37°C. Second, in LB medium, ScottA develops
the same level of biofilm or even a 2-fold increase in biofilm as compared to HTM minimal
media to form high quality biofilm at 25°C and 30°C. Third, ScottA, which is serotype 4b
strain, showed significantly more biofilm formation as compared to another serotype 4b strain,
ATCC 19115. Future work can be carried to understand the mechanisms why ScottA formed
better biofilm under low temperatures, why ScottA formed better biofilm in rich media LB
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instead of HTM and why ScottA is a strong biofilm former, while ATCC19115is a weak
biofilm former.
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