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CHAPTER 1

General introduction

Greetje A.A. Castelijn






Introduction

Human salmonellosis

Salmonella is a genus of Gram-negative, rod shaped, facultative anaerobic Enterobacte-
riaceae and constitutes over more than 2500 different serovars. Some Salmonella serovars
are host-specific, such as S. Choleraesuis that primarily infects swine, but most serovars are
able to infect a wide variety of cold and warm blooded hosts, including humans. A human
Salmonella infection can result in diseases varying from mild diarrhoea to severe systemic
infections, such as typhoid fever caused by S. Typhi and S. Paratyphi (de Jong et al. 2012).
Nontyphoidal infections, i.e., salmonellosis, can be transferred between animals and hu-
mans. Salmonellosis is characterized by diarrhoea, abdominal cramps, fever and nausea.
These symptoms are often mild and last for several days, though this can be variable be-
tween individuals. Especially for the very young, the elderly, the pregnant and the immuno-
compromised, symptoms can be more severe and the associated dehydration can be life
threatening. Salmonellosis has also been related to systemic infections and long term or
even chronic reactive arthritis (Hannu et al. 2006).

Human salmonellosis cases are generally caused by the consumption of contaminated food
products from animal origin (RIVM 2011; EFSA 2011). These food products are also the
source of most foodborne outbreaks caused by Salmonella (ECDC 2012). However, recent
studies have identified fruits and vegetables to be a potential source of many Salmonella
foodborne outbreaks as well (EFSA 2011; Berger et al. 2010).

Incidence of human salmonellosis

Nontyphoidal salmonellosis is one of the most common foodborne diseases. It is estimated
that about 94 million (61,768,000, 5th percentile to 131,634,000, 95th percentile) cases of
nontyphoidal salmonellosis occur annually worldwide (Majowicz et al. 2010). In the EU, a
total of 99,020 confirmed cases were reported in 2010, and that year 2205 confirmed cases
were reported in the Netherlands alone (ECDC 2012; RIVM 2011). However, it should be
mentioned that the real frequency of salmonellosis is much higher than the reported cases
since most cases are not confirmed and/or reported. It is estimated that the real incidence
of salmonellosis is about 15 times higher than the cases reported (RIVM 2011).

Salmonella is also one of the most frequently reported causes of foodborne outbreaks
(ECDC 2012). In the EU, it was the causative agent of 30.5% (£1700 cases) of all foodborne
outbreaks in 2010 alone.

Pathogenesis of salmonellosis

Nontyphoidal salmonellosis is provoked through the consumption of contaminated food
products and has an incubation time of 12 to 72 hours. After ingestion the Salmonella
bacterial cells first encounter the acidic stomach after which they enter the intestine. In
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Chapter 1

the intestine the cells have to deal with reduced oxygen, bile salts, increased osmolarity,
the hosts immune system, and competition with resident microorganisms for nutrient and
space. Bacterial cells able to survive and adapt to these conditions attach to the intestinal
tract (Rychlik and Barrow 2005). This attachment is mediated by protein structures on the
bacterial cell surface, called fimbriae (Ledeboer et al. 2006). After attachment, a whole set
of effector proteins are injected into the eukaryotic host cells via the type Ill secretion sys-
tem (TTSS). The two most important TTSS are encoded by the Salmonella pathogenicity
island 1 and 2 (SPI-1 and SPI-2). The effector proteins secreted by these TTSS’s induce an
immune response and cause the symptoms that characterize salmonellosis (de Jong et al.
2012; Srikanth et al. 2011). In some cases Salmonella manages not only to attach to, but
also to invade the intestinal cells. The primary invasion side are the microfold cells (M cells)
in the gut lumen. After invasion Salmonella can cause a severe systemic infection (de Jong
etal. 2012).

Salmonella in pork

As mentioned earlier, Salmonella infections in humans are in most cases foodborne. Food
from animal origin is the most important source of human salmonellosis (RIVM) 2011; EFSA
2011). Epidemiological studies of the European Food Safety Authority (EFSA) have indicated
that about 15-20% of the reported human salmonellosis cases are associated with the con-
sumption of pork, which is similar in the Netherlands where about 19% of the cases are
associated with pork. EFSA studies also found that 7.8% of all foodborne outbreaks are at-
tributable to pork (RIVIM 2011; EFSA 2008b; 2011).

Salmonella is able to infect and colonize the gut of pigs, however often it causes no severe
diseases. After infection, the pigs can become healthy carriers of Salmonella in the tonsils,
the intestines or in the gut-associated lymphoid tissue. These so-called carriers are a poten-
tial source for infection of other animals, since they can shed Salmonella into the environ-
ment. They may also introduce Salmonella from the farm into the slaughterhouse environ-
ment (de Busser et al. 2011; Botteldoorn et al. 2003).

A surveillance study in the EU showed that at point of slaughter, 10.3% of the slaughter pigs
are positive for Salmonella subspecies (EFSA 2008a). Therefore good slaughter hygiene is
important to prevent carcasses contamination. Contamination of carcasses can occur in two
ways. One way is directly by the content of the tonsils, the intestine or lymph nodes. The
other way is indirectly by contact with dirty processing equipment, so-called cross-contam-
ination. Cross-contamination greatly contributes to Salmonella contamination of carcasses
within the slaughter process. It is responsible for about 29% of the total amount of con-
taminated carcasses (van Hoek et al. 2012; EFSA 2008a; Botteldoorn et al. 2003). Therefore,
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Introduction

the presence of Salmonella subspecies in the slaughterhouse environment is a significant
problem for slaughterhouses. In addition, several studies have shown that Salmonella can
survive and persist for a long period of time in slaughterhouses and that it can become a
part of the house flora. The house flora is hard to eradicate completely and it is an important
source of carcass contamination within a slaughterhouse (Smid et al. 2012; van Hoek et al.
2012; Hald et al. 2003).

Taxonomy of Salmonella

Salmonellae are a large group of bacteria that can be divided in two species: S. bongori and
S. enterica. S. enterica can be further divided into six subspecies (spp); ssp. enterica (subspe-
cies l), spp. salmonae (subspecies Il), ssp. arizonae (subspecies llla), ssp. diarizonae (subspe-
cies lllb), ssp. houtenae (subspecies V) and spp. indica (subspecies VI). These subspecies
comprise more than 2500 serovars of which 59% can be assigned to S. enterica ssp. enterica.
Serovars belonging to this subspecies are responsible for nearly all Salmonella infections in
humans and warm-blooded animals (Agbaje et al. 2011; Brenner et al. 2000; Su and Chiu
2007). Some well-known examples of serovars causing human Salmonella infections are S.
Enteritidis, S. Typhimurium, S. Typhi and S. Paratyphi (ECDC 2012).

The Salmonella serovars are classified based on immunological reactivity of two surface
structures, namely the O antigen and the H antigen, with specific antisera (Agbaje et al.
2011; Brenner et al. 2000; Su and Chiu 2007). Through diversity within the O and H anti-
gen, different strains have a different antigenic code that is designated to a serovar name.
This name normally refers to the geographic location where the serovar was first isolated.
All recognized Salmonella serovars and the corresponding antigenic codes are listed in the
Kauffman-White scheme. This scheme is yearly updated by the World Health Organisation
(WHO) Collaborating Centre for Reference and Research on Salmonella at the Pasteur Insti-
tute in Paris.

Microbial biofilms

Already in late seventeenth century, Antonie van Leeuwenhoek detected that microbes
were attached to the tooth surface which can be considered as the first description of a
microbial biofilm. However it was not until the 1930s that biofilm formation was described
by Zobell and coworkers who reported that bacteria attached themselves to glass surfaces
and formed sessile communities (Zobell 1943). Nowadays, microbial biofilms gain lots of
attention since it is known that in nature bacteria tend to colonize surfaces and form bio-
films instead of growing in suspension. Currently, a biofilm is defined as an accumulation of
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Chapter 1

bacterial cells immobilized on a surface that are embedded in an extracellular matrix (Fig.
1.1) (Costerton 1999; Shi and Zhu 2009).

Salmonella can form biofilms on abiotic surfaces, such as plastic, glass, cement, rubber and
stainless steel (Arnold and Bailey 2000; Chia et al. 2009; Joseph et al. 2001; Stepanovi et al.
2004). These surfaces are commonly encountered in industrial settings and households and
therefore biofilms on such surfaces can form a risk for (cross-)contamination of food prod-
ucts. Next to abiotic surfaces, Salmonella can also attach to and subsequently form a biofilm
on biotic surfaces, such as epithelial cells within a host (Ledeboer et al. 2006; Misselwitz et
al. 2011), and gall stones (Prouty and Gunn 2003). Additionally, recent Salmonella outbreaks
are associated to Salmonella biofilms on plant surfaces, such as seeds, vegetables and fruits
(Berger et al. 2010; Teplitski et al. 2009).

Biofilm formation can be divided in several stages. First the bacterial cells approach a sur-
face, followed by attachment to the surface. This initial attachment is a physicochemical
process driven by Van der Waals, electrostatic and steric forces between the bacterial cells
and the surface. Moreover, several bacterial cell surface structures, such as fimbriae, flagella
and extracellular polysaccharides are involved in the attachment of bacterial cells (Anriany
et al. 2006; Barak et al. 2005; Kim and Wei 2009; Kumar and Anand 1998; Latasa et al. 2005;
Prouty et al. 2002; van Houdt and Michiels 2010). After the initial attachment the bacterial
cells start producing an extracellular matrix that firmly anchors the biofilm to the surface,
and micro-colonies are formed. Through the continuous growth of the biofilm cells, the
extracellular matrix production and the attachment of new cells, the biofilm grows and fully
matures. The exact biofilm structure and composition differs between microorganisms, en-
vironmental conditions and depends on surface types to which the bacteria attach (Archer
et al. 2011; Condell et al. 2012; Gerstel and Romling 2003; Kumar and Anand 1998; Shi and
Zhu 2009). As the biofilm matures, cells can also detach and settle somewhere else where
the biofilm forming process can start over again.

The extracellular matrix of Salmonella biofilms

Biofilm formation is a complex process and many environmental factors influence the for-
mation of the extracellular matrix. The extracellular matrix is a dense network of protein
structures, exopolysaccharides, lipopolysaccharides, extracellulair DNA (eDNA) and fatty
acids. This matrix facilitates biofilm maturation, prevents desiccation of cells, and protects
cells within the biofilm against diverse environmental stresses such as chemical disinfection
treatments (Anriany et al. 2006; Gibson et al. 2006; Steenackers et al. 2012; White et al.
2006; Zogaj et al. 2001).
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Figure 1.1: Scanning electron microscopy image of a S. Typhimurium biofilm. The cells within the bio-

film are entrapped in an extracellular matrix.

Curli fimbriae and cellulose

The most studied structures of the extracellular matrix of Salmonella biofilms are curli fim-
briae and cellulose. These structures are also the most important components of the rdar
(red, dry and rough) morphotype formed during multicellular behaviour of Salmonella on
agar plates. This morphotype is related to biofilm forming capacity (Gerstel and Rémling
2003; Romling 2005; Romling et al. 1998).

Curli fimbriae and cellulose are widely expressed among Enterobacteriaceae, such as Sal-
monella ssp., Escherichia coli, Shigella spp., Enterobacter spp. and Citrobacter spp. (Bokranz
et al. 2005; Gerstel and Romling 2003; Solomon et al. 2005). Co-expression of these struc-
tural components results in a hydrophobic network of tightly packed cells in a compact net-
work (Fig. 1.1) (Zogaj et al. 2001).

Curli fimbriae

Curli fimbriae are extracellular protein structures with high adhesion properties that medi-
ate adhesion to and biofilm formation on biotic surfaces, such as human and chicken epithe-
lial cells and plant surfaces, but they also play a major role in biofilm formation on diverse
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abiotic surfaces (Berger et al. 2010; Hermans et al. 2011; Ledeboer et al. 2006; Zogaj et al.
2001). Curli fimbriae share many biochemical and structural properties with the eukaryotic
amyloid fibers. Like amyloid fibers, curli fimbriae are non-branching, B-sheet fibers that bind
the dye congo red. Curli fimbriae are encoded by the two functional connected operons
csgBAC and csgDEFG (Fig. 1.2). CsgA encodes for the major structural subunit, which is nu-
cleated into fibers by CsgB outside the cell. CsgA and CsgB are secreted into the extracellular
environment by the outer membrane protein CsgG. The exact role of periplasmic proteins
CsgE and CsgF is not elucidated yet, but it is known that these proteins are also required for
curli fimbriae assembly (Barnhart and Chapman 2006). Curli assembly is activated by CsgD.
The regulation of csgD expression is very complex and under control of a large intergenic
region located between the csgBAC and csgDEFG operons. This region is targeted by several
regulatory proteins, such as RpoS, OmpR, H-NS, CpxA/CpxR, |I-HF and MIrA. Binding of these
regulatory proteins affects csgD expression (Fig. 1.2). A different set of regulatory proteins
is activated by different environmental conditions and therefore expression of csgD is high-
ly influenced by environmental cues (Barnhart and Chapman 2006; Gerstel and Romling
2003). Environmental conditions that induce csgD expression are ambient temperatures,
low osmolarity, starvation and microaerophilic conditions (Gerstel and Rémling 2003).

Curli fimbriae production RpoS, OmpR, H-NS, CpxAR, I-HF, MIrA

I

S I T T e Iy ey ey ey B

+
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ﬂ<— ———————————————————————————————————————— -7

Cellulose production

Figure 1.2: A schematic illustration of the role of CsgD in the expression of curli fimbriae, encoded by
the csg operon. CsgD also indirectly influences cellulose production by increasing expression of adrA,
and therefore increasing AdrA production that affects cellulose production at a posttranscriptional
level. The transcription of csgD is influenced by different regulatory proteins that are activated and/or
depressed by environmental cues.
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Cellulose

Cellulose is a polysaccharide consisting of carbohydrate polymers from 3(1->4)-linked D-glu-
cose units. Like curli fimbriae, cellulose is involved in biofilm formation on diverse biotic and
abiotic surfaces (Barak et al. 2007; Ledeboer et al. 2006; Zogaj et al. 2001). The proteins es-
sential for cellulose biosynthesis are encoded by the bcsABZC and bcsEFG operons (Fig. 1.2).
BcsA and BcsB form the cellulose synthase complex, in which BcsA is the catalytic subunit
activated by the binding of BcsB, a cyclic-di(3’->5’)-guanylic acid (c-di-GMP) binding protein
(Zogaj et al. 2001). The genes encoding for these proteins are constitutively transcribed in-
dicating that cellulose production is regulated on a post-transcriptional level. The post-tran-
scriptional regulation of cellulose production is indirectly influenced by CsgD through the
activation of adrA expression (Fig. 1.2). This gene encodes for di-guanylate cyclase which is
involved in the production of c-di-GMP. c-di-GMP is an effector molecule that activates the
cellulose synthase by binding to BcsB (Romling 2005; Zogaj et al. 2001).

Next to curli fimbriae and cellulose, CsgD also influences the expression of the biofilms
extracellular matrix components BapA, a large secreted protein, and anionic O-antigen
capsule, a high molecular weight capsular polysaccharide (Gibson et al. 2006; Latasa et al.
2005). So in conclusion CsgD is a key activator of multicellular behaviour of Salmonella on
biotic and abiotic surfaces (Gerstel and Romling 2003; Rémling 2005; Zakikhany et al. 2010;
Zogaj et al. 2001).

Fimbriae of the chaperon-usher assembly class

Next to curli fimbriae, the genome of S. Typhimurium also possesses twelve other putative
fimbrial gene clusters that are of the chaperon-usher assembly class, namely fim, bcf, Ipf,
saf, stf, stb, stc, std, sth, sti, and stj, and a plasmid-encoded fimbria (pef) (McClelland et
al. 2001). However, two of these gene clusters miss one of the three genes encoding for
the major structural subunit, the chaperone component or the porin component, which
are needed for functional fimbriae assembly, which leaves 11 putative functional fimbriae
gene clusters (Humphries et al. 2003). A phylogenomic analysis of all available Salmonella
genomes (in April 2011) by Yue et al. (2012) revealed that the set of fimbrial gene clusters
can differ between serovars and they identified a total of 35 fimbrial gene clusters along the
analysed Salmonella strains. These identified fimbrial gene clusters could be divided in three
groups. A group of core fimbrial gene clusters shared by more than 80% of the strains (fim,
bcf, stb, std, sth, saf and sti), a second group of partially conserved fimbrial gene clusters
shared by 40% to 80% of the strains, and a third group of so-called sporadic fimbrial gene
clusters shared by less than 40% of the strains (Yue et al. 2012). The variation in fimbrial
gene clusters among Salmonella serovars is believed to be a result of serovar adaption to
specific hosts, niches or environments (Clayton et al. 2008; Yue et al. 2012).
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Type 1 fimbriae

In this thesis we further focus on one of the core fimbrial gene clusters, namely the fim gene
cluster that endoces for type 1 fimbriae (Fig. 1.3). This gene cluster contains the structural
genes fimAICDHF, of which fimA encodes for the major structural subunit and fimH for the
adhesin located at the tip of the fimbriae. Folding of the fimbriae in the periplasma is influ-
enced by the FimC chaperone and the polymerization of the structural subunits on the outer
membrane is catalysed by the FimD usher (Fronzes et al. 2008; McFarland et al. 2008; Yue et
al. 2012). The expression of the structural genes is phase variable and under control of the
fimA promoter. This promoter is activated by binding of the regulatory proteins FimZ and
FimY, and repressed by the binding of FimZ and FimW. The fourth regulatory protein, FimU,
is involved in the mRNA translation of fimY (Fig. 1.3) (McFarland et al. 2008). This complex
regulatory mechanism enables fine-tuning of fimbriae biogenesis in response to different
environmental cues (McFarland et al. 2008; Yue et al. 2012).

FimZ + FimW

fimA | fiml | fimC fimD fimH | fimF @ @. @ w

I I AN fimYmRNA

FimZ + FimY FimZ I

FimzZ
Figure 1.3: A schematic overview of the fim operon in S. Typhimurium and its regulation. Black arrows
indicate structural genes and white arrows represent regulation genes. The structural genes are under
control of the fimA promoter and expression is activated by FimZ+FimY and repressed by FimZ+FimW.
This figure was kindly provided by the J Bacteriol, 2008 190(20):602-612 (McFarland et al. 2008).

Type 1 fimbriae are protein cell surface structures that are composed of +1000 copies of
the major structural subunit FimA, with FimH located on the tip. Up to 200-500 of these
structures can be found on the outer membrane of fimbriated bacteria (Fronzes et al. 2008).
They are involved in the initial attachment of Salmonella to intestinal epithelium where
they mediate FimH-dependent mannose-sensitive adhesion to glycoconjugates on eukary-
otic cells (Ledeboer et al. 2006; Kisiela et al. 2005; Boddicker et al. 2002). So far no studies
describe a role of type 1 fimbriae in the adhesion to or biofilm formation on abiotic surfaces.
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Implications of bacterial biofilms

Bacteria within a biofilm have a distinct phenotype from planktonic cells and generally show
higher tolerance to antimicrobial agents, such as disinfectant treatments and antibiotics
(Bridier et al. 2011a; Joseph et al. 2001; Mah and O'Toole 2001; Scher et al. 2005; van Houdt
and Michiels 2010; Wong et al. 2010). Due to the increased tolerance against antimicrobial
treatments, biofilms are hard to eradicate and they cause all kinds of problems in medical
and industrial settings. In medicine, biofilms are found on different surfaces like catheters,
biliary stents, artificial hips, teeth, contact lenses and in lungs of cystic fibrosis patients
where they form a source of bacterial infections (Bjarnsholt et al. 2009; Stahlhut et al. 2012;
van Merode et al. 2008). It has been estimated that up to 60% of all human bacterial infec-
tions are caused by biofilms (Spoering et al. 2006) E coli. But also in the food industry prob-
lems occur when bacterial cells manage to form biofilms on food contact surfaces like food
processing equipment. Biofilms on food contact surfaces can cause equipment failure and
they can become a persistent source of contamination resulting in food spoilage or food-
borne illnesses (Shi and Zhu 2009; Simdes et al. 2010; Vestby et al. 2009). Therefore biofilm
formation forms a threat for human health and can lead to economics losses.

Mechanisms involved in biofilm resistance to antimicrobial agents
The increased resistance of biofilms against antimicrobial treatments compared to their
planktonic counterpart can be explained by different mechanisms:

1) The extracellular matrix limits the penetration of antimicrobial agents into the bio-
film. This is partly due to diffusion limitation caused by the 3-dimensional structure, but
primarily because of absorption or reaction of the antimicrobial agent with extracellular
matrix components. This takes place at the outer part of the biofilm and neutralizes the an-
timicrobial agent. Therefore the innermost bacterial cells of the biofilm are not reached by
the antimicrobial agent and survive the treatment (Bridier et al. 2011b; de Beer et al. 1994).

1) The increased resistance can be caused by physiological changes of biofilm cells due
to the expression of specific genes in response to reduced growth rate and/or cell attach-
ment. These growth conditions result in the activation of stress responses protecting the
biofilm cells from various environmental stresses including antimicrobial agents (Mgretrg
et al. 2012; van der Veen and Abee 2010). An example is the activation of the Salmonella
general stress response regulator RpoS in slow growing cells, such as stationary and biofilm
cells (Robbe-Saule et al. 2006).

1) The increased resistance of biofilms might also be attributable to the presence of
a small population of stress-variants, also called persisters (Mgretrg et al. 2012; Spoering
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and Lewis 2001). These are cells that have increased resistance against specific or several
stresses, caused by phenotypic or genetic changes (van Boeijen et al. 2010). The presence of
stress variants in a bacterial population results in heterogeneity and a biphasic inactivation
kinetic during a disinfection treatment, indicated by tailing of the inactivation curve (Fig.
1.4). Tailing of an inactivation curve indicates that longer treatment with an antimicrobial
agent will have no effect (Spoering and Lewis 2001; van Boeijen et al. 2008).

~~

Log(10) reduction

Time
Figure 1.4: Inactivation kinetics described by a first-order also named log linear model (indicated by a

grey line) and by a biphasic model (indicated by a black dotted line). Biphasic inactivation is indicated
by tailing of the inactivation curve and due to the presence of a more resistant subpopulation.

Disinfection treatments

To control food quality and safety in food processing environments, it is important to clean
and disinfect the food contact surfaces on a regular basis to inhibit accumulation of bacte-
rial cells and possible biofilm formation (McDonnell and Russell 1999; Shi and Zhu 2009;
van Houdt and Michiels 2010; Wirtanen and Salo 2003). The aim of the cleaning step is
to remove residual organic matter and soil. Cleaning agents commonly used in the food
industry are alkaline-based and acid-based compounds, which are most effective if applied
in combination with mechanical forces and heat (Kumar and Anand 1998; van Houdt and
Michiels 2010). After the cleaning step, the food contact surface is treated with a chemical
disinfectant. A disinfectant is an agent used on inanimate objects, is not necessarily spori-
cidal, and reduces viable microbial cells to acceptable levels. A good disinfectant is safe to
use, environmental friendly, cost efficient, not corrosive on the surface to which itis applied,
stable during storage, active in a wide range of different environments (temperature, pH,
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dilution, soiling) and it has a broad antimicrobial spectrum (Kumar and Anand 1998; McDon-
nell and Russell 1999; Mdretrg et al. 2012). Obviously no single disinfectant meets all these
requirements and for every different industrial setting another disinfectant might be the
best choice. Moreover, one should also take into consideration that a disinfectant that kills
planktonic cells might not be efficient in killing/reducing the more resistant biofilm cells.

A wide diversity of chemical disinfectants is available and it depends on the environmental
conditions of the industrial setting and the target micro-organisms which disinfectant will
be selected. The main groups of disinfectants used in the food industry and their mode of
actions on Gram-negative bacteria are listed in table 1.1 (Ceragioli et al. 2010; McDonnell
and Russell 1999). This thesis concentrates on two commonly used disinfectants, namely
the quaternary ammonium compound benzalkonium chloride (BKC) and the oxidizing agent
peracetic acid (PAA, CH O.) (Fig. 1.5).

27473

Table 1.1: An overview of chemical disinfectants commonly used in the food industry and their mode
of action on Gram-negative bacteria.

Disinfection =~ Examples of Mode of action on Gram-negative bacteria
class disinfectants
Alcohols Ethanol Membrane damage and denaturation of proteins

Isopropyl alcohol

Aldehydes Formaldehyde Cross-linking of proteins in the outer membrane, inhibition
Glutaradehyde of transport and dehydrogenase activity, interaction with
RNA and DNA synthesis

Halogens Chlorine dioxide Modification of DNA and proteins, especially enzymes with
Sodium hypochlorite  thiol or amino groups

Phenicols Phenol Induction of cellular leakage and increasing cell membrane
Triclosan permeability

Oxidizing Hydrogen peroxidize Formation of free radicals affecting DNA, proteins, lipids

agents Peracetic acid and inactivation of enzymes

Quaternary Benzalkonium chloride Interaction with phopholipids of the inner and outer mem-
compouns brane resulting in loss of cell membrane integrity and cell
leakage, degradation of proteins and DNA

Biguanides Chlorhexidine Affecting the inner cell membrane integrity resulting in cell
leakage
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Benzalkonium chloride

BCK is a mixture of alkylbenzyldimethylammonium chlorides of various alkyl chain lengths
(Fig. 1.5A) that is widely used as surface disinfectant, antiseptic and preservative. It is a
fast acting biocidal agent which is effective at non-toxic concentration, it is non-corrosive,
non-irritating and it has no odor or flavor. BKC mechanism of action is dissociation of cellular
membrane lipid bilayers, which increases the permeability and induces leakages of cellular
content. It also reacts and deactivates enzymes that control a wide range of metabolic and
respiratory activities (Mangalappalli-lllathu et al. 2008; McDonnell and Russell 1999).

Peracetic acid

PAA is an organic compound formed by the reaction of hydrogen peroxide (H,0,) with acetic
acid (C,H,0,) and it is a commonly used for disinfection, sterilization and antisepsis (Fig.
1.5B). Itis active in a wide pH and temperature range and because it breaks down into water
and oxygen it is also safe to use and environmental friendly. PAA kills microorganisms by for-
mation of hydroxyl radicals (OH’) that oxidize and affect enzymes, DNA and disrupt proteins
and lipids the cell membrane (Ceragioli et al. 2010; McDonnell and Russell 1999).

A) / - B)

N Cl
©/\/ \CnH2n+1 )OJ\
.OH
(@)

n=38,10,12, 14,16, 18

Figure 1.5: The structural formula of BKC (A) and PAA (B).

Stress responses of Salmonella

Salmonella is capable of growing and surviving in a wide variety of environments including,
soil, foods and food processing plants, and in animal and humans. Many of these environ-
ments are far from the optimal growth conditions of Salmonella and are therefore a stress
for the microbial cell. In order to survive stresses encountered, the cell must rapidly sense
and respond appropriately to stresses. Stress responses in Salmonella are under control
of various regulation factors, such as alternative sigma factors, two-component systems or
transcriptional regulators. These regulation factors activate and/or repress sets of genes
resulting in an increased resistance against a specific or a variety of stresses and facilitate
survival (Poole 2012; Spector and Kenyon 2012). Various stress responses, e.g. starvation,
acid, temperature, oxidative, osmotic, envelope, antimicrobial agent, iron and desiccation
stress are extensively described in literature and for a detailed overview of these different
stress responses we refer to reviews from Spector and Kenyon (2012) and Poole (2012).
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Stress responses induced by antimicrobial agents

Exposure to antimicrobial agents induces stress responses in bacterial cells. Many antimicro-
bial agents generate reactive oxygen species (ROSs), and are therefore associated with the
activation of the oxidative stress response (Bore et al. 2007; Ceragioli et al. 2010; Mangalap-
palli-lllathu et al. 2008; Poole 2012). Basically, Salmonella possesses two pathways dealing
with oxidative stress. One is the transcriptional regulator OxyR, which is mainly activated
upon exposure to H,O, and induces genes involved in the conversion of H,0,, DNA protec-
tion, formation of disulfide bonds and reduction or oxidation of lipids (Poole 2012; Spector
and Kenyon 2012). The other one is the two-component system SoxRS that is activated upon
changes in the cellular redox balance. The SoxRS system activates maintenance of the re-
duced state of Fe-S clusters, DNA repair, increase of reducing power, efflux of redox-cycling
compounds and replacement of redox-sensitive enzymes by redox-resistant enzymes (Bore
et al. 2007; Poole 2012; Spector and Kenyon 2012). Both OxyR and SoxRS induce the expres-
sion of fur. Increased Fur levels prevent the formation of hydroxyl radicals via the Fenton
reaction (Spector and Kenyon 2012).

SoxS also positively induces the expression of acrAB, which encodes for a part of the mul-
tidrug efflux pump AcrAB-TolC. Increased expression and activity of this efflux pump has
frequently been associated with increased resistance against chemical and clinical antimi-
crobial agents (Braoudaki and Hilton 2004; Levy 2002; Poole 2012). Next to AcrAB-TolC,
also other multidrug efflux pumps of the resistance nodulation division (RND) family are
recognized as components of bacterial stress responses that facilitates increased resistance
against diverse antimicrobial agents (Condell et al. 2012; Poole 2012).

Objective and outline of this thesis

The research undertaken in this thesis aims to gain more insight in the biofilm formation pro-
cess and survival in industrial environment of various Salmonella serovars. More knowledge
and understanding about these topics contributes to the development of better strategies
for Salmonella control. Therefore biofilm formation was analysed at various environmental
conditions and on different surfaces (Chapter 2 and 4). The influence of environmental con-
ditions on the involvement of different mechanisms and bacterial cell surface structures in
cell attachment and biofilm formation is described in Chapter 2 and 3. Also the correlation
between biofilm forming capacity and survival in industrial settings was investigated (Chap-
ter 4). Furthermore, the effect of repeated use of BKC was analysed and resistant variants
with increased resistance for BKC were isolated to study the mechanisms that facilitate the
increased resistance (Chapter 5).
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Next to this introduction, this thesis consists of the following chapters:

Chapter 2 describes the effect of nutrient availability, temperature, and strains origin on the
biofilm forming behaviour of S. Typhimurium. It was shown that curli fimbriae and cellulose
specifically contribute to biofilm formation under low nutrient conditions at ambient tem-
perature and that other components and or mechanisms are conceivably more important
during biofilm formation at 37 °C and/or in nutrient-rich conditions. Therefore, in Chapter
3, the factors important during S. Typhimurium biofilm formation in nutrient-rich conditions
at 37 °C were studied. The results indicated that type 1 fimbriae contribute to the initial
attachment and biofilm formation of S. Typhimurium to abiotic surfaces. Furthermore it
was shown that these fimbriae were expressed by a subpopulation of the cells only, which
agreed with zeta potential measurements indicating two subpopulations in cultures of
dense biofilm formers. After investigating the effect of environmental conditions on the bio-
film forming process, the surface behaviour of different serovars which are frequently iso-
lated in pork processing environments, viz. S. Typhimurium, S. Derby, S. Brandenburg and S.
Infantis was examined in Chapter 4. This revealed diversity in surface behaviour among but
also within the different serovars. Furthermore, it was shown that biofilm formation greatly
contributed to the survival of Salmonella on dry stainless steel surfaces and no differences
were observed between biofilm forming capacity on polystyrene and stainless steel. This
means that results obtained with polystyrene, which is commonly used in the laboratory
to study Salmonella biofilms, is representative for the surface behaviour on stainless steel.
In Chapter 5 we studied the effect of repeated exposure of S. Typhimurium to BKC. The
results showed that BKC exposure results in tailing of the inactivation curve indicating vari-
ation in BKC susceptibility within the initial population. Repeated exposure resulted in the
enrichment of a more resistant population and variants with increased BKC resistance were
isolated. Phenotypical characterization of these resistant variants showed loss of motili-
ty, reduced biofilm forming capacity and reduced cell membrane permeability pointing to
modification of cell surface properties.
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Chapter 2

ABSTRACT

Biofilm forming behaviour of 51 Salmonella Typhimurium strains was determined in TSB
and 20 times diluted TSB (1/20TSB) at 25 °C and 37 °C. The results indicated that biofilm
forming behaviour is influenced by environmental conditions and associated with the origin
of the strains. Clinical, outbreak-associated and retail product isolates showed dense biofilm
formation in both media at 25 °C, and in TSB also at 37 °C. However, industrial isolates only
showed dense biofilm formation in 1/20TSB at 25 °C. By enumeration of biofilm cells, LIVE/
DEAD staining and SEM analysis of biofilms it was found that the ratio of cells and extracel-
lular matrix is affected by environmental conditions. Indeed, genes involved in curli fimbriae
and cellulose production are highly induced during biofilm formation at 25 °C in 1/20TSB.
This indicates that these are important matrix components during biofilm formation in
1/20TSB at 25 °C and that other factors contribute to biofilm formation of clinical, outbreak-
associated and retail product isolates at 37 °C and/or nutrient-rich conditions.
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INTRODUCTION

Salmonella is one of the most common and widely distributed bacterial pathogens and the
causative agent of salmonellosis. It is a major public health problem, and millions of human
cases are reported worldwide every year. In 2007, 151,995 human cases of Salmonella in-
fections were reported in the EU (EFSA 2009). In the Netherlands, one of the predominant
serovar causing human salmonellosis is Salmonella enterica supp. enterica serovar Typh-
imurium, associated with approximately 30% of the cases (Doorduyn et al. 2006). In general,
Salmonella infections in humans are foodborne. In particular food products of animal origin,
such as eggs, poultry and meat, are important sources of infection.

Salmonella is able to attach to various surfaces where it can form biofilms (Sinde and Car-
ballo 2000; Prouty et al. 2002; Stepanovi et al. 2004; Ledeboer and Jones 2005). A biofilm
is an accumulation of bacterial cells immobilized on a surface and embedded in an extra-
cellular matrix (Costerton 1999). Bacteria within a biofilm have a distinct phenotype from
planktonic cells and generally show higher resistance to disinfectants and antibiotics (Ku-
mar and Anand 1998; Scher et al. 2005). Proposed mechanisms for the increased resistance
of biofilms against disinfectants and antibiotics are activation of biofilm specific defense
mechanisms and changes in the physiology of the bacteria induced by attachment and lim-
ited availability of key nutrients. Furthermore, the extracellular matrix contributes to the in-
creased resistance of biofilm cells against disinfection treatments (Solano et al. 2002; White
et al. 2006; Vestby et al. 2009b). The extracellular matrix limits the diffusion of chemicals
to the inside of the biofilm and the outer layer of the biofilm might quench disinfectants or
antibiotics (Gilbert et al. 2002). The ability of Salmonella to form biofilms on food processing
equipment poses a major problem for the food industry (Swanenburg et al. 2001; Vestby
et al. 2009b). Also in medical settings problems occur due to Salmonella biofilm formation
(Prouty et al. 2002). Although the environmental conditions differ between industrial and
medical settings, so far, no differences in biofilm forming capacity between S. Typhimurium
strains isolated in industrial or medical settings were found (Stepanovi et al. 2004; Solomon
et al. 2005; Vestby et al. 2009a).

Several studies have shown that curli fimbriae and cellulose are major components of the
extracellular matrix of S. Typhimurium biofilms (Rémling et al. 1998; Jonas et al. 2007).
These components are widely expressed among the Enterobacteriaceae species (Zogaj et
al. 2003; Bokranz et al. 2005; Solomon et al. 2005). Curli fimbriae are proteinaceous extra-
cellular fibers that promote surface colonization and cell-cell interactions. Production of
curlifimbriae is dependent on the proteins transcribed by the csgBAC and csgDEFG operons.
CsgBA encodes for the structural proteins, while csgEFG encodes for accessory proteins re-
quired for curli assembly (Barnhart and Chapman 2006). Both these operons are positively
regulated by the autoregulator CsgD. CsgD is also indirectly involved in cellulose production
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by activating transcription of adrA. AdrA expression is required for the synthesis of cellulose,
even though the bcs genes, encoding for proteins essential for biosynthesis of cellulose, are
constitutively expressed (Zogaj et al. 2001). The AdrA protein contains a GGDEF domain
which has diguanylase cyclase activity. Therefore, AdrA can mediate the production of cy-
clic-di-GMP, an effector molecule involved in the activation of cellulose production (Zogaj et
al. 2001; Rémling 2005).

The promoter region of the csgD promoter is a large intergenic region to which several
regulatory proteins can bind directly. Different environmental conditions activate a differ-
ent set of regulatory proteins. By binding to the intergenic region of the csgD promoter,
they affect the expression of csgD (Romling et al. 1998; Gerstel and Romling 2003). Thus,
environmental conditions can influence the production of the extracellular matrix compo-
nents curli fimbriae and cellulose, and the question arises whether differences in biofilm
forming behaviour could be linked to differences in the activation of these components,
and whether this can be linked to the strain’s origin. Therefore, the biofilm forming capacity
of 51 S. Typhimurium strains from different origin at ambient (25 °C) and body (37 °C) tem-
perature in nutrient-rich (TSB) and nutrient-low (1/20TSB) conditions was analysed. These
media were chosen since TSB is frequently used in biofilm research and 1/20TSB is used in
several other studies to mimic food industry conditions (Stepanovi et al. 2004; Solomon et
al. 2005; Kroupitski et al. 2009). The biofilm forming capacity was investigated with both
the crystal violet (CV) assay and enumeration of biofilm cells by plate counts. Furthermore,
biofilms grown under different conditions were examined by LIVE/DEAD staining, SEM anal-
ysis and they were stained with calcofluor to determine the cellulose content. In addition,
the expression of key regulators of the extracellular matrix components curli fimbriae and
cellulose was analysed by Q-PCR.

MATERIALS AND METHODS

Bacterial strains and culture conditions

A total of 51 Salmonella enterica ssp. enterica serovar Typhimurium strains of different ori-
gin was used in this study to investigate diversity in biofilm forming capacity. The strain col-
lection contained strains isolated in industrial environments, clinical isolates, outbreak-as-
sociated isolates, and strains isolated from retail products. The industrial isolates were all
recently obtained in multiple meat processing plants and were isolated from equipment
surfaces, food products, raw materials and the processing environment. Also the completely
sequenced S. Typhimurium strain LT-2 was included. Due to a mutation in the rpoS gene,
the LT-2 strain has an attenuated RpoS function. It has previously been shown that RpoS
is a positive regulator of biofilm formation (Adams and McLean 1999; Romling et al. 1998;
Robbe-Saule et al. 2006). Therefore the rpoS deletion mutant of the LT-2 strain from the Sal
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Table 2.1: Salmonella enterica ssp. enterica serovar Typhimurium strains used in this study.

Strain number Isolation source Reference Biofilm former group
C1 Feces (Berk et al. 2005)
OA1l Retail product, helva (Berk et al. 2005)
Cc2 Feces (Berk et al. 2005)
c3 Human, feces (Berk et al. 2005)
c4 Human, feces (Berk et al. 2005)
0A2 Retail product, tahini (Berk et al. 2005)
Cc5 Human, feces (Berk et al. 2005)
OA3 Retail product, helva (Berk et al. 2005)
OA4 Retail product, tahini (Berk et al. 2005)
(¢3) Feces (Berk et al. 2005)
Cc7 Human, feces (Berk et al. 2005)
(@] Human, blood (Berk et al. 2005)
R1 Retail product, meat (Berk et al. 2005) A
c9 Human, blood (Berk et al. 2005)
Cc10 Human, feces (Berk et al. 2005)
R2 Retail product, meat (Berk et al. 2005)
R3 Retail product, meat (Berk et al. 2005)
R4 Retail product, meat (Berk et al. 2005)
R5 Retail product, cocoa (Berk et al. 2005)
R6 Retail product, nuds (Berk et al. 2005)
C11 Human, blood This thesis

C12 Human, blood This thesis

C13 Human, feces (Berk et al. 2005)
11 Food industry This thesis

12 Foodindustry This thesis

Ci4 Feces (Berk et al. 2005)
13 Food industry This thesis

14 Food industry This thesis

15 Food industry This thesis

16 Food industry This thesis

17 Food industry This thesis

18 Food industry This thesis

C15 Human, blood This thesis

19 Food industry This thesis

110 Food industry This thesis

Ci6 Human, blood This thesis

111 Food industry This thesis B
112 Food industry This thesis

113 Food industry This thesis

114 Food industry This thesis

115 Food industry This thesis

116 Food industry This thesis

117 Food industry This thesis

118 Food industry This thesis

119 Food industry This thesis

120 Food industry This thesis

121 Food industry This thesis

122 Food industry This thesis

123 Food industry This thesis C
L1 SGSC 1412(LT-2) McClelland et al. (2001)
L2 SGSC 2618 Fang et al. (1992)
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monella Genetic Stock Centre, was also included (Table 2.1). Stocks were stored at -80 °C in
Brain Hearth Infusion broth (BHI, Becton Dickson) supplemented with 15% glycerol (Sigma).
Single colonies were used to inoculate Luria Bertani broth (LB, Merck) and cultures were
incubated for 18 h at 37 °C with agitation (200 rpm), after which the bacteria were used in
the different experiments.

Biofilm formation

Biofilm formation was analysed in Tryptone Soya Broth (TSB, Oxoid) and 20 times diluted
TSB (1/20TSB) in flat bottom 96 well polystyrene microtiter plates (Greiner Bio-one), using
the crystal violet (CV) assay (Djordjevic et al. 2002; Wijman et al. 2007) and plate count-
ing. Wells were filled with 200 ul medium, inoculated with 1.5% (vol/vol) overnight grown
cultures, and incubated statically for 24 h at 25 °C or 37 °C. In the CV assay, the wells were
washed two times with 250 pl water. Subsequently, the biofilms were stained for 30 min
with 225 ul of 0.1% (wt/vol) CV (Merck) and washed three times with 250 pul water. The
attached CV was solubilized with 250 pl 96% ethanol and the absorbance was measured at
595 nm (SpectraMax, Molecular Devices).

For enumeration by plate counting, the wells were washed four times with 250 ul of pep-
tone physiological salt solution (pps) to remove unbound cells. Subsequently the wells were
swabbed to detach the biofilm cells. The swab and the cell suspension were vortexed with
glass beads (<106 um, Sigma) in order to remove biofilm cells from the swab and to obtain
single cells. An appropriate dilution was made in pps and the cells were enumerated by
plating on TSA. The plates were incubated overnight at 37 °C and the colonies were counted.
Both biofilm formation assays were performed in three biologically independent experi-
ments.

Modeling the relationship between microtiter plate assay and plate counts
To investigate the relation between the CV assay and the amount of attached biofilm cells,
the following model was used to fit the data for each culture condition:

A,=a.N+b (1)

where A__ is the absorbance of the solubilized CV after biofilm formation, N is the number
of viable attached biofilm cells (CFU/well), b the background signal (three times the stand-
ard deviation above the mean A_, of the negative control) and a is the proportionality con-
stant between CV staining and cell counts. The parameters a and b were estimated by fitting
equation 1 to the data points in Tablecurve 2D (Windows v. 2.03). The fitted parameters

were verified in Microsoft Excel by using Excel Solver add-in.
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Morphotype identification on congo red and calcofluor agar plates

The ability to produce curli fimbriae and cellulose was analyzed on LB without NaCl agar
plates supplemented with 40 pg/ml congo red (Sigma) and 20 pg/ml coomassie brilliant
blue (Merck). Cellulose production was further characterized on agar plates containing 40
pg/ml calcofluor (Fluorescent Brightner 28, Sigma) (Romling et al. 2003). After 48 h of incu-
bation at 25 °C or 37 °C, the colony morphology was examined.

Evaluation of biofilms with fluorescent microscopy

For the microscopic analysis, biofilms were grown on polystyrene coupons (18 mm x 22
mm) placed in a 12 well plate. The wells were half filled with 3 ml of TSB or 1/20TSB and
inoculated with 1.5% (vol/vol) overnight grown cultures. To analyse the cellulose content
of a biofilm, the media were supplemented with 40 pg/ml calcofluor. After 24 h incuba-
tion at 25 °C or 37 °C the coupons were washed four times with peptone buffered saline
(PBS) and examined with an Olympus BX41 microscope. To visualize the calcofluor stain a
U-MWU-2 fluorescence filter (Olympus) was used. To determine cell viability the coupons
were stained with the LIVE/DEAD Baclight bacterial viability staining kit according to man-
ufacturer’s protocol. Fluorescence of the LIVE/DEAD probes was observed using U-MNBV
(SYTO9) and U-MWIG (PI) fluorescence filters. A Dialux 20 microscope (Leica) was used to
make images at 1000x magnification. In total, about 25 microscopic images were examined
for each sample.

Scanning electron microscopy

Biofilms were grown as described above. After the coupons were washed 4 times with PBS,
the samples were fixed with 3% glutaraldehyde in 0.1 M phosphatebuffer pH 7.2 for 1 h at
room temperature. Subsequently, they were rinsed three times during 45 minutes with buff-
er and treated with 1% OsO4 for 1 h at room temperature. Next, the samples were washed
with water and dehydrated in an acetone series (10%, 30%, 50%, 70%, 90%, 100 %, each
step 15 minutes). Then, they were critical point dried (CPD) with carbon dioxide (CPD 030,
BalTec, Liechtenstein). For SEM imaging the samples were attached on a sample holder by
carbon adhesive tabs (EMS Washington USA) and sputter coated with 5 nm tungsten (MED
020, Leica, Vienna, Austria). Samples were analysed at 2 kV at room temperature in a Field
Emission Scanning Electron Microscope (Magellan 400, FEI, Eindhoven, the Netherlands).

RNA isolation and cDNA synthesis

Total RNA was isolated from planktonic cells, grown statically in tubes containing 10 ml of
media, and from biofilm cells, grown as described above. Both planktonic and biofilm cells
were cultured in TSB or 1/20TSB at 25 °C or 37 °C for 24 h. Planktonic cells and biofilms
were quenched in RNAprotect Bacteria Reagent (QIAGEN) and harvested by centrifugation
(planktonic cells) or scraping (biofilm cells). Total RNA was isolated using the RNeasy kit
(QIAGEN) with an on-column DNase treatment according to manufacturer’s protocol. For
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each sample, 300 ng total RNA was used for cDNA synthesis using the SuperScript Il re-
verse transcriptase kit (Invitrogen) according to manufacturers’ protocol. RNA samples were
checked for genomic DNA contamination by omitting the Superscript Ill reverse transcrip-
tase.

Quantitative real-time PCR

Quantitative real time PCR (Q-PCR) was performed using the 2x SYBR® Green PCR Master
Mix (Applied Biosystems) in a final volume of 25 pl. Forward and reverse primers (Table 2.2)
were designed with an amplicon length of approximately 100 bp using PRIMER 3 (free soft-
ware, http://frodo.wi.mit.edu/primer3/). Primers were added in a concentration of 250 nM.
Reactions were run on an ABI Prism 7000 Sequence Detection System with an initial step of
10 min at 95 °C, and 40 cycli of 15 s at 95 °C and 1 min at 59 °C. To check for specificity of
the amplification, a melting curve was added. Furthermore a standard curve was derived for
each primer set to determine the efficiency. The relative expression levels of the genes of
interest between conditions and strains were compared using the housekeeping gene 16S
rRNA for normalization. Q-PCR was performed on three biological independent experiments
using two replicates each. Significant differences in expression levels were identified by us-
ing a two-tailed student’s t-test in Excel (p<0.05, t-test).

Table 2.2: Primers used for Q-PCR to analyse expression of csgD, csgA, bcsA and adrA.

Gene Forward primer 5°- 3’ Reverse primer 5°- 3°

csgD CCTGACGATTATCCCTACCG CCTGACGATTATCCCTACCG

csgA GGATTCCACGTTGAGCA TAACGCTCTGGGTAATGG

bscA ATTCTGGGCGTTATCGTGAC CCACAGCAACAGCAGAAAGA

adraA GTCGGCTGGTCTTTTGTCTG GATCGCATCCACTTTCAGGT

16S rRNA GTCGGCTGGTCTTTTGTCTG GTGCAATATTCCCCACTGCT
RESULTS

Diversity in biofilm forming capacity

Biofilm forming capacity of 51 S. Typhimurium strains was determined under various culture
conditions using the CV assay. The biofilm forming capacity was dependent on medium and
temperature, but also on the origin of the strain (Fig.2.1 and Table 2.1). All S. Typhimuri-
um strains exhibiting dense biofilm formation, showed most CV binding to the wells at the
liquid-air interface (data not shown). Notably, the formation of pellicles was not observed
under the tested conditions.

At 25 °C, the biofilm forming behaviour of the complete collection of S. Typhimurium strains
could be divided into three different groups, group A, B and C (Fig. 2.1). Group A strains
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Figure 2.1. Biofilm forming capacity of 51 S. Typhimurium strains analysed with the CV assay. The
graphs show biofilm formation at 25 °C and 37 °C in TSB (m) and 1/20TSB (A ). The three different
strain groups, A, B and C are indicated under the strain numbers. The level of dense biofilm formation
(three times the background level) is indicated with a solid line and the seven selected strains are
indicated by black symbols.

produced dense biofilms in both media at 25 °C, and in TSB also at 37 °C. A dense biofilm
was defined at an A_,, > 0.24, which is three times the background signal. The background
signal was defined as three times the standard deviation above the mean A_, of the nega-
tive control. The group B strains only formed dense biofilms in the 1/20TSB medium at 25 °C
and the group C strains showed little to no biofilm formation at all tested culture conditions.
At 37 °C, the strains generally showed less biofilm formation than at 25 °C (Fig. 2.1). This was
not related with differences in growth capabilities, since higher cell densities were reached
after growth in the 96 well plates at 37 °C (data not shown). These data indicate that biofilm
formation is influenced by environmental conditions like medium composition, oxygen and
temperature, and that biofilm forming behaviour is associated with strains origin.

In general, the clinical, outbreak-associated and retail product isolates were group A strains
and most industrial isolates belong to the group B strains. Only two of the 16 clinical iso-
lates, strain C15 and C16, assigned to group B, and two of the 23 industrial isolates, strain
11 and 12, assigned to group A. The group C strains comprises two industrial isolates, strain
122 and 123, and the reference strain LT-2 (L1) and its rpoS mutant (L2) (Table 2.1 and Fig.
2.1). Of the S. Typhimurium strains, three group A, two group B, and two group C strains
were selected for further analyses. The selected strains are marked by a closed symbol in
Figure 2.1. One of the selected group C strains (strain L2) is a rpoS mutant of the completely
sequenced S. Typhimurium LT2 strain (McClelland et al. 2001). It has previously been shown
that rpoS is a positive regulator of biofilm formation (Adams and McLean 1999; Romling et
al. 1998; Robbe-Saule et al. 2006). Sequence analysis verified the presence of an intact rpoS
gene for all selected strains, except for strain L2. Furthermore, no mutations in the upstream
promoter regions were found (data not shown).

Enumeration and viability of biofilm cells

The CV assay is generally used to analyse biofilm forming capacity of bacteria. However, not
much is known about the contribution of the number of biofilm cells, and the extracellular
matrix to the total amount of CV binding. Therefore, it is important to determine how the
results of the CV assay correlate with the number of biofilm cells. First the viability of cells
within the biofilm was determined using a LIVE/DEAD staining. In TSB, + 90-95% (Fig. 2.2B)
and in 1/20TSB + 95-100% (Fig. 2.2C) of the biofilm cells grown at 25 °C were stained green,
indicating that most cells were viable. Similar data on viability were obtained with cells from
biofilms grown at 37 °C (data not shown). Thus, in all tested culture conditions no notew-
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Figure 2.2: Enumeration and viability of biofilm cells. A) The relation between the CV assay and plate
counts of S. Typhimurium biofilms grown in different culture conditions. Data from the CV assays (Ay)
is plotted against the log CFU/well. Also the corresponding curves that are fitted with the linear model
are shown in this graph. The biofilms were grown in TSB at 25 °C (--¢--), TSB at 37 °C (—e—), 1/20TSB
at25°C(— A —), and 1/20TSB at 37 °C (—m— -). The open symbols represent the group A strains, the
grey symbols represent the group B strains, and the black symbols represent the group C strains. B and
C) Representative fluorescent images of LIVE/DEAD stained biofilms grown in TSB (B) or 1/20TSB (C) at
25 °C of a group A strain (strain I11). The scalebar represents 20 um. The letters in the graph correspond
with the letters of the images. Both images were made at 1000x magnification.

orthy contribution of dead cells to 24 h old biofilms was observed. Next we quantified the
amount of viable biofilm cells by plate counts. The biofilms were detached by swabbing
after which cell suspensions were vortexed with glass beads to separate the biofilm cells.
Microscopic evaluation revealed that the method used to obtain single cells is sufficient for
biofilms grown in TSB or 1/20TSB at 25 °C and 37 °C. In figure 2.2A, the relation between
the OD values obtained in the CV assay and the number of biofilm cells for the different
culture conditions is shown. In TSB, the group A strains yielded approximately 8.1 log CFU/
well at both 25 °C and 37 °C after 24 h, while the group B and C strains showed less than
7 log CFU/well under these conditions. Interestingly, for the group A strains no significant
difference in CFU/well was detected between 25 °C and 37 °C, even though the CV assay
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showed a significant difference. In 1/20TSB, the number of biofilm cells for the group A and
B strains was comparable, which is in agreement with the results of the CV assay. However,
in this medium there are slightly, but significantly, more biofilm cells for these strains at 37
°C (7.6-7.8 log CFU/well) than at 25 °C (7.3-7.5 log CFU/well) (p<0.05, t-test), even though
CV binding is considerably higher at 25 °C than at 37 °C.

To enable a comparison of the data obtained, the data set for each culture condition was
fitted with a linear model (equation 1). This model contains a factor (a) that represents a
proportional constant between the CV staining and cell counts (Fig. 2.2A). Factor a was
higher for the fitted model of the results in 1/20TSB at 25 °C (a = 2.54 - 10®) compared with
the other culture conditions (a = 7.22 - 10° for TSB at 25 °C, a = 5.30 - 10° for TSB at 37 °C,
and g =4.11 - 10° for 1/20TSB at 37 °C). These results suggest that in 1/20TSB at 25 °C, the
extracellular matrix production is increased compared with the other tested culture condi-
tions. Therefore the influence of environmental conditions on the formation of the biofilm
extracellular matrix was further investigated.

Curli fimbriae and cellulose production on agar plates

Curli fimbriae and cellulose production was analysed on agar plates containing congo red or
calcofluor. At 25 °C, both the group A and B strains expressed the red, dry, and rough (rdar)
morphotype (Table 2.3), which correlates with production of curli fimbriae and cellulose
(Romling et al. 2003; Jonas et al. 2007; Malcova et al. 2008). The group C strains expressed
the smooth and white (saw) morphotype at 25 °C, which relates to absence of curli fimbriae
and cellulose production (Rémling et al. 1998). At 37 °C, all strains expressed the saw mor-
photype except for L2 that expressed a smooth and red (sar) morphotype. This indicates
that congo red was capable of binding to this strain under this culture condition.

Table 2.3: Curli fimbriae and cellulose production on congo red and calcofluor agar plates of the se-
lected S. Typhimurium strains. The morphotypes expressed on congo red agar plates: rdar (red, dry
and rough), saw (smooth and white) and sar (smooth and red) are comparable to those found in other
studies (Barnhart and Chapman 2006; Romling et al. 1998; Jones et al. 2007). Fluorescence intensities
on the calcofluor agar plates are indicated by - = no fluorescence, + = fluorescence and ++ = intense

flourescence.

Strain Biofilm former group 25°C 37°C

Cc4 rdar ++ saw -
11 A rdar ++ saw -
Cl1 rdar ++ saw -
14 B rdar ++ saw -
C16 rdar ++ saw -
123 C saw - saw -
L2 saw - sar -
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Figure 2.3: Expression of csgD and csgA in planktonic and biofilm cells of selected S. Typhimurium
strains. The graphs show the expression of csgD in TSB (A), csgD in 1/20TSB (B), csgA in TSB (C) and
csgA in 1/20TSB (D) of planktonic cells grown at 25 °C (light grey) or 37 °C (white) and in biofilm cells
grown at 25 °C (black) or 37 °C (dark grey). The expression values are relative to the expression of
strain C4, a group A strains, grown planktonically in TSB at 25 °C. The bars denote standard deviations
of three biological repeats. ? Expression in planktonic or biofilm cells at 25 °C is significantly different
from 37 °C (p < 0.05, t-test). ®Expression in biofilm cells grown at 25 °C or 37 °C is significantly different
from planktonic cells (p < 0.05, t-test). ¢ Expression in 1/20TSB is significantly different from TSB (p <
0.05, t-test).

The cellulose production was further characterized on agar plates supplemented with calco-
fluor (Table 2.3). At 25 °C, the group A and B strains showed intense fluorescence, whereas
for the group Cstrains no fluorescence was detected. At 37 °C, no fluorescence was observed
for the strains that expressed a saw morphotype on the congo red agar plates. For strain L2,
which expressed a sar morphotype on the congo red agar plates, some fluorescence was
detected at the calcofluor agar plate. This indicates that strain L2 produced cellulose at 37
°C, although the fluorescence was less compared with the group A and B strains at 25 °C. In
conlcusion, the results of these plate assays indicate that the group A and B strains have the
capacity to produce curli fimbriae and cellulose at 25 °C.
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Curli fimbriae expression

Curli fimbriae are known to be an important component of the biofilm extracellular matrix
(Romling et al. 1998; Jonas et al. 2007). Therefore, the expression of curli fimbriae was
analyzed by Q-PCR in planktonic and biofilm cells, in TSB and 1/20TSB, at 25 °C and 37 °C
(Fig. 2.3). The expression of both the gene encoding the transcriptional regulator of the csg
operons, csgD, and the gene encoding the major structural subunit of curli fimbriae, csgA,
was investigated. Both genes showed comparable expression patterns. In TSB, no relevant
differences in csgD and csgA expression between the different culture conditions or strains
were detected (Fig. 2.3A and 2.3C). However in 1/20TSB, significant differences in expres-
sion were observed (Fig. 2.3B and 2.3D). In general, both genes were higher expressed in
1/20TSB at 25 °C. Expression of csgD and csgA was significantly increased in biofilm cells
grown in 1/20TSB at 25 °C compared with 37 °C or TSB (p<0.05, t-test), except for strain
L2. In addition, the expression of both genes was considerable higher for the group A and
B strains than for the group C strains at this culture condition (p<0.05, t-test). Furthermore
in 1/20TSB at 25 °C, the expression of csgA in group A and B strains was induced more in
biofilm cells compared with planktonic cells (p<0.05, t-test). These results are consistent
with the biofilm forming capacity of these strains in 1/20TSB at 25 °C. This suggests that curli
fimbriae are important for biofilm formation and that they form an important component of
the biofilm extracellular matrix under this culture condition. Presumably, they might not be
as important for biofilm formation at 37 °C and/or in a nutrient-rich environment.
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Figure 2.4: Expression of adrA in planktonic and biofilm cells of selected S. Typhimurium strains. The
graphs show the expression in TSB (A) and 1/20TSB (B) in planktonic cells grown at 25 °C (light grey)
or 37 °C (white) and biofilm cells grown at 25 °C (black) or 37 °C (dark grey). The expression values are
relative to the expression of strain C4 grown planktonically in TSB at 25 °C. The bars denote standard
deviations of three biological repeats. ? Expression in planktonic or biofilm cells at 25 °C is significantly
different from 37 °C (p < 0.05, t-test).” Expression in biofilm cells grown at 25 °C or 37 °C is significantly
different from planktonic cells (p < 0.05, t-test). Expression in 1/20TSB is significantly different from
TSB (p < 0.05, t-test).
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Cellulose expression

Besides curli fimbriae, cellulose may also contribute to the biofilm extracellular matrix.
Therefore the expression of bcsA, which encodes the cellulose synthase, and adrA, which
encodes a protein proposed to be required for cellulose synthesis (Zogaj et al. 2001), were
analysed in planktonic and biofilm cells grown in TSB and 1/20TSB at 25 °C and 37 °C. No
significant differences in bcsA expression between any of the tested culture conditions or
between the different strains, was detected (data not shown). Thus the expression of bcsA
was not affected by environmental conditions. However, significant differences were ob-
served in adrA expression. The expression of this gene was higher in biofilm cells grown in
1/20TSB compared with biofilm cells grown in TSB (p<0.05, t-test), except for strain L2 (Fig.
2.4). In addition, biofilm cells of group A and B strains show increased expression of adrA
in 1/20TSB at 25 °C compared with planktonic cells (p<0.05, t-test) (Fig. 2.4B). These results
are consistent with the biofilm forming capacity of these strains and with the induced ex-
pression of curli fimbriae in 1/20TSB at this temperature. In TSB, no relevant differences in
adrA expression between the different culture conditions or the different strain groups were
detected (Fig. 2.4A).

The expression analysis of csgA, csgD and adrA, suggest that both curli fimbriae and cellu-
lose act as matrix components during biofilm formation in 1/20TSB at 25 °C. Interestingly,
the group A strains did show dense biofilm formation in TSB at 25 °C and 37 °C, as well (Fig.
2.1). Therefore, it is possible that other features contribute to biofilm formation in a nutri-
ent-rich medium.

Microscopic evaluation of S. Typhimurium biofilms

Biofilms grown on coupons of the selected strains were microscopically examined to obtain
more information on the morphology of S. Typhimurium biofilms. In addition the biofilms
were stained with calcofluor to analyse the cellulose content of the biofilms, and to inves-
tigate if increased adrA expression is associated with induced cellulose production. Repre-
sentative pictures of group A, B, and C strains per culture conditions are shown in Figure 2.5.
In TSB, the group A strains showed at 25 °C and 37 °C a dense layer of bacteria, in which
small spots of calcofluor were visible (Fig. 2.5). These results might suggest that cellulose
was expressed only by some small clusters of cells. For the group B and C strains, small cell
clusters and single attached cells were observed (Fig. 2.5). In biofilms from the group B
strains also a small subpopulation of cells exhibited some cellulose production in TSB. On
the other hand, in 1/20TSB at 25 °C, large cell clusters with high level calcofluor staining
were observed for the group A and B strains (Fig 2.5), which implies large amounts of cel-
lulose to be present in the extracellular matrix of these biofilms. The same strains showed
smaller cell clusters stained with calcofluor at 37 °C, but the fluorescence intensity was sub-
stantial lower than at 25 °C. Less biofilm cells were found for the group C strains, but also
these biofilms displayed some cellulose production around the microcolonies and single
attached cells in 1/20TSB (Fig 2.5).
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The Q-PCR data and the calcofluor stained biofilms showed that curli fimbriae and cellulose
are specifically induced during biofilm formation in 1/20TSB at 25 °C, which is also in agree-
ment with the results of CV staining and cell counts, that suggested increased extracellular
matrix production at this culture condition.

Scanning electron microscopy

With SEM more detailed images of biofilms of group A strains grown in TSB or 1/20TSB at
25 °C were made (Fig 2.6). The SEM images confirmed the conclusion that biofilms grown
in 1/20TSB produce more extracellular matrix than biofilms grown in TSB. In TSB, a dense
layer of cells with almost no extracellular matrix was observed. In 1/20TSB, clusters of cells
were found of which a subpopulation of the cells was completely encapsulated. Although
the cells are encapsulated, by vortexing with beads we were still able to obtain single cells.
Presumably these cells are encapsulated with cellulose, since high levels of calcofluor bind
to biofilms grown in 1/20TSB at 25 °C.

DISCUSSION

In this study, by combining the CV assay with LIVE/DEAD staining and enumeration of the
biofilm cells, we demonstrated that the number of attached biofilm cells and the extracel-
lular matrix were influenced by environmental conditions, like temperature and nutrient
availability. Further analysis of the expression and production of curli fimbriae and cellu-
lose showed that these components particularly contribute to the total amount of biofilm
formation in low nutrient conditions (1/20TSB) at ambient temperatures and that these
components might not be as important during biofilm formation at 37 °C or in nutrient-rich
conditions such as TSB (Fig 2.7).

By screening the collection of 51 S. Typhimurium strains with the CV assay, we found that
the industrial isolates generally exhibited dense biofilm formation in 1/20TSB at 25 °C only.
However, the clinical, outbreak-associated and retail product isolates also showed dense
biofilm formation in TSB at 25 °C and 37 °C. These results are in contradiction with previous
studies using a range of clinical, animal, outbreak-associated and retail product isolates,
that showed no relation between biofilm forming behavior and strain origin (Stepanovi et
al. 2004; Solomon et al. 2005). However, in these studies the biofilm forming capacity was
tested at relatively high temperatures only, i.e., at 30 and 35 °C, and this may have affected
the outcome of the latter studies, since our results indicate that temperature greatly influ-
ences biofilm formation.
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Figure 2.6: Representative images made by SEM of biofilms from a group A strain (strain 12) cultured
in TSB or 1/20TSB at 25 °C.

50



Biofilm formation in high and low nutrient media

Furthermore, we observed highest biofilm formation by the group A strains in the nutri-
ent-rich TSB medium, while the group B strains only showed dense biofilm formation in
1/20TSB. So biofilm forming capacity was also influenced by the culture medium. Efficient
biofilm formation of the group B strains in 1/20TSB might be associated with limitation of
a specific component or combinations thereof, but alternatively, biofilm formation might
be inhibited by one or more components that are present in higher levels in TSB. To test
the latter hypothesis, a range of amino acids and carbon sources were separately added to
1/20TSB to concentrations comparable to that in TSB, and the effect on biofilm formation
was analysed. However, none of the tested components showed inhibition of biofilm for-
mation of the group B strains (data not shown). Alternatively, efficient biofilm formation of
group A strains in nutrient-rich conditions could be linked to specific features that are either
absent or not induced in the group B and C strains in such conditions. The putative factor(s)
involved remain to be elucidated.

Analysis of biofilm forming capacity with the widely used CV assay does not supply infor-
mation on the relative contribution of biofilm cells and the extracellular matrix. Our results
of the combined CV and enumeration assays, revealed that the lowest boundary for the CV
assay is approximately 6.8 log CFU/well, which indicates that this assay is not very sensitive
and may fail to detect low levels of biofilm formation. Furthermore, we showed that the
contribution of the extracellular matrix is variable between different environmental condi-
tions. Notably, in none of the conditions significant amounts of dead cells were found to
contribute to the biofilm, indicating that in particular at 25 °C in 1/20TSB the extracellular
matrix is an important component of the biofilms formed. Subsequent, Q-PCR analysis in-
deed showed that the expression of genes with roles in the production of curli fimbriae
(csgD and csgA) and cellulose (adrA) was particularly induced in the biofilm cells of the
group A and B strains in 1/20TSB at 25 °C. This suggests that curli fimbriae and cellulose are
specifically involved in biofilm formation in a low nutrient medium at ambient tempera-
tures, and that other factors might be involved in biofilm formation at body temperature
and/or in a nutrient-rich environment (Fig. 2.7). Furthermore, a correlation in expression
patterns between csgD and adrA was observed, i.e., increased csgD expression is associated
with up-regulation of adrA. Recently, Zakikhany et al. (2010) presented evidence that CsgD
interacts with DNA directly and activates transcription of adrA. In addition, in our studies,
no significant differences were detected in the expression of bcsA between the different
culture conditions or strains, while microscopic images of the biofilms showed intense cal-
cofluor stained biofilm cells for the group A and B strains in 1/20TSB at 25 °C, only. These
results support the previously postulated hypothesis that AdrA positively affects cellulose
production at a posttranscriptional level (Zogaj et al. 2001; Romling 2005; Zakikhany et al.
2010). However, to confirm this interaction, more research is needed.
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Further microscopic analyses of the calcofluor stained biofilms and SEM analysis revealed
heterogeneity in cellulose production. For example, the SEM images show that a subpopula-
tion of biofilm cells in 1/20TSB is encapsulated by extracellular matrix, conceivably cellulose.
Heterogeneity in cellulose production in biofilms has not been described before for Salmo-
nella, but our observation is in line with observations made by Grantcharova et al. (2010).
They reported single-cell expression analysis which revealed that csgD is expressed in a
bistable manner during biofilm development. The subpopulation of cells expressing large
amounts of csgD is engaged in cellulose production indicating that bistability at the level
of csgD expression leads to a corresponding pattern of task distribution in S. Typhimurium
biofilms (Grantcharova et al. 2010). Notably, in earlier studies on Salmonella biofilm forma-
tion the analysis of cellulose production included detachment of cellulose from the cell wall

1/20TSB and 25 °C

csgABC csgDEFG

A) TSB25°Cand 37 °C B)

l Curli fimbriae @
/ production \
T\ Cellulose — _[-
production ™" @

Figure 2.7: A) A schematic illustration of a biofilm produced by the group A strains in TSB at 25 °C or 37

°C, adapted from Jonas et al. (2007) and Zakikhany et al. (2010). Mechanisms involved in the formation
of biofilms under these environmental conditions are not known yet. B) A schematic illustration of a
biofilm produced by the group A or B strains in 1/20TSB at 25 °C, adapted from Jonas et al. (2007) and
Zakikhany et al. (2010). This latter culture condition conceivably activates CsgD, which positively regu-
lates the expression of the csg operons (curli fimbriae) and adrA (Zakikhany et. al. 2010). The putative
activation of cellulose production involving AdrA is indicated by a dotted arrow. See text for details.

followed by hydrolysis and quantification of the sugar monomers by GS-MS (Bokranz et al.
2005). However, in this way it is not possible to analyse the distribution of cellulose in bio-
films. Moreover, in the current study we provide evidence that environmental conditions af-
fect both the extracellular matrix and biofilm morphology. In the rich TSB medium, biofilms
of the group A strains showed a dense layer of bacterial cells, while in 1/20TSB group A and
B strains showed cell clusters imbedded in cellulose.

52



Biofilm formation in high and low nutrient media

The results indicate that both group A strains, which are mainly clinical, out-break associat-
ed and retail product isolates, and group B strains, which are mainly industrial isolates, are
able to express curli fimbriae and cellulose. However, the expression of these components
in both group A and B strains was particularly induced in 1/20TSB at 25 °C, which appeared
to be related with the expression of csgD. Previously, it was shown that expression of csgD is
regulated by a variety of environmental signals (Gerstel and Romling 2003). Our results sug-
gest that CsgD is highly activated under low nutrient conditions at ambient temperatures,
which results in the production of curli fimbriae and cellulose. Apparently, under nutri-
ent-rich conditions biofilm formation of the group A strains is dependent on other features
that are either absent or not induced in the group B and C strains under this environmental
condition (Fig 2.7). This suggests that the majority of our clinical, outbreak-associated and
retail product isolates (group A strains) have adapted to and/or been selected for their ca-
pacity produce dense biofilms under nutrient-rich conditions at ambient and body tempera-
ture. Whether this has provided a selective advantage for the clinical isolates in colonization
of the host remains to be elucidated.

It is conceivable that biofilms containing large amounts of extracellular matrix might be
more difficult to eradicate during disinfection treatments due to the protective effect of the
extracellular matrix (Solano et al. 2002; White et al. 2008; Vestby et al. 2009a). On the other
hand, biofilm cells that are not imbedded in a dense extracellular matrix might disperse
more easily from the biofilm, and subsequently contaminate food products more easily.
Apparently, more information about in situ biofilm formation and their characteristics is
required before these questions can be answered.

In conclusion, we demonstrated that biofilm forming behavior is affected by environmental
conditions like temperature and medium, but also that it is associated by strain origin. In
addition, it was shown that curli fimbriae and cellulose contribute specifically to biofilm pro-
duction under low nutrient conditions at ambient temperatures and that other components
are conceivably more important during biofilm formation at 37 °C and/or in nutrient-rich
conditions. However, further research is needed to identify these components. In addition,
our findings on the extracellular matrix production provide good opportunities to study the
effects of the absence or presence of extracellular matrix on the survival of S. Typhimurium
biofilms during disinfection treatments and may therefore contribute to the development of
more efficient disinfection strategies.
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ABSTRACT

This study analysed the role of fimbriae during the initial attachment and subsequent bio-
film formation of Salmonella Typhimurium strains to abiotic surfaces. An expression analysis
of eleven putative functional fimbriae clusters revealed that only type 1 fimbriae were sig-
nificantly higher expressed in strains showing dense biofilm formation compared to strains
showing little to no biofilm formation. The presence of type 1 fimbriae was confirmed by a
hemagglutination assay, transmission and scanning electron microscopy and was observed
for a subpopulation of cells only. This was in agreement with zeta potential measurements
that revealed a heterogeneous apparent zeta potential distribution for cell cultures of dense
biofilm formers. The higher adhesion capacity of dense biofilm forming strains appeared to
be mannose-sensitive since addition of mannose resulted in less attachment. These results
indicate that type 1 fimbriae contribute to the initial attachment of S. Typhimurium to abi-
otic surfaces ultimately leading to dense biofilm formation.
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INTRODUCTION

Salmonella is one of the leading causes of foodborne illness worldwide. It is the causa-
tive agent of salmonellosis which is characterized by abdominal pain, diarrhea, the onset
of fever, nausea and sometimes vomiting. One of the predominant serovars causing human
salmonellosis in the EU is Salmonella enterica serovar Typhimurium (EFSA 2012). S. Typh-
imurium is able to attach and form biofilms on a variety of surfaces. These surfaces can be
biotic like epithelial cells in the intestinal tract, or abiotic like processing equipment in the
food industry (Ledeboer et al. 2006; Joseph et al. 2001; Sinde and Carballo 2000). In both
medicine and the food industry, biofilms cause problems such as chronic infections and food
product contamination respectively, especially since biofilms are hard to eradicate due to
increased resistance against antimicrobial agents (Wong et al. 2010; Scher et al. 2005).

Biofilm formation is a complex process that starts with the attachment of cells to a surface.
This initial attachment and subsequent biofilm formation is influenced by environmental
conditions, the physicochemical cell surface properties, surface characteristics and the pres-
ence of cell surface structures (van Merode et al. 2006; Cowan et al. 1992a; Cowan et al.
1992b). S. Typhimurium can express a variety of cell surface structures that have been as-
sociated with biofilm formation on different types of surfaces (Steenackers et al. 2012). In a
previous study we provided evidence that the surface structures curli fimbriae, encoded by
the csg fimbrial gene cluster, and cellulose are involved in the biofilm formation on abiotic
surfaces at ambient temperatures and low-nutrient conditions (Castelijn et al. 2012). The
factors involved in dense biofilm formation at 37 °C and nutrient-rich conditions remained
to be elucidated in that study. Therefore this current study analysed if one of the other puta-
tive functional fimbrial gene clusters of S. Typhimurium play a role in the initial attachment
and subsequent biofilm formation on abiotic surfaces in nutrient-rich conditions at 37 °C.
This temperature is relevant for medical settings, e.g. biofilm formation on implants, but
also and in meat processing settings, since temperatures up to 40 °C have been reported,
e.g. in slaughter plants (Skandamis et al. 2009; Botteldoorn et al. 2003).

Type 1 fimbriae are encoded by the fim gene cluster (Tinker and Clegg 2000), one of the pu-
tative functional fimbrial gene clusters found in the genome of S. Typhimurium (McClelland
et al. 2001). Type 1 fimbriae play an important role in the initial attachment and subsequent
biofilm formation on human and animal epithelial cells (Ledeboer et al. 2006; Boddicker et
al. 2002). We hypothesized that these fimbriae could also play a role in initial attachment
and subsequent biofilm formation of S. Typhimurium strains on abiotic surfaces. Dependent
on growth history and media used, type 1 fimbriae can be found on the cell surface of most
members of the Enterobacteriaceae (Tinker et al. 2001). They are assembled by the chaper-
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one-usher system and are composed of +1000 copies of the major structural subunit FimA,
with FimH located on the tip. Up to 200-500 of these structures can be found on the outer
membrane of fimbriated bacteria (Fronzes et al. 2008).

This study shows that type 1 fimbriae are important for attachment of S. Typhimurium to
abiotic surfaces in a rich medium (TSB) at 37 °C. Under these conditions, increased fimA
expression by planktonic cells was associated with fimbriae on the cell surface of a subpop-
ulation of cells only. Cell cultures with a subpopulation of cells expressing type 1 fimbriae
showed increased initial attachment that was found to be mannose sensitive. Whether type
1 fimbriae are involved directly in interactions of bacterial cells with the surface, or indirect-
ly by affecting the physicochemical cell surface properties, or a combination of these two,
remains to be elucidated.

MATERIAL AND METHODS

Bacterial strains and culture conditions

Seven Salmonella enterica ssp. enterica serovar Typhimurium isolates were used in this
study; C4, C11, C16, 11, 14, 123 and L2 (Table 1) (Castelijn et al. 2012). Stocks were stored at
-80 °Cin Brain Hearth Infusion broth (BHI, Becton Dickson) supplemented with 15% glycerol
(Sigma). Prior to the experiments, strains were cultured from the frozen stocks on Tryptone
Soy Agar (TSA, Oxoid) at 37 °C. Subsequently, single colonies were used to inoculate 10 ml
Luria Bertani broth (LB, Merck) and cultures were incubated overnight at 37 °C with agita-
tion (200 rpm) after which they were used in the different experiments.

Biofilm formation and quantification of initial attachment

Biofilm formation was quantified in flat bottom 96 well polystyrene plates (Greiner Bio-one)
using the crystal violet (CV) assay and by enumeration of the biofilm cells by plate counting
as described previously (Castelijn et al. 2012). In short, the wells were filled with 200 pl of
Tryptone Soy Broth (TSB, Oxoid) medium or TSB + 3% mannose and inoculated with 1.5%
(vol/vol) overnight grown cell cultures. Then the biofilms were statically grown for 1h or 24
hat 37 °C.

For the CV assay, the biofilms were washed twice with water and stained with 0.1% CV (Mer-
ck) for 30 min. Subsequently the biofilms were washed three times and the attached CV was
dissolved with 96% ethanol (Merck). The absorbance was measured at 595 nm (Spectra-
Max, Molecular Devices).

For enumeration of biofilm cells after 1 h and 24 h, the biofilms were washed three times
with peptone physiological salt (pps). Next the biofilm cells were detached by swabbing and
the cell suspension and swabs were transferred to a tube containing 1.5 ml of pps and 0.3
g glass beads (<106 um, Sigma). In order to detach the biofilms and obtain single cells the
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tube was vortexed for 1 min. Then, appropriate dilutions were made in pps and the cells
were enumerated by plating on TSA. After overnight incubation at 37 °C, the colonies were
counted. The CV assay and the enumeration of biofilm cells were performed in three biolog-
ically independent experiments.

Microscopic evaluation of SYTO-9 stained biofilms

For the microscopic analysis, biofilms were grown on polystyrene coupons (18 mm x 22 mm)
placed vertically in a 12 well plate. The wells were filled with 3 ml of TSB and inoculated
with 1.5% (vol/vol) overnight grown cultures. Then the plates with coupons were incubated
for 24 h at 37 °C. After incubation the coupons were washed three times with peptone
buffered saline (pbs) and stained with SYTO 9 (Invitrogen) for 15 min, according to manu-
facturer’s protocol. Subsequently, the coupons were washed again twice with pbs and the
biofilms were visualized with an Olympus BX41 microscope and a U-MWU-2 fluorescence
filter (Olympus). This experiment was performed in duplicate and in total about 25 images
was examined for each sample.

RNA isolation and cDNA synthesis

Total RNA was isolated from planktonic cells grown static for 24 h in TSB at 37 °C. The RNA
in the cells was stabilized with RNAprotect Bacteria Reagent (Qiagen), and RNA was isolated
by use of the RNeasy Kit (Qiagen) according to manufacturer’s protocol. To prevent DNA
contamination, an on-column DNase treatment (Qiagen) was performed.

The SuperScript Il reverse transcriptase kit (Invitrogen) was used according to manufac-
turer’s protocol to convert 300 ng of total RNA into cDNA. RNA samples were controlled for
genomic DNA contamination by omitting the Superscript Ill reverse transcriptase.

Quantitative real-time PCR

Primer 3 (available from: http://frodo.wi.mit.edu/primer3/) was used to design primers for
use in quantitative real-time PCR (Q-PCR). Primers used in this study are listed in Table S3.1
provided as supplementary. For the Q-PCR reaction on fimA the forward primer 5" TGTC-
GATCAGACCGTGACAT 3’ (FWfimA) and reverse primer 5 CGCAGTCTTCCAGTTTGATG 3’
(RVfimA) (250 nM each) were added to 5 puL cDNA (300 ng/sample) and 12.5 pL 2x SYBR®
Green PCR Master Mix (Applied Biosystems). Then sterile water was added to a final volume
of 25 pL. The reactions (10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 1 min at 59 °C)
were carried out on an ABI Prism 7000 Sequence Detection System. To verify single product
formation a melting curve was included. The housekeeping genes 16S rRNA, rpoD and gmk
were used for normalization and a standard curve was derived for each primer set to de-
termine the efficiency. Q-PCR was performed on three biological independent experiments
using two technical replicates each.
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Figure 3.1: Biofilm forming capacity in TSB at 37 °C after 24 h based on optical density following crystal
violet staining (A) and by enumeration of the biofilm cells (B). The bars denote the SDs of three bio-
logical repeats and significant differences are indicated by different letters (p < 0.05, t-test). The level
of dense biofilm formation in the CV assay (three times the background level) is indicated by a dotted
line. C) Representative image of a SYTO-9 stained 24 h old biofilm of a dense biofilm former grown in
TSB 37 °C (strain 11). D) Representative image of a SYTO-9 stained 24 h old biofilm of a poor biofilm
former grown in TSB 37 °C (strain 14). All images were taken at a magnification of 400x and the scale
bar represents 20 um.
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Hemagglutination assay

For the hemagglutination assay the strains were grown overnight in 20 ml TSB in a 100 ml
Erlenmeyer flask, under static conditions at 37 °C. Of these cultures, aliquots of 50 ul were
mixed with 50 ul of 5% (vol/vol) guinea pig erythrocytes suspended in pbs, on a glass slide.
After 5 minutes, the samples were scored positive or negative for agglutination. Mannose
sensitivity was determined by mixing the bacterial cell cultures with 5% (vol/vol) guinea pig
erythrocytes suspended in pbs containing 3% D-(+)-mannose (wt/vol) (Acros). This assay
was performed in three biologically independent experiments.

Transmission electron microscopy

For transmission electron microscopy (TEM) the strains were statically grown in TSB at 37
°C for 24 h. Of these overnight cell cultures 1 ml was centrifuged (3 min, 5000g) and the cell
pellet was resuspended in sterile demineralized water. Subsequently, the cells were nega-
tively stained with 1% phosphotungstic acid for 30 s and put on a copper grid coated with a
formvar film (Wageningen Electron Microscopy Centre, WEMC). The grids were air dried and
evaluated with a JEOL 1011 transmission electron microscope.

Scanning electron microscopy

The strains were examined with scanning electron microscopy (SEM) to analyse the cell
surface morphology in more detail. For this, cell cultures grown statistically overnight at 37
°C were deposited on a 0.22 um pore size filter (Millipore) using negative pressure. Subse-
quently the samples were fixed with 3% glutaraldehyde in 0.1 M phosphate buffer pH 7.2
for 1 h at room temperature and further processed as described by Castelijn et al. 2012.
The cells were analysed at 2 kV at room temperature in a Field Emission Scanning Electron
Microscope (Magellan 400, FEI, Eindhoven, the Netherlands).

Zeta potential distribution

The zeta potential distribution was determined by particulate micro-electrophoresis. The
electrophoretic mobility of individual bacteria is determined and converted to an apparent
zeta potential. The strains were grown overnight in 20 ml TSB in a 100 ml Erlenmeyer flask,
under static conditions at 37 °C. The cells were harvested by centrifugation (6500x g, 5 min)
and washed with 10 mM potassium phosphate (pH 7.0). The apparent zeta potential was
determined in 10 mM potassium phosphate (pH 7.0), with a Lazer Zee Meter 501 (PenKem)
as described previously (van Merode et al. 2006). The zeta potential measurements were
performed in three biological independent experiments. For each experiment, a minimum
of 100 cells was analyzed.
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RESULTS

Biofilm formation

Based on our previous study (Castelijn et al. 2012) in which 51 S. Typhimurium strains were
screened for biofilm formation under various conditions, seven strains were selected of
which three (C4, 11 and C11) showed dense biofilm formation and four (14, C16, 123 and
L2) showed poor biofilm formation in TSB at 37 °C (Fig. 3.1A). The differences in biofilm
formation were not related to differences in growth capabilities, since the strains show sim-
ilar growth rates (Table 3.1) and final OD600 nm values reached in TSB at 37 °C (data not
shown). The different biofilms were further investigated by enumeration of biofilm cells
and microscopic analyses (Fig. 3.1B-D). The biofilms of the dense biofilm formers consist-
ed of approximately 8.1 log CFU/well, which was significantly higher than that of the poor
biofilm formers that contained approximately 6.3 to 7.0 log CFU/well (p<0.05, t-test) (Fig.
3.1B). These results were in agreement with the microscopy analyses of the biofilms, which
showed that the biofilms of the dense biofilm formers consisted of a dense layer of cells
(Fig. 3.1C), while for the poor biofilm formers only small cell clusters and single attached
cells were detected (Fig. 3.1D).
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Figure 3.2: Expression of fimA by S. Typhimurium planktonic cells cultures grown in TSB at 37 °C for
24 h. The expression values are relative to the expression of fimA by C4. The bars denote the SDs of
three biological replicates and significant differences are indicated by different letters (p < 0.05, t-test).

FimA expression and production on the cell surface

Several studies have shown that fimbriae can play a role in initial attachment and subse-
quent biofilm formation of bacteria on biotic surfaces (Clayton et al. 2008; Ledeboer et
al. 2006; Weening et al. 2005). The genome of S. Typhimurium possess 13 fimbrial gene
clusters, but two of these gene clusters miss one of the three genes (encoding for the major
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structural subunit, the chaperone component or porin component) minimally needed for
functional fimbriae assembly (Humpries et al. 2003). Therefore the expression of only the
eleven putative functional fimbrial gene clusters present in the S. Typhimurium genome
(bcf, csg, fim, Ipf, stb, stc, std, stf, sth, sti, and pef) was analysed for cells grown in TSB at 37
°C (Fig. 3.2 and Fig. S3.1). This revealed that fimA, encoding for the major structural subunit
of type 1 fimbriae, was significantly higher expressed than the other genes in planktonic
cultures. Furthermore, fimA was also significantly higher expressed by the dense biofilm
formers compared to the poor biofilm formers. This pointed to a specific role for type 1 fim-
briae in the initial attachment and subsequent dense biofilm formation on abiotic surfaces
in TSB. Interestingly no significant differences in fimA expression were observed for biofilm
cells (data not shown).

Table 3.1: Growth performance and hemagglutination assays with S. Typhimurium cell cultures grown
at 37 °Cin TSB for 24 h. Hemagglutination of guinea pig red blood cells was assayed in TSB without and
with 3% mannose. (-) No agglutination was observed, (+) agglutination was observed.

Strain TSB TSB + 3% Growth r?ie Isolation Reference
mannose Umax (h ™) source

ca + - 0.40 Human feces Berk et al. 2005

11 + - 0.41 Food industry Castelijn et al. 2012
c11 + - 0.40 Human, blood Berk et al. 2005

14 - - 0.40 Food industry Castelijn et al. 2012
Cl6 - - 0.44 Human, blood Berk et al. 2005
123 - - 0.36 Food industry Castelijn et al. 2012
L2 - - 0.43 SGSC 2618 Fang et al. 1992

To verify that a higher expression of fimA is related with increased presence of type 1 fimbri-
ae on the bacterial cell surface, a hemagglutination assay and TEM analysis were performed
(Fig. 3.3). The hemagglutination assay is frequently used to detect type 1 fimbriae. The tip
of type 1 fimbriae, i.e., FimH, binds to mannose residues on eukaryotic erythrocytes which
results in agglutination (Kisiela et al. 2005; Duguid et al. 1966). This agglutination reaction
can be blocked by addition of excess D-mannose (Tinker et al. 2001; Old 1972). Of the seven
S. Typhimurium strains, agglutination was observed only for the three dense biofilm form-
ing strains, while the other strains did not show agglutination (Table 3.1 and Fig. 3.3A and
B). Furthermore, the agglutination reaction of the three dense biofilm formers appeared to
be blocked in the presence of D-mannose confirming the putative role of type 1 fimbriae.
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The presence of fimbriae on the cell surface of the dense biofilm formers was also evaluated
using TEM (Fig. 3.3C and Fig. S3.2). Indeed, fimbriae-like-structures were observed on the
surface of the dense biofilm formers that showed positive in the agglutination assay (Fig.
3.3C arrow 1). The observed surface structures showed similarity with those in other stud-
ies that also used TEM for type 1 fimbriae detection and identification (Chuang et al. 2008;
Humphries et al. 2003; Hancox et al. 1997; Duguid et al. 1966). Notably, fimbriae were ob
served on the cell surface of a subpopulation only, with the largest population composed of

2

O i

Figure 3.3: The presence of type 1 fimbriae was analysed for planktonic cells grown for 24 h in TSB at
37 °C with the hemagglutination assay (A and B) and with TEM (C). A and B) Microscopy images of a
positive (strain 11) and a negative hemagglutination assay reaction (strain 14), respectively. The scale
bars indicate 20 um. C) Representative TEM image of a cell culture form a dense biofilm former (strain
11) containing fimbriated (arrow 1) and non-fimbriated cells (arrow 2). The scale bar indicates 1 um.
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C IC
Figure 3.4: SEM images of planktonic cells grown for 24 h in TSB at 37 °C on a 0.22 um filter which is vis-
ible as the irregular background. A) Representative image of a cell culture form a dense biofilm former
containing non-fimbriated and fimbriated cells (strain 11). The cell indicated by an arrow is completely
covered with fimbriae-like-structures. B) Representative image of a cell culture from a poor biofilm
former containing non-fimbriated cells only (strain 14). C) A magnification of a completely fimbriated
cell (strain 11). D) A magnification of a non-fimbriated cells, with some long tubular filaments attached

to the surface (strain 14).

non-fimbriated cells (Fig. 3.3C arrow 2). For the poor biofilm formers only non-fimbriated
cells were observed. Thus, Q-PCR data, hemagglutination results and TEM analysis point to
expression of type 1 fimbriae in a subpopulation of TSB grown cells in cultures derived from
strain showing dense biofilm formation.
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SEM analysis of the bacterial surface

With SEM the cell morphology can be analysed in more detail. The SEM analysis confirmed
the TEM analysis including heterogeneity in cell cultures from the dense biofilm formers. For
these strains, subpopulations of non-fimbriated and fully fimbriated cells (approximately
25% of the cells) were observed (Fig. 3.4A and C). Cell cultures from the poor biofilm form-
ers were found to be homogeneous and contained only non-fimbriated cells (Fig. 3.4B and
D). SEM analysis also revealed the presence of morphologically distinct filaments that were
less abundant, much longer and found on the surface of both dense and poor biofilm form-
ers. These filamentsare comparable to flagella observed in other SEM studies (Sampaio et
al. 2009; Girdn et al. 2002; Bertin et al. 1994).

Zeta potential distribution

Type 1 fimbriae are assembled on the cell surface and can therefore influence the physico-
chemical properties of the cells (Cowan et al. 1992a; Cowan et al. 1992b). To test this hy-
pothesis the distribution of the apparent zeta potential of planktonic cells was determined
by analysing the electrophoretic mobility of individual bacteria (Fig. 3.5). This showed that
cell cultures of the poor biofilm formers displayed a homogenous apparent zeta potential
of about -2 mV. Conversely, cell cultures derived from dense biofilm formers showed a het-
erogeneous apparent zeta potential distribution. For these strains a subpopulation of about
20% of the cells displayed a more negative apparent zeta potential of -12 mV, in addition to
a population with an apparent zeta potential of -2 mV (Fig. 3.5). These results are in line with
the SEM analysis of the dense biofilm formers, which revealed that a subpopulation of ap-
proximately 25% of the cells was completely fimbriated. Therefore these data suggest that
the presence of type 1 fimbriae on the cell surface influences the electrophoretic mobility.

Mannose-sensitive initial attachment

The experiments discussed above suggest that only a subpopulation of planktonic cultures
from dense biofilm formers expresses type 1 fimbriae. To assess the impact on initial at-
tachment, the number of attached cells after 1 h of incubation in TSB at 37 °C was deter-
mined. This revealed that the dense biofilm formers show approximately ten-fold higher
initial attachment than the poor biofilm formers grown in TSB (Fig. 3.6), which resulted in
significantly higher biofilm formation after 24 h (Fig. 3.1). Mannose was added to the TSB
medium to verify the role of type 1 fimbriae in the initial attachment. This indeed signifi-
cantly reduced the initial attachment (Fig. 3.6) and the subsequent total biofilm formation
of the dense biofilm formers to levels comparable to the poor biofilm formers (Fig. S3.3).
These data strongly suggest that the expression of type 1 fimbriae by a subpopulation of
planktonic cells increases the initial attachment supporting dense biofilm formation.
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Figure 3.5: Distribution of subpopulations of S. Typhimurium cell cultures grown in TSB at 37 °C. Cell
cultures from the dense biofilm formers contain a subpopulation with a more negative apparent zeta
potential of -12 mV + 2 (indicated in white), in addition to a population with an apparent zeta potential
of -2 mV % 2 (indicated in black). The bars denote the SDs of the apparent zeta potential fractions of
three biological replicates.

DISCUSSION

S. Typhimurium biofilm formation is influenced by environmental cues that activate a vari-
ety of parameters contributing to this process (Gerstel and Romling 2003) In our previous
study it was shown that curli fimbriae and cellulose are involved in biofilm formation on abi-
otic surfaces in nutrient-low media at ambient temperatures (Castelijn et al. 2012). The cur-
rent study analysed which other fimbriae are involved in biofilm formation in a nutrient-rich
environment (TSB) at 37 °C and revealed a role for type 1 fimbria in the initial attachment
and subsequent biofilm formation of S. Typhimurium on abiotic surfaces.

The seven strains used in this study were selected based on a biofilm forming capacity
screening in our previous study (Castelijn et al. 2012). Three of the selected strains, C4,
11 and C11, showed dense biofilm formation in the rich TSB medium. Differences in to-
tal biofilm formation between the dense and poor biofilm formers appeared to be mainly
attributed to differences in cell numbers, since no significant contribution of extracellular
matrix components was observed in previous studies (Castelijn et al. 2012). Attachment of
S. Typhimurium cells to biotic surfaces such as epithelial cells is known to be affected by fim-
briae (Clayton et al. 2008; Ledeboer et al. 2006; Weening et al. 2005). In addition, Teplitski
et al. (2006) reported that the S. Typhimurium ATCC 14028 fim/ mutant grown in LB medium
was slightly deficient in biofilm formation in polystyrene microtitre plates compared to the
wild type. Therefore in our study we analysed if fimbriae also play a role in the attachment
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Figure 3.6: Initial attachment after 1 h of incubation at 37 °Cin TSB (grey bars) and TSB + 3% mannose
(black bars). The bars denote the SDs of three biological repeats and significant differences are indi-
cated by different letters (p < 0.05, t-test).

of S. Typhimurium isolates to abiotic surfaces. An expression analysis of all putative func-
tional fimbriae gene clusters in cell cultures of the selected S. Typhimurium strains showed
an increased fimA expression at 37 °C for the dense biofilm formers compared to the other
fimbriae and to the fimA expression of the poor biofilm formers (Fig. 3.2, Fig. S3.1).

Interestingly, fimA expression was also observed in biofilms grown for 24 h in TSB at 37 °C,
but no significant differences were observed between the poor and dense biofilm formers
(data not shown). This suggests that type 1 fimbriae mainly enhance the initial attachment
of dense biofilm former cells. It is conceivable that FimH, located on the tip of the fimbriae,
binds to mannose residues originating from the TSB medium (Hsiao et al. 2006) and de-
posited on the surface. This is supported by the observation that addition of D-mannose
to the growth medium resulted in decreased attachment. In addition, no differences were
detected between initial attachment of dense and poor biofilm formers in potassium buffer
with or without mannose (data not shown). Taken these results together suggests that type
1 fimbriae are involved in initial attachment to mannose-coated surfaces and that their role
in subsequent biofilm formation is limited. This is in line with a study by Ledeboer et al.
(2006), that showed that type 1 fimbriae are required for the attachment to epithelial cells,
where FimH binds to mannose carbohydrates present on the surface of the epithelial cells
(Borowsky et al. 2009, Kisiela et al. 2005, Althouse et al. 2003).

The presence of type 1 fimbriae on the cell surface of dense biofilm formers was verified by
a hemagglutination assay and TEM. Both these methods are frequently used in literature
and proven to be successful to detect type 1 fimbriae on the bacterial cell surface (Chuang
et al. 2008; Humphries et al. 2003; Boddicker et al. 2002; Tinker et al. 2001; Duguid et al.
1966) .
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Type 1 fimbriae expression by cell cultures of the dense biofilm formers was found to be
heterogeneous (Fig.3.3 and 3.4A). This phenomenon was previously described for S. Ty-
phimurium planktonic cell cultures grown at 37 °C in Luria Broth (LB) medium or Nutrient
Broth (NB) and is hypothesized to result from phase variable expression (on-off expression)
of the fim operon (Humpbhries et al. 2003; Duguid et al. 1966). Phase variable expression is
also observed for several other fimbriae such as curli fimbriae (Grantcharova et al. 2010)
and long polar fimbriae (Kingsley et al. 2002; Norris et al. 1998). The ability to switch from
fimbriated to non-fimbriated growth modes may contribute to survival capacity of bacteria
in diverse environments and it helps to evade the immune system of a host (Ledeboer et al.
2006; Tinker and Clegg 2000; Duguid et al. 1966).

The heterogeneous type 1 fimbriae expression conceivably resulted in a heterogeneous ap-
parent zeta potential distribution (Fig. 3.5). The zeta potential is commonly used to measure
the bacterial surface charge and is subjected to the charges on the cell surface as well as
the presence of cell surface structures such as fimbriae. An analysis of the net charge of the
primary amino acid sequence of FimA, which composes the largest part of type 1 fimbri-
ae, by Protein Calculator version 3.3 (available from: http://www.scripps.edu/~cdputnam/
protcalc.html) revealed that FimA is negatively charged at pH 7-7.5 (pH TSB 7.3). The net
charge of the primary amino acid sequence of FimH, which composes only the tip of type 1
fimbriae, was neutral to slightly negative at pH 7-7.5. These results together with the zeta
potential measurements showed that the dense biofilm formers contained a subpopulation
of +20% with a more negative apparent zeta potential (Fig. 3.5), which suggest that the as-
sembly of type 1 fimbriae on the cell surface of a subpopulation of cell cultures of the dense
biofilm formers is responsible for the heterogeneous zeta potential distribution, conceivably
by introducing negative charges on the surface.

A relation between the expression of fimbriae structures and the apparent zeta potential
has been described before for Actinobacillus actinomycetemcomitans (Cowan et al. 1992b)
and Enterococcus faecalis (Tariq et al. 2012). For E. faecalis it was recently shown that de-
letion or overexpression of the fimbriae structure resulted in a cell culture with a homog-
enous apparent zeta potential distribution instead of a heterogeneous one as was found for
the wild-type strain (Tariq et al. 2012).

The initial attachment of bacterial cells is subjected to the physicochemical cell surface prop-
erties (Cowan et al. 1992a). Previous observations by van Merode et al. (2008 and 2006)
with E. faecalis showed that cell cultures with a heterogeneous zeta potential distribution
exhibit more initial attachment than corresponding homogeneous cell cultures. However,
the effect of D-mannose on the initial attachment indicates that initial attachment is con-
ceivable affected by the type 1 fimbriae directly.
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Combination of the results indicates that although type 1 fimbriae are expressed by a sub-
population of cells only (20-25%), they positively contributes to the initial attachment and
subsequent total biofilm formation of S. Typhimurium on abiotic surfaces when grown in
a nutrient-rich medium. Whether type 1 fimbriae are involved directly in interactions of
bacterial cells with the surface, or indirectly by affecting the physicochemical cell surface
properties, or a combination of these two, remains to be elucidated.
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Table S3.1: Primers used for the expression analysis of the 11 putative functional fimbriae gene clus-

ters

Fimbriae Forward primer 5’ > 3’ Reverse primer 5’ - 3’
bef TGTCGATCAGACCGTGACAT CGCAGTCTTCCAGTTTGATG
csg GGATTCCACGTTGAGCA TAACCGCTCTGGGTAATGG
fim TGTCGATCAGACCGTGACAT CGCAGTCTTCCAGTTTGATG
Iof ACGGCACCATTAAATTCACC AACCTGACCCAGCACAACTT
pef TTGAAAGCGTGAACTCCAAA ACCTTTCAGCTTGGCTTTGA
saf GCCGCAGAAAAACTTCAGAC GATAAGTCACCCAGCCTTGC
stb AATCAGGCTAAACCCGTCGT GGACAGCCCAATATCAAACG
stc GAGACGGGGGTGACACTAGA TCACCAGAAGCAACATCACC
std CATCACCAACTCACCCTGTG GCATTGGCGGTATTCAGTTT
stf TTCTCTGATGGGCGGTAAAG GGCAGAGAAAACGGTAGACG
sti AACACTCACTGTGGCACTGG TACCGTACAGGCGTTTTGCT
16S rRNA CGATCCCTAGCTGGTCTGAG GTGCAATATTCCCCACTGCT

80



Type 1 fimbriae

8.0 fimA 8.0 csgA 8.0 bcfA
<
.
@ 6.0 6.0 6.0
g
o
340 4.0 4.0
[
2
®20 2.0 2.0
[
o
0.0 0.0 0.0
2 123 14 Cl6 c4 11 Cl1 12 123 14 Cl6 C4 11 Cl1 12 123 14 Cl6 C4 11 Cl1
8.0 IpfA 8.0 stbA 8.0 pefA
c
]
@ 6.0 6.0 6.0
o
Qo
S 4.0 4.0 4.0
3
£
®20 2.0 2.0
[
o«
0.0 0.0 0.0 ==
L2 123 14 Cle C4 11 C11 L2 123 14 Cle C4 11 C11 L2 123 14 Cl6e C4 11 C11
8.0 SthE 8.0 stdA 8.0 stfA
c
.2
7 6.0 6.0 6.0
g
o
% 4.0 4.0 4.0
[
Z
®20 2.0 2.0
[
o
0.0 0.0 0.0
12 123 14 Cl6 c4 11 Cl1 12 123 14 Cl6 C4 11 Cl1 L2 123 14 Cl6 c4 11 C11
8.0 stcA 8.0 stiA
c
2
2 6.0 6.0
o
g
4.0 4.0
3
£
®20 2.0
[
3
0.0 0.0
L2 123 14 Cl6 C4 11 Cl11 L2 123 14 Cle C4 11 C11

Figure S3.1: Expression of fimA, bcfA, csgA, IpfA, stbA, stcA, stdA, stfA, sthE, stiA, and pefA by S. Ty-
phimurium planktonic cells cultured in grown TSB at 37 °C. The expression values are relative to the
expression of the L2 strain. The bars denote the SDs of three biological repeats.
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123 ; ' c16

Figure S3.2: The presence of type 1 fimbriae was analysed with TEM for cell cultures from all strains
used in this study grown for 24 h in TSB at 37 °C. The strain number is indicated in the figure. The
staining is darker compared to figure 3.3 due to the use of higher dye concentrations. Since the dye
is bound to and captured by the fimbriae expressed by strain C4, 11 and C11 the cells are not clearly
visible. Therefore the outside of the cell is indicated by a white dotted line to illustrate the cell outer
membrane.
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Figure S3.3: Amount of biofilm cells after 24 h of incubation at 37 °C in TSB (grey bars) and TSB + 3%
mannose (black bars). Biofilm forming capacity is similar for of selected isolates in TSB + 3% mannose
after 24 h. For comparison, data obtained in TSB without mannose are shown (taken from Fig. 3.2).
The bars denote the SDs of three biological repeats and significant differences are indicated bij differ-
ent letters (p < 0,05, t-test).
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ABSTRACT

Cross-contamination due to Salmonella on the surface of processing equipment greatly con-
tributes to contamination of pork products. Therefore, a clear understanding of surface and
survival behaviour of relevant Salmonella serovars in pork processing environments is need-
ed to develop better strategies for Salmonella control. Within this study the biofilm forming
behaviour S. Typhimurium, S. Derby, S. Brandenburg and S. Infantis isolates was analyzed
using the crystal violet assay. This assay, commonly used to analyse total biofilm formation,
revealed variation in biofilm forming capacity between and within serovars. This has not
been shown before for S. Derby, S. Brandenburg and S. Infantis. From each serovar, isolates
with different biofilm forming capacity were selected to analyse biofilm formation on stain-
less steel. This revealed no significant differences between biofilm formation on polystyrene
compared to stainless steel. Furthermore a relation was observed between biofilm forming
capacity of an isolate and survival on stainless steel surfaces. On such surfaces, biofilms
showed greater and longer survival than planktonic cells, and they were less susceptible
to peracetic acid disinfection treatments. However, the latter effect was marginal and only
observed in the presence of organic material, which drastically decreased the activity of
peracetic acid. With the obtained results also a hierarchical cluster was performed to iden-
tify differences and similarities between the four different serovars. This indicated that the
surface behaviour of S. Typhimurium was more comparable to S. Infantis than to S. Derby
or S. Brandenburg.
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INTRODUCTION

Salmonella infections in humans are in general foodborne, with an important source of risk
being food from animal origin. The most frequently implicated food sources are eggs, poul-
try meat and pork (EFSA, 2011). As shown by epidemiological studies in the European Union
(EU), consumption of pork is associated with 15-20% of all human cases of salmonellosis
and with 7.8% of all foodborne outbreaks (ECDC, 2011; Botteldoorn et al., 2003)

Within the EU, the prevalence of Salmonella on slaughter pigs and in pork processing envi-
ronments is well monitored. This reveals that at point of slaughter on average 10.3% of the
slaughter pigs and after the slaughter process 8.3% of the carcasses are positive for Salmo-
nella (EFSA, 2008). Salmonella serovars that are repeatedly found on farm animals within
the pork processing environments and on carcasses at the end of the slaughter process are
S. Typhimurium, S. Derby, S. Infantis and S. Brandenburg (De Busser et al., 2011; Volf et al.,
2010; EFSA, 2008; Botteldoorn et al., 2003).

Contamination of carcasses during the slaughter process may occur in two ways. One route
is direct contamination by the contents of the intestine or lymph nodes. The other one is
indirect by contact with dirty processing equipment, so-called cross-contamination. Cross-
contamination is common within the slaughter process, accounting for about 29% of the
total amount of contaminated carcasses (Van Hoek et al., 2012; BIOHAZ, 2010; EFSA, 2008a;
Botteldoorn et al., 2003). This indicates that the presence of Salmonella on surfaces of pro-
cessing equipment is a problem in pork processing environments and that better strategies
for Salmonella control require a clear understanding of the survival and surface behaviour
of Salmonella. Since Salmonella is exposed to a variety of different conditions within the
processing environment different characteristics contribute to the survival and persistence
of Salmonella in slaughterhouses. In this study the biofilm forming capacity and its rela-
tion with survival of Salmonella on stainless steel surfaces and susceptibility for peracid
acid (PAA) were analysed and compared for S. Typhimurium, S. Derby, S. Brandenburg and
S. Infantis. Also the influence of organic matter (3% BSA) on the effectiveness of PAA was
investigated.

MATERIALS AND METHODS

Bacterial isolates and media

A total of 23 S. Typhimurium, 13 S. Derby, 29 S. Brandenburg and 55 S. Infantis isolates were
used in this study. All isolates were obtained from multiple pork processing plants and were
isolated from processing equipment surfaces, food products, raw materials or the process-
ing environment. Isolates from different origin within a pork processing environment were
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used to get a broad view of Salmonella isolates present is these settings. Stock cultures of
these isolates were stored at —80 °C in Brain Hearth Infusion Broth (BHI, Becton Dickson)
supplemented with 15% glycerol (Sigma). Isolates were cultivated in Luria Bertani broth (LB,
Merck) for 18 h at 37 °C with agitation (200 rpm), after which they were used in the different
experiments. To mimic the conditions in a pork processing environment, the experiments
were performed at 25 °C in the meat-based medium BHI.

Preparation of surfaces

Coupons (18 mm x 22 mm) of polystyrene (PS) and stainless steel (SS) (AlSI type 304L) were
used. Before use, the PS coupons were soaked for >2 h in 70% ethanol, after which they
were washed three times with sterile deionized water and dried in a safety hood. The SS
coupons were soaked in 1M NaOH (Sigma) for 30 min at 50 °C, after which they were rinsed
with water. Subsequently, the SS coupons were soaked in acetone (BDH, Prolabo) for 15
min at room temperature, washed four times with deionized water, autoclaved and dried
overnight at 50 °C.

Crystal violet assay

Biofilm forming capacity was examined using the crystal violet (CV) assay for analysis of bio-
films in polystyrene 96 well microtiter plates (Greiner Bio-one) or on PS and SS coupons. For
the microtiter plate CV assay, wells were filled with 200 pl BHI medium. For the coupon CV
assay, a coupon was vertically placed in a well from a 12 well plate (Greiner Bio-one) filled
with 3 ml of BHI medium. For both CV assays, the medium was inoculated with 1.5% (vol/
vol) overnight cultures and the plates were incubated for 24 h at 25 °C. After incubation, bio-
films were washed twice with water and stained with 0.1% (wt/vol) CV (Merck) for 30 min.
Subsequently, the biofilms were washed three times with water and the attached CV was
dissolved in 250 pl per well for the microtiter plate and 5 ml for the coupon CV assay of 96%
ethanol. The absorbance was measured at 595 nm (SpectraMax, Molecular Devices). Both
CV assays were performed in at least three biologically independent experiments.

Enumeration of biofilm cells

For enumeration of biofilm cells by plate counting, biofilms were grown as described above
on PS and SS coupons. After incubation, the biofilms on the coupons were washed four
times with peptone physiological salt solution (PPS, 0.8% NaCl and 0.1% neutralised bac-
teriological peptone (Oxoid) to remove unbound cells. Then each coupon was transferred
to a tube containing 5 ml of PPS and glass beads (<106 um, Sigma) and vortexed for 1 min
to detach the biofilm and obtain single cells. Next, appropriate dilutions were made in PPS
and the cells were enumerated by plating on tryptone soy agar (TSA, Oxoid). After overnight
incubation at 37 °C, the colonies were counted.
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Curli fimbriae and cellulose production

Curli fimbriae and cellulose production was analysed as described previously (Romling et
al., 2003) on LB without NaCl agar plates supplemented with 40 pug/ml congo red (Sigma)
and 20 pg/ml Coomassie brilliant blue (Merck) or with 40 pg/ml calcofluor (Fluorescent
Brightner 28, Sigma). After 48 h of incubation at 25 °C, the colony morphology on the agar
plates was examined.

Survival of Salmonella on dry SS surfaces

Survival on dry SS surfaces was examined for both planktonic cells and biofilms. For analysis
of planktonic cells, the isolates were cultured statically in tubes containing 10 ml of BHI for
24 h 25 °C. Of this overnight culture 30 pl (~8.0 log CFU) was applied to a SS coupon which
was subsequently dried in a safety hood for 30 min. For analysis of biofilms, SS coupons
were used to grow biofilms as described above, after which the coupons were washed three
time with phosphate buffered saline (PBS), dried for 30 min in a safety hood and placed in
a 12 well plate. After incubation for 1, 2, 5, 7 or 14 days at 25 °C at 35-65% RH, the coupons
were transferred to tubes containing 5 ml of PPS and glass beads (<106 um) and cells were
detached and enumerated as describes above.

Peracetic acid disinfection treatment

Susceptibility for PAA (Sigma) was analysed for both planktonic cells and biofilms. For dis-
infection treatments of planktonic cells, the selected isolates were statically cultured in BHI
for 24 h at 25 °C. Aliquots of 1 ml of these overnight cultures (~8.1 log CFU) were centri-
fuged for 3 min at 5000 g and the cells were resuspended in 1 ml sterile deionized water
with or without 3% bovine serum albumin (BSA, Sigma). To these cell suspensions, PAA was
added to a final concentration of 100 ppm. After 2 min exposure, the samples were diluted
ten times in neutralizer Dey-Engley Neutralizing medium (Becton Dickison). For disinfec-
tion treatments of biofilms, biofilms grown on SS coupons as described above were washed
three times with PBS and transferred to a well with 100 ppm PAA in deionized water with
or without 3% BSA. After 2 min exposure, the coupons were transferred to tubes containing
5 ml of Dey-Engley Neutralizing medium and glass beads (<106 um), which were vortexed
for 1 min. After neutralization of the disinfectant the planktonic and biofilms cells were enu-
merated as described above. The detection limits of these PAA disinfection treatments were
1.2 log CFU/ml for the planktonic cells and 1.9 log CFU/coupon for biofilms.

Statistical analysis

Each experiment was repeated three times at different days. The biological replicates were
averaged and numbers were, when necessary, log, -transformed for statistical analysis. Sta-
tistical differences were analysed by variance analyses using Microsoft Excel for Windows
(Data analysis) in which a p < 0.05 was considered as statistically significant.

To determine possible correlations between the different parameters tested, the Pearson
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correlation coefficient r was calculated using IBM SPSS Statistics version 19 for Windows.
For this purpose a data matrix of all tested parameters was made and the morphologies
on congo red agar plates rdar, sap and saw, were scored respectively 1, 0.5 and 0, and the
results of the calcofluor agar plates, +, +/- and - were scored respectively 1, 0.5 and 0. Fur-
thermore this data matrix was used for a hierarchical clustering to identify isolates showing
similar behaviour. All tested parameters were clustered using the average linkage method
and the Euclidian distance matrix (IBM SPSS Statistics version 19). Since the different param-
eters were measured on a different scales, all values were set between 0 and 1.
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Figure 4.1: The biofilm forming capacity of S. Typhimurium (ST n=23), S. Derby (SD n=13), S. Branden-

0OD595

burg (SB n=29) and S. Infantis (Sl n=55) analysed with the CV microtiter plate assay. Each diamond
denotes the average of five biological replicates of one isolate. The boxes from the box-and-whiskers
plots range from the 25th and 75th percentile and are intersected by the median. The whiskers extend
from the lower and upper 1.5 interquartile range (IQR). The selected isolates are indicated with a grey
check (extreme biofilm former), a dotted check (maximum biofilm former), a striped check (average
biofilm former) or a black check (minimal biofilm former). The level of dense biofilm formation (three
times the background level) is indicated by a solid line. Number of isolates grouped as dense and low
level biofilm formers are also indicated in the figure.

RESULTS

Screening of biofilm formation with the microtiter plate CV assay

Biofilm forming capacity of 120 Salmonella isolates in BHI at 25 °C was analysed using the
microtiter plate CV assay. A dense biofilm was defined at an Asys = 0.24, which is three times
the background signal. The background signal was defined as three times the standard de-
viation above the mean Asqs of the negative control.
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Biofilm forming capacity varied both between and within serovars (Fig. 4.1). Greatest vari-
ation was observed within the serovars S. Typhimurium and S. Infantis with some isolates
exhibiting dense biofilm formation with A_, values up to 1.0, yet most isolates showing little
to no biofilm formation, 18 out of the 23 S. Typhimurium and 37 out of the 55 S. Infantis
isolates. Poor biofilm forming capacity was (with the exception of isolate SD-1118 which
formed dense biofilms) also observed for S. Derby. In contrast to the other serovars, dense
biofilms were observed for 23 of the 29 S. Brandenburg isolates. So the percentage of S.
Brandenburg isolates exhibiting dense biofilm formation (80%) is much higher than for the
other serovars (S. Typhimurium 22%, S. Infantis 33% and S. Derby 8%). Based on the results
of the microtiter plate CV assay 16 isolates (4 isolates per serovar, Table 4.1), were selected
for further analysis. For each serovar, the isolate showing the extreme, average and minimal
biofilm forming capacity, and the isolate that had the highest biofilm forming capacity but
still within 1.5 interquartile range (1.5 IQR) of the upper quartile (maximum) (Fig. 4.1) was
selected. These isolates with different biofilm forming capacity were selected in order to get
a broad view of the different serovars.

Table 4.1: The Salmonella isolates that were selected in this study for further research and their bio-
film forming behaviour. The morphologies expressed on congo red (CR) agar plates: rdar (red, dry
and rough), sap (smooth and pink) and saw (smooth and white). And fluorescence observed at the
calcofluor agar plates: + = intense fluorescence, +/- = moderate fluorescence and - = no fluorescence.

Typhimurium ST-11 Extreme rdar +
Typhimurium ST-120 Maximum rdar +
Typhimurium ST-115 Average rdar +
Typhimuirum ST-123 Minimal saw -
Derby SD-118 Extreme sap +/-
Derby SD-108 Maximum rdar +
Derby SD-1111 Average rdar +
Derby SD-1110 Minimal saw -
Brandenburg SB-147 Extreme rdar +
Brandenburg SB-161 Maximum rdar +
Brandenburg SB-157 Average rdar +
Brandenburg SB-148 Minimal saw -
Infantis SI-199 Extreme rdar +
Infantis SI-186 Maximem rdar +
Infantis SI-140 Average saw -
Infantis SI-142 Minimal saw -
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Biofilm formation on different substrata

The biofilm forming capacity of the selected isolates was analysed on both PS and SS cou-
pons. Most processing equipment in pork processing environments is made from SS and to
enable a good comparison between biofilm forming capacity on SS and PS, biofilm forma-
tion was also analysed on PS coupons.

With a CV assay the total amount of biofilm formation is analysed, since CV binds to the
extracellular matrix and to the biofilm cells. The number of biofilm cells were enumerated
by plate counts (Fig. 4.2B). This revealed that biofilms of the extreme biofilm formers con-
tained significant more cells than the biofilms of the minimal biofilm formers, except for S.
Derby. For this serovar no significant differences were detected between the four selected
isolates. This is remarkable since isolate SD-1118 showed considerable more CV binding (Fig.
4.2A). This isolate was also an outlier when the data of the coupon CV assay was plotted
against the log CFU counts of the biofilm enumeration (Fig. 4.2C). Additionally, this graph
showed a relation between the coupon CV assay and the amount of biofilm cells which can
be described by a linear model Ay, = a . N + b (where Asssis the absorbance of the dissolved
CV, a is the proportionality constant between the CV staining and the cell counts, N is the
number of attached biofilm cells and b is the background signal) as defined by Castelijn et
al. (2012). The relation between the coupon CV assay and the CFU counts was further con-
firmed with a Pearson correlation analysis, with a correlation coefficient of 0.975 (significant
at the level 0.01, 2-tailed) for PS coupons and 0.941 (significant at the level 0.01, 2-tailed)

for SS coupons.
Plotting CV and CFU data obtained with PS and SS coupons revealed no significant differ-
ences between the biofilm forming capacity on these surfaces. Especially since the data

corresponds well with the model y = x (Fig. 4.3).

Curli fimbriae and cellulose production capacity

The ability to produce curli fimbriae and cellulose was assessed on congo red and calcofluor
agar plates. After 48 h incubation at 25 °C, on both the congo red (rdar, sap and saw) and
calcofluor (+, +/- and -) agar plates, three different morphotypes were observed (Table 4.1).
The saw morphotype and no calcofluor binding (-) was observed for the minimal biofilm

Figure 4.2: Biofilm formation of the selected isolates on PS (black bars) and SS (grey bars) coupons
analysed with the coupon CV assay (A) or by enumeration of biofilm cells (B). The serovars S. Typh-
imurium (ST), S. Derby (SD), S. Brandenburg (SB), S. Infantis (SI) and the isolate numbers are indicated
on the x-axis. The bars denote the mean of three biological replicates with the standard deviates of
the mean. C) The data from the CV assays (Asgss) are plotted against the log CFU/coupon for both the
biofilms grown on PS coupons (black circles) and SS coupons (grey squares). The data is fitted with the
linear model Asss =a . N + b (dotted line). Data of isolate SD-1118 was not included in the model, since
this was an outlier.
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expressing this morphotype generally exhibit low biofilm forming capacity (Castelijn et al.,
former of each serovar and for the average biofilm former of S. Infantis (SI-140). Isolates
2012; Malcova et al., 2008). The other isolates expressed the rdar morphotype and calco
fluor binding. Although in several studies this has been related to high biofilm forming ca-
pacity (Malcova et al., 2008; Rémling et al., 2003), not all of the isolates expressing the rdar
morphotype showed dense biofilm formation under the tested conditions (Fig. 4.1). The
extreme biofilm former of S. Derby, isolate SD-1118, exhibited a sap morphotype with mod-
erate calcofluor binding (+/-) (Table 4.1). Interestingly, compared to the other isolates, this
isolate showed extensive CV binding in the coupon CV assay (Fig. 4.2A).
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Figure 4.3: Correlation between biofilm formation on PS and SS analysed with the CV assay (A) and by
enumeration of biofilm cells (B). For the different serovars, the extreme biofilm former is indicated by
a grey diamond, the maximum biofilm former by a white diamond, the average biofilm former by a
striped diamond and a minimal biofilm former by a black diamond. The linear model y = x is indicated
by a solid line.

Survival of planktonic cells and biofilms on dry stainless steel surfaces

Survival of planktonic cells on dry stainless steel surfaces is presented in Fig. 4.4. The most
rapid decrease in survival, about 3.9 + 0.6 log CFU/coupon, was observed in the first 24 h.
However, until 48 h viable cells could be detected for all isolates. After another 3 days of
incubation, divergence in survival between and within serovars was observed. At day 5, all
four S. Infantis isolates and three S. Typhimurium isolates were below the detection limit.
Longer survival was found for S. Brandenburg and S. Derby, with two and three isolates
respectively, showing survival even up to 14 days. None of the tested isolates showed a
relation between survival of planktonic cells on dry SS surfaces and biofilm forming capacity.
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The survival of biofilms from the selected isolates was also examined (Fig. 4.5). Almost all
isolates showed most reduction in the first two days, after which the reduction nearly stag-
nated. However, for the isolates with the lowest biofilm forming capacity reduction was also
observed after another day of incubation. Furthermore, in contrast to the other isolates,
hardly any reduction was found for biofilms of isolates SD-1118 and SD-1111. For SD-1111,
even after 14 days, only 1.3 log CFU reduction and for SD-1118 1.7 log CFU reduction was
detected.

For all serovars, enhanced and prolonged survival was observed for cells within a biofilm
compared to planktonic cells, (Fig. 4.4 and 4.5). Furthermore, survival of biofilms was re-
lated to the biofilm forming capacity on PS and SS coupons of an isolate, This relation was
also confirmed by a Pearson correlation analysis. These data suggest that biofilm forming
capacity contributes to survival of Salmonella on dry SS surfaces.
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Figure 4.4: Survival of planktonic cells on dry SS surfaces at 25 °C. For the different serovars, the ex-
treme biofilm former is indicated by a grey diamond, the maximum biofilm former by a white square,
the average biofilm former by a striped triangle and a minimal biofilm former by a black circle. Each
symbol denotes the average of three biological triplicates with the corresponding standard deviations
(sometimes not visible). Data below the detection limit were set to one-half of the detecting limit

which is indicated by a dotted line.
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PAA disinfection treatments

Since processing equipment and the industrial environment are daily disinfected, reduced
susceptibility for disinfection treatments could also contribute to survival of bacterial cells
in industrial settings. Therefore, the susceptibility to PAA, a disinfectant commonly used
in the food industry (Mueller-Doblies et al., 2010; Wirtanen and Salo, 2003), was analysed
for both planktonic cells and biofilms (Fig. 4.6). Since in industrial settings organic waste is
abundantly present on processing equipment, susceptibility was also analysed in the pres-
ence of 3% BSA. This revelaed that the activity of PAA drastically decreased in the presence
of BSA (Fig. 4.6). At this condition, a two minute exposure resulted in approximately 1 log
CFU reduction only for the planktonic cells. Compared to the planktonic cells, biofilms were
slightly less susceptible in the presence of BSA. However, no significant differences were
observed between planktonic cells and biofilms if BSA was absent. At this condition, for all
isolates, two minute exposure to 100 ppm PAA led to about 5.7 log reduction (Fig. 4.6).
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Figure 4.5: Survival of biofilms on dry SS surfaces at 25 °C. For the different serovars the extreme
biofilm former is indicated by a grey diamond, the maximum biofilm former by a whit square, the
average biofilm former by a striped triangle and a minimal biofilm former by a black circle. Each sym-
bol denotes the average of three biological triplicates with the corresponding standard deviations
(sometimes not visible). Data below the detection limit were set to one-half of the detecting limit that
is indicated by a dotted line.

96



Surface behaviour of Salmonella spp.

S. Typhimurium S. Derby
1.0 Plantonic Biofilm 1.0 Plantonic Biofilm
-BSA +BSA -BSA +BSA -BSA +BSA -BSA BSA
=1

§ \E—!
§ -2.0 -2.0 I
=
2
=)
= -5.0 5.0
o0
o
—

-8.0 -8.0

S. Brandenburg S. Infantis
1.0 Plantonic Biofilm 1.0 Plantonic Biofilm
-BSA +BSA -BSA +BSAr -BSA +BSA -BSA

§ +BSA
220 -2.0
=
2
=)
=50 -5.0
o0
o
-

-8.0 -8.0

Figure 4.6: Disinfection treatment of planktonic cells and biofilms for 2 min with 100 ppm PAA with
BSA (+BSA) and without BSA (-BSA). The extreme biofilm former is indicated by grey bars, the maxi-
mum biofilm former by striped bars, the average biofilm former by white bars and the minimal biofilm
former by black bars. The bars denote the means and corresponding standard deviations of three
biological replicates.

Furthermore, the results showed no significant differences in PAA susceptibility within or
between the serovars and no relation was observed between the biofilm forming capacity
and resistance against PAA.

Cluster analysis of the selected isolates

A hierarchical clusters analysis was performed to identify similarities and differences be-
tween the surface behaviour of the different isolates (Fig. 4.7). For this purpose all tested
parameters were clustered using the average linkage method and the Euclidian distance
matrix. This revealed five different clusters, of which two clusters were only comprised of
one isolate. One cluster was comprised of the minimal biofilm former of S. Derby, isolate SD-
1110, which was next to the second cluster that contained the average biofilm former of S.
Infantis and the minimal biofilm formers of the other serovars. A third cluster was formed by
the S. Typhimurium and S. Infantis isolates which exhibited extreme and maximum biofilm
forming capacity. The fourth cluster was formed by the isolates of the other two serovars, S.
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Figure 4.7: Hierarchial cluster analysis of the tested parameters using the average linkage method and
the Euclidian distance matrix.

Brandenburg and S. Derby. Next to the latter cluster was the fifth cluster comprised of only
isolate SD-1118. Compared to the other isolates, this isolate exhibited extensive CV binding
in the coupon CV assay, expressed a divergent morphotype on the congo red and calcofluor
agar plates and showed prolonged survival during desiccation.

DISCUSSION

The slaughter process is a critical step in the pig meat chain with respect to pork and car-
cass contamination. During the slaughter process cross-contamination due to contaminated
equipment is the main route of Salmonella transmission (De Busser et al., 2011; BIOHAZ,
2010; Botteldoorn et al., 2003). So the presence of Salmonella on food contact surfaces
can lead to food quality and safety problems. Therefore there is an interest in gaining more
knowledge on the survival behaviour of Salmonella to develop better strategies for control
in processing lines. Within the processing environment Salmonella is exposed to a variety
of different conditions and therefore different characteristics can contribute to the survival
and persistence of Salmonella in these environments. In this study, the biofilm forming ca-
pacity and its relation with survival on stainless steel surfaces and PAA resistance were ana-
lysed and compared for S. Typhimurium, S. Derby, S. Brandenburg and S. Infantis isolates.
Also the influence of organic material (BSA) on the effectiveness of PAA was investigated.
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By screening the Salmonella isolate collection with the microtiter plate CV-assay, diversity
in the biofilm forming capacity between and within the serovars was found (Fig. 4.1). This
phenomenon was observed before for S. Typhimurium (Castelijn et al., 2012; Vestby et al.,
2009; Solomon et al., 2005). However, so far this had not yet been described for S. Derby,
S. Brandenburg and S. Infantis. The screening also revealed that S. Brandenburg isolates ex-
hibited in general higher biofilm forming capacity than S. Typhimurium and S. Derby. This is
remarkably since latter two serovars are more frequently encountered in clinical cases of pig
Salmonella infections and it has been shown that the ability of biofilm formation contributes
to the pathogenesis of Salmonella (Foley et al., 2008; Boddicker et al., 2002).

In terms of biofilm forming capacity no noteworthy differences were observed between
PS and SS surfaces (Fig. 4.3). So this study showed that results obtained with PS, which is
commonly used in the laboratory to study Salmonella biofilms, can be representative for
the surface behaviour on SS, a substratum generally encountered in slaughterhouses and
processing lines. In literature similar findings were reported (Park et al.,2012; Allan et al.,
2004) although some authors described differential attachment to PS and SS (Chia et al.,
2009; Joseph et al., 2001). This contradiction concerning the biofilm forming capacity of Sal-
monella on different surfaces can be explained by the fact that the different studies used dif-
ferent culture conditions and Salmonella isolates. Initial attachment and subsequent biofilm
formation depends on the properties of both the substratum and the bacterial cell surface
which are influenced by environmental conditions such as temperature, humidity, pH, and
the presence of organic material and cell surface structures (Chia et al., 2009; Shi and Zhu,
2009; Tresse et al., 2007; Hood and Zottola, 1997) .

An analysis of the ability to produce curli fimbriae and cellulose, revealed a relation be-
tween the expression of a rdar morphotype on congo red agar plates and biofilm forming
capacity. Although this has been shown before for S. Typhimurium (Castelijn et al., 2012;
Malcova et al., 2008; Solomon et al., 2005; Romling et al., 2003), in this study this relation
was also observed for S. Brandenburg, S. Infantis and S. Derby, except for isolate SD-1118,
which expressed the distinct sap morphotype.

Expression of the rdar morphotype on the LB agar plates does not necessarily correspond to
curli and/or cellulose production during biofilm formation. Therefore the cellulose content
of biofilms from the selected isolates was analysed by calcofluor staining (a dye binding to
cellulose). This revealed little to no calcofluor binding by Salmonella biofilms grown in BHI
(data not shown). These results are in agreement with a previous study by Castelijn et al.
(2012), that showed Salmonella biofilms grown in a rich medium to be composed of multi-
layers of cells and lack of excessive amounts of cellulose.

Survival on dry SS surfaces was also examined, since this parameter also contributes to
the survival of Salmonella in pork processing environments (Vestby et al., 2009; Mgretrg
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et al., 2003). The data indicated diversity in the survival among the different serovars (Fig.
4). Longer survival was observed for S. Derby and S. Brandenburg than for S. Typhimurium
and S. Infantis. Contrary to our results, a number of studies found no variation in the desic-
cation tolerance of different Salmonella serovars (Knudsen et al., 2011; Hiramatsu et al.,
2005;Mgretrg et al., 2003). However, in these studies different Salmonella serovars were
studied and survival was examined at other temperatures.

Analysis of survival of planktonic cells on dry SS surfaces indicated that S. Derby and S.
Brandenburg isolates could survive up to 14 days (Fig. 4.4). This is consistent with other
studies that also found long term survival of Salmonella planktonic cells (Mgretrg et al.,
2010; Hiramatsu et al., 2005; Allan et al., 2004; De Cesare et al., 2003; Kusumaningrum et
al., 2003). For nearly all isolates, biofilm survival in terms of quantity and duration was, with
the exception of isolate SI-142, greater than for planktonic cells (Fig. 4.4 and 4.5). Increased
desiccation tolerance of cells within a biofilm has been related to the protective properties
of matrix components (Espinal et al., 2012; libuchi et al., 2010). Since biofilms grown in
selected conditions used in our study did not produce significant amounts of cellulose (data
not shown and Castelijn et al. 2012), other factors including phenotypic changes related to
attachment or the presence of persisters/stress-variants within a biofilm may contribute
to the long term survival of the cells within the biofilms (Mgretrg et al., 2012; Scher et al.,
2005). Nevertheless, the presence of other extracellular matrix structures besides cellulose
was not investigated and remains to be elucidated. Also serovar and strain-specific param-
eters contributing to long-term survival were not identified.

The data obtained by survival analysis of planktonic cells and biofilms expresses the need
for sufficient cleaning and disinfection in pork processing environments, because the surviv-
ing cells might form a risk for contamination of products. Especially given the fact that cells
survive even longer in the presence of organic material that might be present on processing
equipment (Mgretrg et al., 2010; Allan et al., 2004; De Cesare et al., 2003). Furthermore,
exposure to desiccation may result in cross-protection to several disinfection treatments
(Gruzdev et al., 2011; Kieboom et al., 2006).

A disinfectant is considered to be effective if it reduces a microbial population by 5 log
in suspension and by 3 log for microbial cells attached to a surface (Surdeau et al., 2006;
Wirtanen and Salo, 2003). A disinfectant commonly used in the food industry, PAA (Mueller-
Doblies et al., 2010; Wirtanen and Salo, 2003), was shown by our results to meet these
directives for both planktonic cells and biofilms in the absence of BSA (Fig. 4.6). PAA or com-
mercial disinfectants containing PAA have been shown previously to be efficient in reducing
Salmonella grown in suspension or biofilms (Mgretrg et al., 2003; Wirtanen and Salo, 2003).
Disinfectant exposure showed only marginal differences between the susceptibility for PAA
of planktonic cells and biofilms (Fig. 4.6). This was unexpected, since it is commonly report-
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ed that biofilms are less sensitive for disinfection treatments than planktonic cells (Wong et
al., 2010; Scher et al., 2005; Joseph et al., 2001). This phenomenon has been reported for
PAA, however only for microorganisms other than Salmonella (der Veen and Abee, 2011;
Surdeau et al., 2006; Van Stopforth et al., 2002). Similar sensitivity to PAA of planktonic cells
and biofilms in our studies are best explained by lack of a dense cellulose matrix in biofilms
(see above).

In pork processing environments, despite the cleaning step, organic material is likely to be
present during the disinfection treatment. Notably, in the presence of 3% BSA, simulating
the presence of organic material, activity of PAA was almost fully blocked. This is in line with
previous studies using only suspension tests (Mgretrg et al., 2010; Allan et al., 2004; De
Cesare et al., 2003; Wirtanen and Salo, 2003), and these data indicate that the presence of
organic material may enhance the survival of Salmonella in pork processing environments.

Conclusion

This study showed variation in biofilm forming capacity between and within the four tested
serovars, but no differences were observed between their biofilm formation on PS and SS
surfaces. On such surfaces, biofilms showed greater and longer survival than planktonic
cells, and they were less susceptible to peracetic acid disinfection treatments. However,
the latter effect was marginal and only observed in the presence of organic material, which
drastically decreased the activity of PAA. Taken these results together indicates that biofilm
formation contributes to the survival of Salmonella in pork processing environments. The
findings of this study might support the development of better strategies for control in order
to reduce the transfer of Salmonella to pork products during processing thus minimizing the
risk of cross contamination.
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ABSTRACT

An efficient disinfection strategy within the food industry is needed to ensure food safety
and prevent the spreading of foodborne pathogens such as Salmonella Typhimurium. How-
ever, several factors affect the efficiency of disinfection treatments resulting in low level
exposure of the bacterial flora facilitating survival of bacterial cells. Therefore, this study
analysed the effect of repeated sub-lethal BKC exposure of S. Typhimurium cells. One single
BKC exposure showed tailing of the inactivation curve indicating variation in BKC susceptibil-
ity within the initial population. Repeated exposure resulted in the enrichment of a more
resistant population and variants with increased BKC resistance were isolated. Phenotypical
characterization of these resistant variants showed loss of motility, reduced biofilm forming
capacity and reduced cell membrane permeability pointing to modification of cell surface
properties. In conclusion, repeated exposure of S. Typhimurium to sub-lethal BKC concen-
trations rapidly selects for resistant variants. Occurrence and persistence of such variants in
food processing environments requires further study.
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INTRODUCTION

To ensure food safety and prevent spreading of bacterial pathogens, processing equipment
and the production environment in the food industry are frequently disinfected. A disin-
fectant commonly used in the food industry is benzalkonium chloride (BKC) (Mgretrg et al.
2012; Gradel et al. 2005). It is a quaternary ammonium compound consisting of a mixture of
alkylbenzyldimethylammonium chlorides of various alkyl chain lengths. The bactericidal ac-
tivity of BKC is primarily due to the interaction of the agent with the cytoplasmic membrane.
This results in membrane disorganization that increases the permeability and induces leak-
ages of cellular content leading finally to cell lysis. Furthermore, BKC causes dissociation of
other biomolecular complexes such as enzymes that control a wide range of metabolic and
respiratory activities (Joynson et al. 2002; McDonnell and Russell 1999).

The effectiveness of a disinfectant treatment depends on biocide concentration and contact
time with the bacterial flora. These two parameters might be far from optimal within indus-
trial settings due to lack of time, incorrect use or the presence of organic material (Castelijn
et al. 2013; Mgretrg et al. 2012). Also biofilm formation can result in insufficient disinfec-
tion, since large quantities of extracellular matrix limit the penetration of a biocide into
the biofilm which results in low level (sub-lethal) exposure of the cells in the deeper region
(Bridier et al. 2011; Davison et al. 2010). Due to these different factors a disinfection treat-
ment is not always sufficient in removing and killing the complete bacterial flora present.
Therefore residual bacteria are repeatedly exposed and this might lead to the generation
and/or selection of bacterial cells with increased resistance, so-called resistant variants. The
increased resistance of the variants could facilitate survival of these cells and forms there-
fore a risk for public health (Gradel et al. 2005), especially since adaptation to chemical
disinfectants can result in cross-protection against clinical antibiotics (Condell et al. 2012;
Copitch et al. 2010; Braoudaki and Hilton 2004; Levy 2002).

Several studies show that prolonged exposure of pathogenic bacteria to sub-lethal BKC con-
centrations result in adaptation and increased resistance (Mangalappalli-lllathu et al. 2008;
Bore et al. 2007; Langsrud et al. 2004; Joynson et al. 2002; Loughlin et al. 2002). This phe-
nomenon is also described for the emerging foodborne pathogen Salmonella Typhimurium
(Condell et al. 2012; Gradel et al. 2005; Karatzas et al. 2007; Braoudaki and Hilton 2004).
These studies were performed in vitro, but there are concerns that adaptation to BKC also
occurs in practice.

Various mechanisms are reported to be involved in adaptation to BKC. Among them ad-
justment of the outer membrane by modification of the LPS and/or fatty acid composition
(Karatzas et al. 2008; Mangalappalli-lllathu et al. 2008; Loughlin et al. 2002), increase in
the total lipid content by membrane blebbing (Joynson et al. 2002) or alterations in the
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outer membrane porin proteins (Hu et al. 2011; Ishikawa et al. 2002). Another mechanism
that is most frequently associated with increased BKC resistance is overexpression and el-
evated efflux pump activity (Karatzas et al. 2008; Braoudaki and Hilton 2005; Gradel et al.
2005; Langsrud et al. 2004). Efflux pumps are trans-membrane proteins that actively export
substances from the cell interior to the extracellular environment (Piddock 2006). Further-
more, activation of different stress responses, alteration of the cytoplasmic membrane, and
changing the cell surface charge or hydrophobicity have been reported to contribute to BKC
resistance (Mgretrg et al. 2012; Karatzas et al. 2008; Bore et al. 2007; Braoudaki and Hilton
2005; Loughlin et al. 2002).

So far, studies on BKC resistance of Salmonella concerned adaptation to sub-lethal concen-
trations of BKC obtained by constant exposure. However within industrial settings bacterial
cells are not constantly exposed to a biocide since the processing equipment is periodically
disinfected. Therefore this study investigated the effect of repeated BKC exposure of S. Ty-
phimurium cells. A sub-lethal BKC concentration (75 ppm) was used to mimic inadequate
disinfection treatments in food processing environments. The obtained resistant variants
were phenotypically characterized to identify the mechanisms contributing to the enhanced
BKC tolerance.

MATERIAL AND METHODS

Bacterial strains and growth conditions

In this study S. Typhimurium strain 14 was used. This strain was also used in previous studies
(Castelijn et al. 2012) and will be referred to as WT-14 in the current study. The strain was
kept at -80 °C in Brain Hearth Infusion broth (BHI, Becton Dickson) supplemented with 15%
glycerol (Sigma). From the bacterial -80 °C stocks, the strain was streaked on Tryptone Soya
Agar (TSA, Oxoid) and incubated overnight at 25 °C. Next, single colonies were inoculated in
10 ml of Tryptone Soya Broth (TSB, Oxoid) and the cultures were statically incubated at 25 °C
for 24 h after which they were used in the different experiments which were all performed
in triplicate.

Susceptibility to benzalkonium chloride

To determine the inactivation kinetics due to BKC, aliquots of a 24h-old TSB cell culture con-
taining ~8.0 log CFU were centrifuged (3 min at 5000x g) and the pellet was washed once
with 1 ml of sterile deionized water. After the washing step, the cells were suspended in 1
ml of sterile deionized water and from this cell suspension 100 ul was used as t=0. Next BKC
(Merck) was added to the cell suspension to a final concentration of 75 ppm BKC and the
cells were exposed for 1, 3, 6,9, 12, 15 or 30 min. After exposure, all samples from the dif-
ferent time points were diluted ten times in Dey-Engley Neutralizing medium (Becton Dick-
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ison), serial diluted in physiological salt solution (pps) and plated on TSA plates. The plates
were incubated for 48 h at 25 °C after which the colonies were enumerated. After 15 and
30 min of exposure, also the concentration of BKC was determined by use of QUANTOFIX®
QUAT test strips (Macherey-Nagel), 0 to 1000 mg/L BKC.

Isolation of resistant variants

For isolation of resistant variants, aliquots of a 24h-old TSB cell culture containing ~8.0 log
CFU were centrifuged (3 min at 5000x g) and the pellet was washed once with 1 ml of
sterile deionized water. Then the samples were exposed for 15 min to 75 ppm BKC and
subsequently ten times diluted in Dey-Engley Neutralizing medium. After 5 min incubation
in Dey-Engley Neutralizing medium, the samples were centrifuged (3 min at 5000x g) and
washed once with 1 ml of TSB. Next, the samples were re-suspended in 1 ml of TSB and 100
ul of this bacterial suspension was used to inoculate 10 ml of TSB. After 24 h of incubation
at 25 °C, the cell culture was exposed to 75 ppm BKC again as described in the procedure
above. In total this procedure was repeated four times. After four times BKC exposure, the
24h-old TSB cell culture was spread on TSA and incubated 24 h at 25 °C. Then, 75 single
colonies were randomly picked to inoculate 10 ml of TSB. After 24 h of incubation at 25 °C,
-80 °C bacterial stocks were made from each cell culture. Next, the susceptibility for BKC (75
ppm) was analysed for every selected variant.

Fitting of the inactivation data

The inactivation data was fitted with the biphasic linear model (equation 1). This model
represents the inactivation of two populations with different resistance (van Boeijen et al.
2008; Cerf and Metro 1977). The biphasic linear model can be formulated as followed:

logso N(t) = 10g10N(0) + 1081 [ (1 - f) . 10-t/Psens + f, 10 /0res ] (1)

were (1 f) is the sensitive and f is the resistant fraction of the population. The values D
and D, are the decimal reduction time, which is the time needed for 1 log reduction of the

res

population, of the sensitive and resistant population, respectively.

Growth kinetics

Growth kinetics at 25 °C were measured for cultures grown in TSB. The optical density at 600
nm was measured in time and the maximum specific growth rate (Umq, in h™) was calculated
with the modified Gompertz equation (Zwietering et al. 1990) using the TableCurve 2D soft-
ware package (version 2.03; Jandel Scientific, San Rafael, CA).
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Biofilm formation

The biofilm formation was analysed with the CV-assay in polystyrene 96 microtiter plates
(Greiner Bio-one) as describes previously by Castelijn et al. (2012a). Biofilms were grown in
TSB and 20 times diluted TSB (1/20TSB) at 25 °C for 24 h.

Motility test

The motility of the variants was analysed in semisolid medium containing 0.4% (wt/vol)
agar (BBL Motility Test Medium, Becton Dickinson) supplemented with 2,3,5-triphenyltetra-
zolium chloride (Sigma-Aldrich Chemie). A tube containing 10 ml of semisolid medium was
inoculated by stabbing and incubated for 48 h at 25 °C, after which the tubes were examined
for motility.

Antibiotic susceptibility

Antibiotic susceptibility was analysed using Etest strips (BioMérieux) according to the manu-
facturer’s protocol. Susceptibility was determined for amikacin, amiocillin/clavulanic acid,
ampicillin, cefoxitin, ceftriaxone, chloramphenicol, ciprofloxacin, clindamycin, erythromy-
cin, gentamicin, tetracyclin, trimethoprim and vancomycin. These antibiotics comprise dif-
ferent antimicrobial classes defined by the Clinical and Laboratory Standards Institute (CLSI).

Hydrophobicity of the bacterial cell surface

Cell surface hydrophobicity was analysed with the microbial adhesion to hydrocarbon
(MATH) method. For this purpose, a 24h-old TSB cell culture was centrifuged (3 min 5000x
g), washed once with phosphate buffered saline (pbs) and the pellet was re-suspsended
in 10 ml pbs. The ODg, of this cell suspension (A,) was measured and 2.5 ml| was added
to 0.5 ml hexadecane and vortexed for 1 min. After separation of the water (polar) and n-
hexadecane (apolar) phase the ODgq, of the water phase (A) was measured again in order to
calculated the percentage of cells in the apolar phase (equation 2).

% bounded cells =100 .1 - A/A, (2)

Permeability assay

Uptake of the fluorescent N-phenyl-naphthalene (NPN) probe was applied to determine
permeability changes of the outer membrane of the the resistant variants versus the wild-
type (Langsrud et al. 2004; Alkomi et al. 2003). NPN gives a fluorescent signal in the hydro-
phobic environment of the bacterial inner membrane in Gram-negative bacteria. An intact
outer membrane is a permeability barrier and excludes hydrophobic substances, such as
NPN, resulting in low fluorescence, but once damaged it can allow the entry of NPN to the
inner phospholipid bilayer, resulting in prominent fluorescence. The access of NPN to the
the inner phospholipid bilayer is enhanced by the activity of membrane-active compounds
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like EDTA and BKC. Exposure to BKC results in different cell counts between the wild-type
and the selected resistant variants. Therefore, to enable a good comparison between the
wild-type and the resistant variants, only the effect of EDTA on cell membrane permeability
was analysed.

For the assay, 2 ml of a 24h-old TSB culture was centrifuged (3 min at 5000x g), washed once
with 1 ml of 5mM HEPES (pH 7) and the pellet was re-suspended in 2 ml of 5mM HEPES.
Aliquots of 100 pl of this cell suspension were transferred to a black polystyrene microtiter
plate (Greiner Bio-one) containing 10 uM NPN, 0.1mM, 1mM EDTA or HEPES buffer (as a
control) to make a final volume of 200 pl. Fluorescence (excitation 340 nm bandwidth 6 nm
and emission at 400 nm bandwidth 10 nm) was measured for 15 min on an Infinite’F500
(Tecan) plate reader.

Efflux pump activity

The transport of ethidium bromide (EtBr) was analysed as a measure of efflux pump activity
as described by Langsrud et al. (2004). Briefly, 10 ml of a 24h-old TSB cell culture was centri-
fuged (3 min at 5000x g) and washed once with 1.5 ml of 20 mM HEPES (pH 7). The washed
cells were re-suspended in 1.5 ml 20 mM HEPES (pH7) and 20 pl of this cell suspension was
transferred to a black polystyrene microtiter plate (Greiner Bio-one) containing 160 pl of 20
mM HEPES (pH 7) and 10 pl of 100 uM EtBr (Bio-Rad). Then the fluorescence (excitation 520
nm bandwidth 6 nm and emission at 590 nm bandwidth 10 nm) was measured for 5 min
with an Infinite’F500 (Tecan) plate reader after which 10 ul of 1% glucose (Oxoid) was added
to initiate the efflux activity and the fluorescence measurement was continued.

Log(10) N(t)/N(0)
=

0 5 10 15 20 25 30
Time (min)
Figure 5.1: Inactivation kinetics of WT-14 exposed to 75 ppm BKC for 30 min (indicated by circles). The
data points represent the average of five biological replicates with the corresponding standard devia-
tion. The inactivation kinetics is fitted with the biphasic linear model (indicated by the dotted line).
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RNA isolation and cDNA synthesis

Total RNA was isolated from WT-14 and the selected resistant variants at t=0 and t=3 min dur-
ing the BKC exposure (as described above). After quenching BKC, the cells were quenched
with RNAprotect Bacteria Reagent (Qiagen) and harvested by centrifugation (3 min 5000x
g). Next total RNA was isolated using the RNeasy kit (Qiagen) with an on-column DNase
treatment (Qiagen) according to the manufacturer’s protocol. Then for each sample 500
ng of total RNA was converted into cDNA using the SuperScript Ill reverse transcriptase kit
(Invitrogen) according to the manufacturer’s protocol. For each sample a non-reverse tran-
scriptase sample was included to check for genomic DNA (gDNA) contamination.

Quantitative real-time PCR

For Q-PCR, 5 pl of ten times diluted cDNA sample and 1 pl of both the forward and reverse
primer (10 uM) were added to 12.5 pl of 2x SYBR® Green PCR Master Mix (Applied Biosys-
tems) and demineralized water was added to a final volume of 25 pl. The Q-PCR reactions
were run on an ABI Prism 7000 Sequence Detection System with an initial step of 10 min at
95 °C, and 40 cycli of 15 s at 95 °Cand 1 min at 60 °C. Furthermore a melting curve was add-
ed to check for amplification specificity, and a standard curve was derived for each primer
set to determine the amplification efficiency. The primers of the reference (16S rRNA and
rpoD) and target genes are listed in Table S5.1. Q-PCR was performed on three biological
independent experiments using two technical replicates.

RESULTS

Inactivation kinetics of WT-14

The S. Typhimurium strain WT-14 was exposed to 75 ppm BKC for 30 min. The inactivation
curve reveals two different phases of inactivation resulting in tailing after approximately 5
min (Fig. 5.1). This phenomenon was not caused by a decreasing level of BKC, since the BKC
concentration was still 75 ppm after 30 min of exposure.

Tailing inactivation can be described by a biphasic linear model (Fig. 5.1 and Boeijen et al.
2008) and indicates the presence of two sub-populations within the initial population with
different susceptibility. The difference in susceptibility of these two sub-populations was
reflected by a difference in the D-values (Table 5.1). The D-value is the time needed for 1
log,, reduction in number of cells and was about 17 times higher for the more resistant
sub-population (so-called resistant population, D) compared to the more sensitive sub-
population (so-called sensitive population D).
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Table 5.1: The parameters of the fitted biphasic linear model of WT-14 and the selected resistant vari-
ants 14-2, 14-3 and 14-59, and the parameters from the fitted log linear model of 14-3 and 14-59.

Dsens Dres D
WT-14 0.993 17.42
14-2 1.400 26.67
14-3 11010 2132 20.36
14-59 110710 4807 41.95

Effect of repeated BKC exposure and isolation of resistant variants

The results in figure 5.1 illustrate the inactivation kinetics of one single BKC exposure. How-
ever, in practice food processing equipment is repeatedly disinfected and therefore cells
that survive one disinfection treatment, like the survivors in the tail, are repeatedly exposed.
The effect of repeated exposure to the same BKC concentration during 15 min was analysed
by re-exposure of the sub-population that survived one BKC exposure step (the survivors in
the tail). This revealed that repeated exposure resulted in a reduction of the total inactiva-
tion (Fig. 5.2). After four exposure steps, or more, the susceptibility for BKC did not decrease
any further and remained at 1 log CFU reduction after 15 min exposure. Therefore these
results reveal that repeated exposure to the same BKC concentration leads to an enrichment

of the resistant sub-population.

Log(10) N(t)/N(0)

-5

0 1x . 2x . 3x . Ax
-1
24
Chapter

Figure 5.2: Enrichment for resistant variants by repeated exposure to 75 ppm BKC. Times of 15 min

exposure to BKC is indicated on the x-axis.
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To assess whether the increased resistance is stable and which features are responsible for
the increased resistance, resistant variants were isolated. For this purpose, the cell culture
that was exposed four times (Fig. 5.2) was grown for 24 h and spread on agar plates (with-
out BKC) to obtain single colonies. Next, single colonies were randomly picked, grown to
24h-old cell cultures and their BKC susceptibility was analysed as described in the material
and method section. This revealed that 41 out of 75 (55%) cell cultures from the randomly
picked colonies had no significantly increased BKC resistance compared to the wild-type (Fig.
5.3). Three of them were even significantly less resistant suggesting temporary increased
resistance due to phenotypic switching (Pennell et al. 2008; Van Boeijen et al. 2008; Levin
2004). However, 34 out of the 75 (45%) cell cultures from the randomly picked colonies
were significantly more resistant than the wild-type (p < 0.05, t-test) and were considered
to be resistant variants.

Phenotypic characterization of the resistant variants

The resistant variants were phenotypically characterized by analyzing their growth kinetics,
biofilm forming capacity and motility. Their growth kinetics at 25 °C were comparable to
WT-14, except for resistant variant 14-59 that showed a reduced growth rate (Fig. 5.4A). In
addition, 14-59 showed significant less total biofilm formation in 1/20TSB (Fig. 5.4B). There-
fore this resistant variant is phenotypically different from the WT-14 and the other resistant
variants. But the phenotypic characterization revealed more differences among the resist-
ant variants. Three resistant variants (14- 35, 14-2 and 14-64) showed similar biofilm forming
capacity in 1/20TSB and motility to the wild-type. The other 30 resistant variants exhibited
significant less biofilm forming capacity in 1/20TSB, which was correlated to reduced motil-
ity (Fig. 5.4B).

Based on the BKC resistance after 15 min exposure, and the phenotypic characterization de-
scribed above, three resistant variants with different phenotypes were selected for further
research: 14-2, 14-3 and 14-59.

Figure 5.3: Exposure of the variants selected after the enrichment by four times exposure to 75 ppm
BKC for 15 min. The inactivation of WT-14 is indicated by a grey bar, and the inactivation of the variants
are indicated by black bars. The data points represent the average of three biological replicates with
the corresponding standard deviation. Significant different values (p < 0.05, t-test) compared with the
wild-type are indicated by an asterisk.
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Figure 5.4: A) Growth performance in TSB at 25 °C of WT-14 (grey triangles), 14-2 (black squares), 14-3
(black diamonds) and 14-59 (black cross). For cleartity only the growth kinetics of these varinats are
shown. B) Biofilm formation in TSB (grey bars) and 1/20TSB (black bars) and motility of WT-14 and of
the generated resistant variants. The motility is indicated on the x-axis.

Inactivation kinetics of the selected resistant variants

The selected resistant variants were exposed to 75 ppm BKC for 30 min (Fig. 5.5), and the
inactivation data was fitted with the biphasic linear model (Table 5.1). This revealed that the
inactivation curve of 14-2 could be described by this model as the inactivation curve showed
tailing after approximately 5 min which was comparable to the wild-type (Fig. 5.1). However
the D-value of the resistant sub-population of 14-2 was 1.5 times higher compared to WT-14,
meaning that the resistant subpopulation of 14-2 was more resistant than the one of the
wild-type strain.
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Figure 5.5: Inactivation kinetics of the selected resistant variants, 14-2 (black circles), 14-3 (open circles)
and 14-59 (grey circles) during 30 min exposure to 75ppm BKC. The inactivation data of 14-3 and 14-59
was fitted with a log linear model (indicated by a dotted line) and the inactivation data of 14-2 was fit-
ted with the biphasic linear model (indicated by a dotted line).

The inactivation curve of the resistant variants 14-3 and 14-59 showed that only time zero
diverged from the other time points (Fig. 5.4). Therefore the inactivation data fitted well
with the biphasic linear model, but due to the fact that the first phase only includes two data
points (t=0 and t=1) this model was not used to describe the inactivation kinetics of these
two resistant variants. This could also be concluded form the parameters obtained by fitting
the biphasic model (Table 5,1). These parameters suggest that ~30% of the initial population
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will be inactivated at an extremely high rate, namely 1 log,,inactivationin 1.10-%° minute.
Since this is very unlikely, the inactivation data of 14-3 and 14-59 were fitted with a log linear
model (logye N(t) = log,, N(0)-t/D), meaning that the inactivation kinetics of these resistant
variants were not comparable to the wild-type strain. Furthermore, fitting the inactivation
data of the 14-3 and 14-59 with the log linear model (Table 5.1) revealed that the D-values
of strains 14-3 and 14-59 are 21 and 42 times higher, respectively, compared to the D, of
WT-14 and 1.7 and 2.4 times higher compared to the D, of WT-14.

Cross-protection and efflux pump expression and activity

Increased BKC resistance is often correlated with elevated expression levels and activity of
the multidrug resistant efflux pump AcrAB-TolC, resulting in cross-protection to clinical an-
tibiotics and other chemical disinfectants (Li et al. 2011; Karatzas et al. 2008; Braoudaki and
Hilton 2004; Levy 2002). However, in this study the selected resistant variants did not exhibit
cross-protection to clinical important antibiotics (Table S5.2), including known substrates
of the AcrAb-TolC efflux pump (amikacin, ampicillin, cefoxitin, chloramphenicol, ciprofloxa-
cin, and tetracycline). In addition, no increased tolerance was observed for other chemi-
cal disinfectants; sodium hypochlorite, peracetic acid and also not for another quaternary
compound, cetylpyridinium chloride (Table S5.2). In conclusion, no cross-protection was
observed against other antimicrobial agents than BKC. In relation to this, no increased efflux
pump activity was observed in resistant variants compared to the wild-type by analysing
the transport of EtBr (data not shown). Furthermore, the expression level of to/C, encoding
the outer membrane protein of the efflux pump, was not increased for the resistant vari-
ants compared to WT-14, at both t=0 and t=3 min exposure to BKC, though, tolC expression
was increased for all four isolates at t=3 compared to t=0 (Fig. 5.6). Besides the expres-
sion of tolC, the expression of acrB, the transporter protein located in the inner membrane,
was analysed. This revealed that the expression was slightly higher for resistant variant 14-
59 compared to WT-14 at t=0. However, after 3 min exposure to BKC expression increased
for both these strains and no significant difference could be detected between WT-14 and
the selected variants (Fig. 6). Taken these results together, it can be concluded that the in-
creased BKC resistance of 14-2, 14-3 and 14-59 cannot be explained by increased expression,
activity and/or activation of the AcrAB-TolC efflux pump (Table S5.2 and Fig. 5.6).

Condition of the bacterial cell envelope

Alterations in the outer membrane could be responsible for the increased BKC resistance of
the resistant variants. Therefore the cell surface hydrophobicity and the outer membrane
permeability were analysed. Hydrophobicity of the cell surface was analysed with the MATH
assay and showed no differences between WT-14 and the selected resistant variants (data
not shown). So the increased BKC resistance of the resistant variants is not a result of altera-
tion of the cell surface hydrophobicity.
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To investigate the outer membrane permeability, NPN fluorescence was measured in the
absence and presence of the outer membrane damaging agent EDTA (Fig. 5.7). This revealed
that the resistant variants were more resistant to EDTA, since they showed a significant re-
ducted NPN fluorescence, i.e., a reduced NPN-uptake compared to WT-14. Higher resistance
to EDTA-induced outer membrane permeability was observed for 14-3 and 14-59. The BKC
resistance of these two resistant variants was also higher compared to the other resistant
variant 14-2. These results suggest that alterations in the outer membrane may contribute
to increased BKC tolerance of the resistant variants.
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Figure 5.6: Expression of acrB and tolC of WT-14 (white bars) and the selected resistant variants at t=0
(grey bars) and after 3 min exposure to 75 ppm BKC (black bars).
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Figure 5.7: Fold increase of NPN into WT-14 (black triangles), 14-2 (crosses), 14-3 (open squares) and
14-59 (open diamonds) upon treatment with 0.1 mM EDTA for 30 min. Similar results were obtained
upon treatment with 1 mM EDTA (data not shown).

DISCUSSION

Previous studies have shown that constant exposure of bacterial cell cultures to gradually
increasing sub-lethal BKC concentrations results in development of enhanced resistance
(Karatzas et al. 2008; Mangalappalli-lllathu et al. 2008; Bore et al. 2007; Braoudaki and
Hilton 2005; Langsrud et al. 2004; Joynson et al. 2002; Loughlin et al. 2002). However, in
food processing environments persistent bacteria are not constantly exposed to disinfec-
tion chemicals, but periodically. This present study showed that also repeated exposure
of S. Typhimurium cell cultures to the same sub-lethal BKC concentration rapidly results in
enhanced resistance and selection of resistant variants. This indicates that inadequate dis-
infection treatments causing sub-lethal exposure of the bacterial flora results in the selec-
tion for resistant variants. The increased resistance against the disinfectant used might con-
tribute to the persistence of Salmonella in food processing environments and the resistant
variants could even become part of the house flora within a food processing environment
(Gradel et al. 2005; Davison et al. 2003; Mgretrg et al. 2003).

The present study revealed tailing of the inactivation curve of the industrial isolate WT-14,
indicating the presence of two sub-populations with different BKC susceptibility. Occurrence
of sub-populations indicates that it is important to study the inactivation kinetics of a spe-
cific biocide in detail before selecting a disinfection strategy, since deviations from the gen-
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erally assumed first-order kinetics apparently take place. In the present study, extrapolation
of the inactivation data supposing first order kinetics suggests that 8 min of BKC treatment
would be sufficient to kill 8 log CFU. Hence, in real-life about 4.3 log CFU was not eradicated,
causing significant safety risks.

Repeated exposure of a S. Typhimurium cell culture from WT-14 resulted in the enrichment
of the resistant sub-population and so resistant variants could be isolated. Phenotypic anal-
ysis of these resistant variants showed loss of motility and reduced biofilm forming capac-
ity compared to the wild-type. Notably, the reduced biofilm formation capacity in selected
variants in our study was not caused by impaired curli fimbriae and cellulose production, as
this was comparable to the wild-type strain on congo red agar plates (data not shown). A
link between motility and biofilm forming capacity has been observed before, as deletion of
genes involved in flagella biosynthesis and/or function (motility) resulted in decreased bio-
film forming capacity (Kim and Wei 2009; Stafford and Hughes 2007; Prouty and Gunn 2003;
Prouty et al. 2002). In addition, loss of motility has also been associated with adaptation to
antimicrobial agents (Bailey et al. 2009; Karatzas et al. 2008; Webber et al. 2008). However,
this was at the same time also associated with higher energy requirements due to increased
efflux pump activity that results via a cascade of events in elevated intracellular acetate
that causes impaired motility (Karatzas et al. 2008). In the present study no increased ef-
flux pump activity was observed, but it is likely that other energy requiring mechanisms are
activated in the resistant variants.

A correlation between reduced biofilm forming capacity and increased biocide resistance
as observed in the present study, has not been reported before. On the contrary, Pagedar
et al. (2011) showed that environmental Pseudomonas isolates with high biofilm forming
potential exhibit higher BKC resistance compared to isolates that have low biofilm forming
potential. In a follow-up study in E. coli, adaptation to BKC or ciprofloxacin was shown to be
correlated to an increased biofilm forming potential (Pagedar et al. 2012). The exact mecha-
nisms underlying these phenomena remain to be elucidated.

Within the present study it was attempted to identify the mechanism(s) causing the in-
creased BKC resistance. There are several reports that associated increased BKC resistance
to elevated activity and/or overexpression of the multi-drug efflux pump AcrAB-TolC (Karat-
zas et al. 2008; Karatzas et al. 2007; Bore et al. 2007; Braoudaki and Hilton 2005; Gradel
et al. 2005), which was often correlated to increased MIC values for clinical antibiotics (Li
et al. 2011; Karatzas et al. 2008; Braoudaki and Hilton 2004; Levy 2002). Interestingly, the
resistant S. Typhimurium variants did not exhibit elevated activity or overexpression of the
AcrAB-TolC efflux pump (Fig. 5.6). Furthermore, no cross-protection to antibiotics and other
chemical biocides was observed (Table S5.2). Therefore it is conceivable that other mecha-
nisms are responsible for the increased BKC resistance of the variants.
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The outer membrane is the primary site of action for BKC (McDonnell and Russell 1999) and
therefore changes in the outer membrane composition and characteristics may affect the
susceptibility for BKC of Gram-negative bacteria, as shown for Pseudomonas aeruginosa
(Joynson et al. 2002; Loughlin et al. 2002). Also for S. Typhimurium a correlation between
gradual adaptation to chemical biocides and alterations in the outer membrane has been re-
ported. Previous studies revealed that changes in the hydrophobicity (Braoudaki and Hilton
2005), alterations of the fatty acids (Mangalappalli-lllathu et al. 2008; Webber et al. 2008)
or a decreased amount of porins (Karatzas et al. 2008) was associated with gradual adap-
tation to BKC. Nonetheless, also repeated exposure seems to be correlated to alterations
of the outer membrane, as the resistant variants obtained in the present study exhibited
reduced outer membrane permeability compared to the wild-type strain. This phenomenon
was less pronounced for 14-2 compared to 14-3 and 14-59, which were also less susceptible
for BKC than 14-2. Interestingly, the alterations of the outer membrane did not facilitate
increased tolerance for other antimicrobial agents, not even for cetylpyridinium chloride,
also a membrane active quaternary compound. This indicates that the mechanisms underly-
ing the alterations of the outer membrane resulting in decreased permeability are specific
for BKC and to not result in cross-protection against other membrane active compounds.
Furthermore, the alterations of the outer membrane did not affect the overall cell surface
hydrophobicity, as this was comparable between the resistant variants and WT-14.

The BKC resistance of the variants was stable, since it was not lost during growth without
BKC. Furthermore, the resistant variants were already more resistant at the start of expo-
sure as indicated by the inactivation curves (Fig. 5.5). Taken these results together suggest
that the increased tolerance was inheritable and that the resistant variants are genetically
different from the wild-type strain. Nevertheless, the exact mechanisms remain to be elu-
cidated. Furthermore, the results imply that the mechanisms underlying the increased re-
sistance potentially differ between the selected resistant variants, as they exhibit different
phenotypes. This supports the hypothesis of Loughlin et al. (2002) that each isolate has the
potential to develop a unique spectrum of resistance, although they are placed in the same
environment. Comparative genome sequence analysis, combined with transcriptome and
proteome studies may support elucidation of underlying BKC resistance mechanisms in the
selected variants.

In conclusion, repeated exposure of S. Typhimurium to sub-lethal BKC concentrations rap-
idly selects for resistant variants. This indicates that inadequate disinfection treatments
causing sub-lethal exposure of the bacterial flora can result in the selection for such vari-
ants. The relative contribution of the S. Typhimurium cellular parameters affected including
increased BKC resistance, reduced motility and biofilm formation, will determine whether
such variants can persist in food processing environments and become part of the so-called
house flora.
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Table S5.1: Primers used for the Q-PCR in this study.

acrB ACCTCCAACGGATGAGTTTGG TCGCAATGACGTCGTAGTTC
tolC TGGGTTTAGGTGCCGACTAC GCTTTTTCTTGCAGGGTGAG
rpoD GGGATCAACCAGGTTCAATG GGACAAACGAGCCTCTTCAG
16S rRNA CGATCCCTAGCTGGTCTGAG GTGCAATATTCCCCACTGCT
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Table $5.2: MICs (ug/ml) of amikacin, amiocillin/clavulanic acid, ampicillin, cefoxitin, ceftriaxone, chlor-
amphenicol, ciprofloxacin, clindamycin, erythromycin, gentamicin, tetracyclin, trimethoprim and van-
comycin analysed of WT-14, 14-2, 14-3 and 14-59, analysed by use of E-strips. MICs of sodium hypochlo-
rite, peracetic acid, cyclohexane and another quaternary compound cetylpyridinium chloride analysed
by the broth dilution method.

Amikacin 4 3 4 4
Amioxicillin/clavulanic acid 3 3 3 3
Ampicilline >256 >256 >256 >256
Cefoxtine 1.5 1.5 1 1
Ceftriaxone 0.094 0.094 0.047 0.064
Chloramphenicol 4 4 4 3
Ciprofloxacin 0.016 0.016 0.012 0.006
Clidamycin >256 >256 >256 >256
Erythromycin 16 12 16 16
Gentamycin 1.5 15 1.5 2
Tetracyclin >256 >256 >256 >256
Trimethoprim 0.19 0.19 0.064 0.064
Vancomycin >256 >256 >256 >256
Sodium hypochlorite 150 150 150 150
Peracetic acid 75 75 75 75
Cetylpyridinium chloride 19 19 19 19
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Outline

Salmonellosis is one of the most common foodborne diseases worldwide. It is a major public
health burden and worldwide billion cases of human salmonellosis are reported every year,
and the disease results in millions of deaths (ECDC 2011; ECDC 2010). Salmonellosis is con-
tracted through the consumption of food contaminated with Salmonella species. In general,
food products from animal origin are the source of a Salmonella infection, but also other
foods such as green vegetables are implicated in the transmission of Salmonella (Berger et
al. 2010). Food products can get contaminated with Salmonella on production sites, in pro-
cessing plants or in households through contact with surfaces contaminated with Salmonel-
la biofilms, so-called cross-contamination. Cross-contamination greatly contributes to the
transmission of Salmonella through the food chain (Hermans et al. 2011; Botteldoorn et al.
2003). To prevent cross-contamination and develop better strategies for Salmonella control,
it is important to understand the surface behaviour of Salmonella and the mechanisms of
biofilm formation. In this study, cell surface structures involved in Salmonella biofilm forma-
tion at different environmental conditions were analysed, with S. Typhimurium as a model
(chapter 2 and 3). Furthermore, biofilm formation was determined for different Salmonella
serovars relevant for the pork industry. Therefore biofilm formation was analysed on stain-
less steel and its contribution to survival of Salmonella in conditions mimicking industrial
settings was investigated (chapter 4). Within industrial settings processing equipment is dis-
infected on regular basis to control food quality and safety within the food industry. The
effect of repeated disinfection on Salmonella cell was also examined (chapter 5).
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Methods for biofilm analysis

Within this study different methods were used to analyse biofilm formation by Salmonella.
One of these methods is the crystal violet (CV) assay, which gives an indication about the to-
tal biomass of the biofilm and it is commonly used to screen biofilm formation of large strain
collections (Diez-Garcia et al. 2012; Kroupitski et al. 2009; Malcova et al. 2008; Bokranz et
al. 2005; Stepanovi et al. 2004; Borucki et al. 2003; Solomon et al. 2005). Also in this thesis
the CV assay was used to screen the biofilm formation of strain collections (chapter 2 and 4).
Based on the results of a CV assay, bacterial strain collections are often divided into strong/
dense, moderate/average or weak/poor biofilm formers (Bhowmick et al. 2011). However,
the CV assay results should be interpreted with caution, since it is not a very sensitive meth-
od and might fail to detect low levels of biofilm formation as was shown in chapter 2 and 4.
These studies revealed that strains normally classified as no or weak/poor biofilm formers,
still exhibit substantial amounts of cells attached. Therefore the term no or weak/poor bio-
film former can be misleading since it suggests that the strain does not adhere to a surface,
though it can still cause problems due to cell attachment and subsequent biofilm formation.
It is therefore better to combine the CV assay with other methods such as enumeration of
biofilm cells or microscopic evaluation to analyse biofilm forming behaviour. An additional
advantage of combining methods is that it also provides information on the composition of
the biofilm.

Biofilm forming behaviour at different environmental conditions

Biofilm formation is a complex process which is influenced by many environmental factors,
such as temperature, nutrient availability, oxygen, pH and osmolarity. Environmental factors
affect the regulatory network involved in the expression and production of different struc-
tural components involved in Salmonella biofilm formation (Kroupitski et al. 2009; Solo-
mon et al. 2005; Stepanovi et al. 2004; Gerstel and Romling 2003). Consequently different
environmental conditions trigger different biofilm forming behaviour. Within food process-
ing environments, Salmonella is exposed to a variety of conditions and therefore the effect
of environmental conditions on biofilm forming behaviour, composition and structure was
analysed in this thesis (Fig. 6.1).

Curli fimbriae and cellulose

In chapter 2 biofilm forming behaviour was analysed at different environmental conditions.
This revealed that temperature and culture medium greatly affected the biofilm forming
behaviour, structure and composition. In addition it was shown that curli fimbriae and cel-
lulose specifically contribute to biofilm formation at ambient temperatures under nutrient-
low conditions. Nutrient-low conditions were simulated by the use of 1/20TSB, but dilutions
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of other nutrient-rich medium, such as BHI = 1/20BHI, gave the same results (data not
shown). This indicates that the phenomenon of rich versus diluted medium, resulting in
biofilm consisting of cell clusters encapsulated in an extracellular matrix for nutrient-low
conditions, was not specific for TSB.

The results described above and in chapter 2 were obtained for S. Typhimurium. However,
problems in the food industry due to biofilm formation are also caused by other serovars. In
chapter 4 we focussed on serovars that are frequently isolated within pork processing envi-
ronments, namely S. Typhimurium, S. Derby, S. Brandenburg and S. Infantis (de Busser et al.
2011; EFSA 2008; Botteldoorn et al. 2003). The biofilm forming behaviour of all these sero-
vars was found to be affected by medium composition (Fig. 6.2, unpublished data). Moreo-
ver, the TSB versus 1/20TSB phenomenon was observed for S. Derby and S. Brandenburg
as well. For these two serovars the percentage of isolates showing dense biofilm formation
was substantial higher in 1/20TSB compared to TSB (77% in 1/20TSB versus 18% in TSB for
S. Derby, and 97% in 1/20TSB versus 62% in TSB for S. Brandenburg). Dense biofilm forma-
tion in 1/20TSB could be explained by extensive curli fimbriae and cellulose production as
was shown for S. Typhimurium (chapter 2) and therefore these mechanisms might not be a
specific feature of S. Typhimurium. However, it is not applicable to all Salmonella species, as
illustrated in figure 6.2. This figure shows that only 2 out of 55 (3.6%) S. Infantis isolates ex-
hibited dense biofilm formation in the nutrient-low medium. Moreover, these results reveal
different biofilm forming behaviour along different Salmonella serovars which is in line with
previous studies (Diez-Garcia et al. 2012; Vestby et al. 2009a)

Type 1 fimbriae

Type 1 fimbriae were found to be involved in the initial surface attachment of the clinical,
outbreak-related and retail product S. Typhimurium isolates in the rich TSB medium at 37
°C (chapter 3). However, these isolates also exhibited dense biofilm formation in a rich me-
dium at 25 °C (Fig. 6.1), but the factors involved in dense biofilm formation at this condition
remain to be elucidated. The expression analysis of all putative functional fimbriae operons
of S. Typhimurium as described in chapter 3 gave no indication that fimbriae were involved,
which suggests that other structures, such as BapA (Latasa et al. 2005), capsular polysac-
charides (Gibson et al. 2006; de Rezende et al. 2005) or lipopolysaccharides (Anriany et al.
2006) could be important structures during biofilm formation in nutrient-rich environments
at ambient temperatures.

The fimbria expression analysis described in chapter 3 exposed that the expression of type
1 fimbriae by Salmonella is influenced by temperature, since fimA expression was signifi-
cantly lower at 25 °C compared to 37 °C. Furthermore, S. Typhimurium cell cultures grown
at 25 °C exhibited no agglutination in the hemagglutination assay and also by TEM no type
1 fimbriae-like-structures were detected on the cell surface (data not shown). Taken these
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A Nutrient - rich conditions B Nutrient - low conditions

TSB 25 °C TSB37°C 1/20TSB 25 °C
, Type 1 Curli fimbriae
) fimbriae

Cellulose

Figure 6.1: A schematic illustration of the environmental conditions analysed in this thesis that result-
ed in dense biofilm formation. A) Nutrient-rich conditions result in biofilms consisting of a layer of cells
with no significant amounts of extracellular matrix at both 25 °C and 37 °C. At 37 °C, type 1 fimbriae
expressed by a subpopulation of cells only, are involved in the attachment of cells. The components
and/or mechanisms involved in dense biofilm formation at 25 °C remain to be elucidated. B) Under
nutrient-low conditions, dense biofilm formation was observed at 25 °C only, and was associated with
the expression of curli fimbriae and cellulose resulting in biofilms consisting of cell clusters encapsu-

lated in an extracellular matrix.
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data together implies that type 1 fimbriae are not produced at ambient temperatures. This
is the first study to describe a temperature effect on the regulation of the fim gene cluster
in S. Typhimurium. However, for Escherichia coli temperature dependent phase variable ex-
pression of type 1 fimbriae was already described. Temperatures other than 37 °C repress
the OFF>ON switching in this organism (Gally et al. 1993). Regulation of the fim gene clus-
ter in E. coli however differs from that in S. Typhimurium (Tinker and Clegg 2000; Clegg et al.
1996). In E. coli, fimbrial phase variation is associated with the inversion of a 314-bp DNA el-
ement upstream of fimA. Inversion of this DNA element requires the recombinases fimB and
fimE (Freitag et al. 1985; Gally et al. 1993). No homologues to fimB and fimE are found in the
fim gene cluster of Salmonella. In addition, the S. Typhimurium fim promoter is not active in
E. coli (Clegg et al. 1996; Yeh et al. 1995). In S. Typhimurium the expression of type 1 fimbri-
aeis also phase variable and activated at 37 °C, but not controlled by the inversion of a DNA
element. Its expression is regulated at the transcriptional level by three regulatory proteins
FimW, FimY and FimZ. FimY and FimZ activate the fim promoter and FimW is the negative
regulator that represses the fim gene expression (Saini et al. 2009; Tinker and Clegg 2000).
However, how these regulation systems are affected by temperature is not known yet.

The proposed mechanism in chapter 3 is that type 1 fimbriae are involved in initial attach-
ment to mannose carbohydrate-coated surfaces and that this determines the subsequent
level of biofilm formation The strains able to form dense biofilms in TSB at 37 °C, also showed
dense biofilm formation in BHI and LB medium (Fig. 6.2). These two nutrient-rich media also
contain mannose carbohydrates, as BHI is derived from boiled bovine and porcine hearts
and brains and LB contains yeast extract. Therefore these observations support the pro-
posed mechanism of mannose-sensitive binding of type 1 fimbriated S. Typhimurium cells.
In addition, dilution of TSB (chapter 2) and BHI, with conceivably concomitant reduction in
deposition of mannose carbohydrate residues on the surface, revealed that other mecha-
nisms than type 1 fimbriae play a role in dense biofilm formation under these nutrient-low
conditions.

Reducing human salmonellosis by a mannanoligosaccharide-rich diet on the farm

To reduce the health problems due to consumption of Salmonella contaminated pork, con-
trol measures can be implemented on several levels throughout the farm-to-fork chain. The
main focus has been on reducing the prevalence of Salmonella on the farm to achieve a
lower number of carrier pigs. One of the methods to reduce the number of carrier pigs is
the use of prebiotics that decrease Salmonella infection in animals (Berge and Wierup 2011;
Borowsky et al. 2009; Yang et al. 2007; Gibson et al. 2005). The prebiotic mannanoligosac-
charides (MOS), complex carbohydrates derived from the cell wall of Sacharomyces cerevi-
siae, can adhere to Salmonella type 1 fimbriae, i.e., the FimH protein, thereby inhibiting
attachment of cells expressing the mannose-sensitive fimbriae to host epithelial cells. This
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Figure 6.2: Biofilm forming capacity of 51 S. Typhimurium (ST1 and ST2), 13 S. Derby (SD), 29 S.
Brandenburg (SB) and 55 S. Infantis (Sl) isolates in TSB, 1/20TSB, BHI and LB analysed with the CV
assay. The S. Typhimurium isolates are divided in two groups according to strain origin (ST1; clinical,
outbreak-related and retail products isolates and ST2; industrial isolates). The represented data is the
average of five independent biological assays using three technical replicates each.

was shown by Borowsky et al. (2009) for a variety of porcine Salmonella strains and the
mechanism is possibly similar to that observed in chapter 3 where addition of mannose to
the growth medium reduces initial attachment of S. Typhimurium cell cultures that con-
tained a fimbriated subpopulation. The use of MOS to control Salmonella infections in vivo
needs further research, but it is of great interest since it could replace the use of antibiotics
on the farm (Jacela et al. 2010).

Biofilm forming behaviour is associated with strain origin

In chapter 2 it was shown that Salmonella Typhimurium isolates from different origin display
different biofilm forming behaviour in the rich TSB medium. Clinical, outbreak-related and
retail product isolates formed dense biofilms consisting of a monolayer of cells, which was
distinct compared to biofilms of industrial isolates in this medium (chapter 2). This trend
was however not specific for TSB, as was shown by screening the biofilm forming behaviour
of the same S. Typhimurium isolates in two other rich media, namely BHI and LB (figure 6.2).
Also in these media, more total biofilm formation was observed for the clinical, outbreak-
related and retail product isolates compared to S. Typhimurium industrial isolates, and also
compared to industrial isolates from other Salmonella serovars. Taken these results togeth-
er shows that it is a general phenomenon that clinical, outbreak-related and retail product
isolates exhibit higher biofilm forming capacity in nutrient-rich conditions compared to in-
dustrial Salmonella isolates.

The clinical isolates used in this study were isolated from faeces or blood of patients that
suffered from a Salmonella infection. The outbreak-related and retail product isolates were
isolated from food products that were a suspicious source of a human Salmonella infection.
Herein, these isolates differ from the industrial isolates that were isolated in a processing
plant during a surveillance study and were therefore not linked to a human Salmonella in-
fection. The ability to cause an infection in the nutrient-rich intestinal tract seems to be cor-
related to the biofilm forming capacity. This hypothesis is supported by studies that showed
that deletion of genes involved in the virulence of Salmonella strains resulted in reduced
biofilm forming capacity on both biotic and abiotic surfaces (Lu et al. 2012; Dong Lu et al.
2011; Ledeboer et al. 2006). Based on fimH-mediated binding to mannose residues, diver-
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sity in biofilm formation under nutrient-rich conditions for the different Salmonella strains
may be linked to single nucleotide polymorphisms of fimH (Dwyer et al. 2011). This issue
will be discussed below.

Diversity in biofilm forming capacity along Salmonella serovars and strains

The differences observed in biofilm forming behaviour in this thesis could be linked to the
expression and production of different structural components, including curli fimbriae, cel-
lulose and type 1 fimbriae. Notably, significant differences were observed in biofilm forma-
tion of the selected Salmonella serovars, S. Typhimurium, S. Derby, S. Brandenburg and S.
Infantis. S. Infantis did not show dense biofilm formation in 1/20TSB and on average only the
clinical, outbreak-related and retail product S. Typhimurium isolates exhibited dense biofilm
formation in nutrient-rich media (Fig. 6.2). It is conceivable that these differences are not
associated with the absence of the genes encoding these structural components, since the
csg and fim operons appeared to be present in all genomes of Salmonella strains sequenced
so far (Yue et al. 2012; Clayton et al. 2008). This was also confirmed for the strains used in
this current thesis by a PCR on the genomic DNA, which also established the presence of
the bcs operon and the adrA gene (data not shown). These data suggest that differences in
biofilm forming capacity at the tested culture conditions could occur at the level of gene
expression. It is possible that the genes encoding regulatory factors are absent or that modi-
fications in the promoter region have occurred. Next to this, polymorphism of FimH has
been shown to affect binding to mannose carbohydrates and hoist epithelial cells. This topic
is addressed in the next section.

Polymorphism of FimH affects binding capacity of type 1 fimbriated Salmonella cells

The observed variation in biofilm forming capacity among S. Typhimurium strains in TSB at
37 °C (chapter 2) might be, next to possible differences on regulatory level, a result of poly-
morphism in the gene encoding FimH. FimH is located on the tip of type 1 fimbriae where
it mediates binding to mannose-containing structures on epithelial cells (Dwyer et al. 2011;
Kisiela et al. 2005). Polymorphism in the fimH gene have been described for Salmonella
serovars, including S. Typhimurium (Dwyer et al. 2011; Boddicker et al. 2002). A single point
mutation within fimH can result in amino acid substitution(s) leading to differences and
even loss of the mannose binding properties of type 1 fimbriae, as shown by the hemagglu-
tination assay, binding to mannosylated proteins and binding abilities to epithelial cells both
in vitro and in vivo (Dwyer et al. 2011; Guo et al. 2009; Kisiela et al. 2005). In conclusion,
variation in adhesion and biofilm formation capacity in TSB at 37 °C between the Salmonella
strains and serovars used in this thesis may be related to polymorphisms in fimH sequences.
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Extracellular matrix and disinfection treatments

Within food processing environments, Salmonella is exposed to a variety of environmental
conditions, which results in the formation of biofilms with different structure and extra-
cellular matrix composition. The extracellular matrix plays a major role in the resistance,
or better said tolerance, of biofilms to disinfection treatments. It limits the penetration of
antimicrobial agents into the biofilm. This is partly due to diffusion limitation caused by the
3-dimensional structure, but primarily because of absorption or inactivation of the antimi-
crobial agent in the extracellular matrix components (Bridier et al. 2011b; Habimana et al.
2011; Vestby et al. 2009b; White et al. 2008; Solano et al. 2002; Stewart 1998).

The penetration and reactivity of biocides within a native biofilm structure can be monitored
by the recently developed real-time method confocal laser scanning microscopy (CLSM) (Bri-
dier et al. 2011b; Davison et al. 2010; Takenaka et al. 2008). This method demonstrated that
penetration into Staphylococcus epidermidis biofilms was depent on the molecular weight
of the biocide and the diameter of biofilm clusters (Davison et al. 2010). Similar results were
described for Pseudomonas aeruginosa biofilms by Bridier et al. (2011). They showed that
inactivation dynamics differed between biocides and that these were also influenced by the
composition and density of the biofilm extracellular matrix. Large quantities of extracellular
matrix resulted in slower penetration of the biocide into the biofilm (Bridier et al. 2011b). A
protective effect by the extracellular matrix is also described by Vestby et al. (2009b), White
et al. (2008) and Solano et al. (2002). Taken these observations together implies that S.
Typhimurium biofilms formed under nutrient-low conditions at ambient temperature might
be more difficult to eradicate than biofilms formed under nutrient-rich conditions, due to
the difference in extracellular matrix composition and quantity. This hypothesis is supported
by the data generated in chapter 3, where the susceptibility of biofilms grown in a rich me-
dium (BHI) that showed no significant extracellular matrix, was comparable to planktonic
cells. In a broader perspective, these data indicate that different disinfection treatments
might be needed in food processing environments to eradicate the different types of bio-
films that can be present.

Factors contributing to survival of Salmonella at production sides

Salmonella is constantly introduced into food processing environments via animals acting
as carriers. The slaughter process is a critical step in the pig meat chain with respect to
pork and carcass contamination. During the slaughter process cross-contamination due to
contaminated equipment is the main route of Salmonella transmission (de Busser et al.
2011; van Hoek et al. 2012; EFSA panel on Biological Hazards 2010; EFSA 2008; Botteldoorn
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et al. 2003). Therefore great effort is taken to ensure food safety and eradicate Salmonella
in processing environments. However, several studies indicated that Salmonella, despite all
hygienic measures taken, is still able to survive within slaughterhouses and has become a
part of the house flora (van Hoek et al. 2012; EFSA panel on Biological Hazards 2010).

Within a slaughterhouse, bacteria are faced with many different environments and there-
fore different characteristics can contribute to the survival of Salmonella in such environ-
ments. In this thesis it was shown that biofilm formation, and therefore biofilm forming
capacity, contributes to the survival of Salmonella at conditions as found in pork processing
environments (chapter 4). This was also supported by other studies that showed increased
desiccation tolerance of cells within a biofilm (Espinal et al. 2012; libuchi et al. 2010). How-
ever these studies analysed the survival of biofilm cells entrapped in extracellular matrix
which was different from the biofilms analysed in this thesis since these did not contain
significant amounts of extracellular matrix. This implies that other factors including pheno-
typic changes related to attachment, or growth within a biofilm contribute to the long term
survival of the cells within the biofilms (Mgretrg et al. 2012; Bridier et al. 2011a; Scher et al.
2005). Some examples of phenotypic adaption induced by growth within a biofilm include
activation of stress responses (Hamilton et al. 2009) and modification of membrane compo-
sition due to decreased growth and metabolic activity (Coenye 2010; Werner et al. 2004).
The phenotypic changes induced by growth in biofilms might also result in cross-protection
for diverse conditions to which bacterial cells can be exposed within a production side, such
as disinfection treatments (Espinal et al. 2012; Gruzdev et al. 2011; Hiramatsu et al. 2005).

Increased biocide resistance

Besides biofilm formation, increased biocide tolerance also could facilitate the survival of
Salmonella and contributes to the persistence of a strain in a processing environment. Dur-
ing the cleaning and subsequent disinfection procedure within a food processing environ-
ment, the bacterial population might not always be exposed to the recommended effective
biocide concentration, but to sub-lethal concentrations. This is due to the presence of re-
sidual organic matter, insufficient biocide use, or biofilm formation that limits the penetra-
tion of a biocide to the deeper regions of the biofilm (Bridier et al. 2011b; van Houdt and
Michiels 2010). Exposure of a range of pathogens to sub-lethal biocide concentrations has
been shown to result in increased biocide tolerance (Karatzas et al. 2008; Mangalappalli-
Illathu et al. 2008; Bore et al. 2007; Gradel et al. 2005; Loughlin et al. 2002). Since literature
has focused on adaption during constant exposure, we evaluated the effect of repeated ex-
posure to sub-lethal concentrations of active biocide components (chapter 5). This revealed
that repeated exposure to membrane targeting BKC results in rapid selection of resistant
variants. However repeated exposure to the oxidative agent peracetic acid did not result in
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the selection or generation of resistant stress-variants (tested concentrations were 5, 10,
20, 50 and 100 ppm PAA; data not shown). This is in line with previous studies that reported
differences in stress adaptation capacity during constant exposure to gradually increasing
concentrations of BKC and PAA (Condell et al. 2012). These results suggest that Salmonella
strains can adapt more efficiently to lethal concentrations of membrane active compounds
such as BKC, than to oxidizing agents such as PAA. This information may provide leads for the
development of more efficient (combination) disinfection treatments.

Mechanisms involved in increased BKC resistance

The outermost layers of microbial cells can have a significant effect on the susceptibility to
antiseptics and disinfectants. It is therefore not surprising that in Gram-negative bacteria
many reported mechanisms contributing to increased biocide tolerance are related to the
inner and outer cell membrane (Hu et al. 2011; Karatzas et al. 2008; Mangalappalli-lllathu et
al. 2008; Braoudaki and Hilton 2005; Joynson et al. 2002; Loughlin et al. 2002). Also in this
thesis, alterations of the cell membrane seemed to be involved in the increased resistance
of the resistant variants, as significant differences in outer membrane permeability were ob-
served between wild-type and resistant variants. The exact mechanisms causing decreased
permeability and sensitivity to membrane-active compounds in the selected Salmonella
resistant variants remain to be elucidated. Previous studies suggested a relation between
increased expression of fabl and fabB, resulting in elevated fatty acid biosynthesis and in-
creased tolerance for the membrane active agent triclosan (Webber et al. 2008). In addition,
altered fatty acid profiles have also been correlated to triclosan and BKC adaption in Sa/mo-
nella (Karatzas et al. 2008; Mangalappalli-lllathu et al. 2008; Loughlin et al. 2002). Besides
alterations in fatty acid biosynthesis, also differences in the LPS composition in the outer
membrane between wild-type and biocide adapted strains have been reported (Karatzas et
al. 2008; Loughlin et al. 2002). However, Broudaki et al. (2005) concluded that adaptation to
BKC did not result in significant changes in the LPS composition. Next to fatty acids and LPS
(outer membrane), bacterial membranes also contain a wide diversity of membrane pro-
teins involved in energy transducing reactions and transport of ions, vitamins and nutrients.
Notably, several membrane proteins have also been related to increased biocide tolerance
acting as so-called efflux-pumps (Karatzas et al. 2008; Braoudaki and Hilton 2005; Gradel
et al. 2005; Langsrud et al. 2004). However, the results in this thesis showed no correlation
between efflux-pump expression and activity with the increased resistance of the isolated
variants. In Gram-negative bacteria, presence and activity of outer membrane-associated
porins has also been related to increased tolerance (Hu et al. 2011; Ishikawa et al. 2002).
Down-regulation of large porins, such as OmpF, results in reduced access of specific biocides
and increased resistance (Bore et al. 2007). Also blebbing of the outer membrane contrib-
utes to increased resistance. Blebbing results in a larger total cell surface which can act as
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a quencher for membrane active compounds (Joynson et al. 2002). Based on observations
in these previous studies, it is conceivable that increased resistance of the resistant variants
selected in this study (chapter 5) may be associated with modifications in the inner and/
or outer membrane of the cells. Future studies, combining comparative genome sequence
analysis, transcriptome and proteome studies of wild-type and resistant variants may pro-
vide more insight in mechanisms underlying the generation and/or selection of variants and
corresponding resistant phenotypes.

Concluding remarks and future perspectives

Within this study different characteristics contributing to survival of Salmonella in industrial
settings were analysed, with the main focus on surface adhesion, biofilm formation and
generation of stable disinfectant resistant variants. In an initial screening, biofilm formation
of a collection of 148 Salmonella strains with diverse origin was tested under a range of
environmental conditions. This revealed a large variation in biofilm formation capacity be-
tween different Salmonella serovars, but also within serovars. Furthermore, for the serovars
Typhimurium it was shown that strains from different origin have different biofilm form-
ing behaviour and that biofilm formation was greatly affected by environmental conditions.
Rich-nutrient conditions at both ambient and body temperature result in biofilms consisting
of a monolayer of cells with little to no extracellular matrix, while low-nutrient conditions at
ambient temperature result in biofilms consisting of cell clusters of which a subpopulation
was completely encapsulated by the extracellular matrix. Since the extracellular matrix is
largely responsible for the increased resistance of a biofilm, different and/or more severe
(combinations of) disinfection treatments might be needed to eradicate biofilms formed
at different environmental conditions. Additionally, repeated exposure of Salmonella (bio-
film) cells to specific disinfectants can result in increased tolerance for the disinfectant used.
Therefore both these aspects can affect persistence of Salmonella in food processing sites,
and this information should be taken into account during the development of process hy-
giene and disinfection strategies applied in meat industry.
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Summary

SUMMARY

Salmonella is one of the most common and widely distributed bacterial pathogens. It is a
major public health problem, and millions of salmonellosis cases are reported worldwide
every year. In general, Salmonella infections in humans are food-borne. Especially food
products of animal origin, such as meat and poultry are an important source of salmonel-
losis. The meat and poultry can get contaminated during the slaughtering process in two
ways. One route is directly through the contact with the content of intestines from infected
animals and the other one is indireclty through the contact with contaminated food pro-
cessing equipment. The food processing equipment can be contaminated with biofilms. A
biofilm is a population of bacterial cells attached to a surface embedded in an extracellular
matrix. If Salmonella manage to establish biofilm growth on food processing equipment
they can form a persistent source of contamination, since biofilms are hard to eradicate.

The aim of this thesis project is to obtain more insight in the processes involved in
Salmonella biofilm formation. The effect of substratum, medium composition, temperature
and strain origin on biofilm formation was examined for the Salmonella serovar Typhimu-
rium. Furthermore the surface behaviour of different Salmonella serovars relevant for the
pork industry was studied in relation to the survival on dry surfaces and susceptibility to dis-
infection treatments. In addition it was investigated if repeated exposure of S. Typhimurium
to benzalkonium chloride (BKC), a disinfectant commonly used in the food industry, results
in the selection of resistant variants. Selected BKC resistant variants were phenotypical-
ly characterized to identify the mechanisms contribution to the enhanced BKC tolerance.
Increasing our knowledge on these different topics may contribute to the development of
better strategies for Salmonella control in food processing environments.

In chapter 2, biofilm forming capacity of 51 S. Typhimurium strains, from medical,
retail and industrial settings, was analysed under different environmental conditions. The
results indicated that biofilm formation is influenced by strains origin, nutrient availability
and temperature. In general, clinical, outbreak-related and retail-product isolates showed
dense biofilm formation in nutrient-rich media at ambient and human body temperatures.
However, in a nutrient-low medium dense biofilm formation was only observed at ambient
temperatures. This was also the only condition at which industrial isolates exhibited dense
biofilm formation. In addition, nutrient availability and temperature also influenced the bio-
film morphology and the composition of the biofilm extracellular matrix. In a nutrient-rich
medium, biofilms were composed of a dense layer of cells with only small amounts of extra-
cellular matrix. However, in a nutrient-low medium at ambient temperatures biofilms were
composed of large cell clusters entangled by curli fimbriae imbedded in an extracellular
matrix mainly composed of cellulose.

In chapter 3 it was investigated which mechanisms contribute to the formation of
dense biofilms in a nutrient-rich medium at 37 °C. Next to curli fimbriae, 10 other putative
functional fimbriae gene clusters are present in the genome of S. Typhimurium. An expres-
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sion analsyes of all these putative functional fimbriae gene clusters revealed that only type
1 fimbriae were significantly higher expressed in strains exhibiting dense biofilm formation
at this culture condition. The presence of type 1 fimbriae on the cell surface was confirmed
by a hemagglutination assay, transmission and scanning electron microscopy. The latter two
techniques revealed that type 1 fimbriae were expressed by a subpopulation of cells only.
This was in agreement with zeta potential measurements that indicated two subpopulations
in cell cultures of dense biofilm formers, with 20% of cells displaying higher electrophoretic
mobility conceivably associated with the presence of negatively charged type 1 fimbriae.
The strains that expressed type 1 fimbriae at their cell surface showed next to dense biofilm
formation also increased initial attachment compared to the poor biofilm formers. The initial
attachment of the dense biofilm formers could be decreased to the level of the poor biofilm
formers by addition of mannose to the growth medium. Since type 1 fimbriae are mannose
sensitive, these results indicated that type 1 fimbriae contribute to the initial attachment
and that this determines the subsequent level of biofilm formation in nutrient-rich medium
at 37 °C. The mechanisms involved in attachment and biofilm formation in a nutrient-rich
environment at ambient temperatures remain to be elucidated.

Next to S. Typhimurium, also S. Derby, S. Brandenburg and S. Infantis are commonly
found in meat processing environments. Within these environments, cross-contamination
greatly contributes to the contamination of meat products. Therefore, in chapter 4, charac-
teristics important for survival on surfaces in meat processing environments were analysed.
This revealed variation in biofilm forming capacity between and within serovars. Further-
more a relation between biofilm forming capacity and survival on dry stainless steel surfaces
was found. On such surfaces, biofilms showed greater and longer survival than planktonic
cells, and they were less susceptible to peracetic acid disinfection treatments. However,
the latter effect was only observed in the presence of organic material, which drastically
decreased the activity of peracetic acid. This chapter provided information that suggests
that biofilm formation contributes to the survival of Salmonella in food processing environ-
ments.

An efficient disinfection strategy within the food industry is needed to ensure food
safety and prevent the spreading of foodborne pathogens such as S. Typhimurium. How-
ever, several factors negatively affect the efficiency of disinfection treatments resulting in
low level exposure of the bacterial flora facilitating survival of bacterial cells. A disinfect-
ant commonly used within the food industry is benzalkonium chloride (BKC). It has been
reported that adaption to BKC during constant exposure results in increased resistance and
cross-protection to antibiotics, which might be a risk for public health. However in industrial
settings bacterial cells are not constantly, but more likely repeatedly exposed to the disin-
fectant of use due to the periodic disinfection of the processing environment and equip-
ment. Therefore in chapter 5 the effect of repeated sub-lethal BKC exposure of S. Typhimu-
rium cells was analysed. The results showed that one single BKC exposure results in tailing of
the inactivation curve indicating variation in BKC susceptibility within the initial population.
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Repeated exposure resulted in the enrichment of a more resistant population and variants
with increased BKC resistance were isolated. Phenotypical characterization of these resist-
ant variants showed loss of motility, reduced biofilm forming capacity and reduced outer
cell membrane permeability pointing to modification of cell surface properties. So, repeated
exposure of S. Typhimurium to sub-lethal BKC concentrations rapidly selects for resistant
variants that might become a part of the house flora within food processing environments.

In conclusion, the results in this thesis show that biofilm forming behaviour is
greatly affected by environmental cues and that it may contribute to Salmonella survival in
food processing environments. In addition, variation was observed in the biofilm forming
capacity between strains from different origin and between and within Salmonella serovars.
These results highlight that development of cleaning and disinfection strategies for eradicat-
ing of Salmonella cells and/or biofilms that can be present in industrial settings should be
validated and verified for relevant conditions and a variety of relevant Salmonella serovars.
Furthermore, the repeated use of the same disinfectant for a long period of time can re-
sult in the selection of variants with increased resistance. This denotes that the disinfection
strategy should also be validated and verified on a frequent basis.

156






Samenvatting

SAMENVATTING

Salmonella is een van de meest voorkomende ziekmakende bacterién. Het vormt zodoende
een groot probleem voor de volksgezondheid en wereldwijd vinden er elk jaar miljoenen
gevallen van Salmonella-infecties plaats. Een Salmonella-infectie wordt meestal veroorzaakt
door de consumptie van besmette eieren of vlees. Tijdens de slacht kan het vlees besmet
raken door contact met de inhoud van de darmen van bemette dieren, of door contact met
besmette slachtapparatuur. Slachtapparatuur kan besmet raken met Salmonella doordat
cellen zich kunnen hechten aan het oppervlak door de vorming van een bioflm. Een biofilm
is een opeenhoping van bacteriecellen op een oppervlak die omgeven is met een door de
bacterién geproduceerde ‘lijmlaag’. Deze ‘lijmlaag” is de extracellulaire matrix van de bio-
film. Mede door deze matrix zijn biofilms moeilijk te verwijderen met reinigingsmethodes
zoals gebruikt binnen een slachterij waardoor ze een constante besmettingsbron kunnen
vormen.

Het doel van deze thesis was om meer inzicht te krijgen in de processen die be-
trokken zijn bij de biofilmvorming van Salmonella. Hiervoor werd het effect van verschil-
lende factoren, zoals het oppervlak, het medium, de temperatuur en de afkomst van een
Salmonella stam, op biofilmvorming geanalyseerd. Deze experimenten werden uitgevoerd
met Salmonella Typhimurium. Naast S. Typhimurium is ook het oppervlaktegedrag van
andere serovars die veelvuldig gevonden worden in slachterijen bestudeerd. Verder is er
onderzocht of herhaaldelijk gebruik van benzalkoniumchloride (BKC), een disinfectant wat
frequent gebruikt wordt in de levensmiddelenindustrie, resulteert in de selectie van resist-
ente-varianten. Meer informatie over bovengenoemde onderwerpen zou bij kunnen dragen
aan de ontwikkeling van betere reinigingsmethodes om Salmonella te elimineren en te be-
heersen in de levensmiddelenindustrie.

In hoofdstuk 2 is de biofilmvorming van 51 S. Typhimurium stammen met een ver-
schillende afkomst onder verschillende kweekcondities onderzocht. De resultaten toonde
aan dat stammen met een klinische of uitbraak-gerelateerde achtergrond of geisoleerd uit
besmette levensmiddelen een biofilm vormden in een nutriéntenrijk medium bij 25 °Cen 37
°C. Echter, in een nutriéntenarm medium vond biofilm vorming alleen plaats bij 25 °C. Onder
deze kweekconditie vormden ook industriéle stammen een biofilm. Verder werd er aange-
toond dat de temperatuur en de nutriénten-concentratie effect hadden op de morfologie
van de biofilm en de samenstelling van de extracellulaire matrix. In een nutriéntenrijk me-
dium vormde S. Typhimurium een biofilm bestaande uit een enkele cellaag met weinig tot
geen extracellulaire matrix. Biofilms gevormd in een nutriéntenarm medium daarentegen
bestonden uit losliggende clusters van cellen wel compleet omgeven met een extracellulaire
matrix. Bij de vorming van deze extracellulaire matrix speelden curli fimbriae en cellulose en
belangrijke rol.

Hoofdstuk 3 beschrijft welke factoren/mechanismes betrokken zijn bij de biofilm
vorming op een abiotisch oppervlak in een nutriéntenrijk medium bij 37 °C. Naast curli fim-
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briae omvat het genoom van S. Typhimurium nog 10 andere operons die coderen voor func-
tionele fimbriae. Een analyse van de expressie van al deze fimbriae toonde aan dat alleen
type 1 fimbriae hoger tot expressie kwamen in stammen die een dichte biofilm vormden in
een nutriéntenrijk medium bij 37 °C. Naast een verhoogde expressie, werden type 1 fimbriae
ook aangetoond op het celoppervlak van deze stammen door middel van een hemagglutina-
tie-analyse,transmissie- en scanning-elektronenmicroscopie. Deze laatste twee technieken
brachten ook aan het licht dat type 1 fimbriae enkel op een sub-populatie van de celculturen
aanwezig waren. Dit kwam goed overeen met zeta-potentiaal metingen waarbij ook twee
populaties met een verschillende elektromobiliteit gevonden werden. 20% van de cellen
had een hogere elektromobiliteit wat gerelateerd zou kunnen zijn aan de aanwezigheid van
negatief geladen type 1 fimbriae op het celoppervlak. De stammen die type 1 fimbriae tot
expressie brachten vormden niet alleen een dichtere biofilm op een abiotisch oppervlak in
het nutriéntenrijk medium bij 37 °C, maar vertoonden ook meer initiéle celaanhechting. Dit
kon gereduceerd worden tot het niveau van de stammen die geen dichte biofilm vormde
door de toevoeging van mannose aan het kweekmedium. Aangezien de tip van type 1 fimr-
biae bindt aan mannose-residuén tonen deze resultaten aan dat type 1 fimbriae betrokken
zijn bij de aanhechting van S. Typhimurium cellen aan een abiotisch oppervlak en dat dit de
verdere mate van biofilm vorming beinvloed.

Naast S. Typhimurium, worden ook S. Derby, S. Brandenburg en S. Infantis met
regelmaat gedetecteerd in varkensslachterijen op zowel carcassen als op de slachtappa-
ratuur. Daarom is in hoofdstuk 4 het oppervlakte gedrag van deze vier serovars bestudeerd.
Dit zou meer inzicht kunnen geven in de factoren die een rol spelen bij de overleving van
Salmonella in een slachterij. De resultaten toonden aan dat de biofilmvormende capaciteit
varieert tussen, maar ook binnen S. Typhimurium, S. Derby, S. Brandenburg en S. Infantis én
dat deze gerelateerd is aan de overleving op een droog roestvast stalen oppervlak. Verder
werd er aangetoond dat cellen in een biofilm langer overleven op z'n oppervlak in vergelijk-
ing met planktonische cellen en dat ze resistenter zijn tegen een perazijnzuur behandeling
als er organisch materiaal aanwezig is. Er kan dus geconcludeerd worden dat biofilmvorming
bijdraagt aan de overleving van relevante Salmonella serovars in een slachterij.

Om Salmonella te elimineren in de levensmiddelenindustrie en de voedselveilig-
heid te kunnen garanderen is een gedegen reiningsmethode van belang. Echter, de effectiv-
iteit van een reiningsmethode kan door verschillende factoren negatief beinvloed worden
waardoor de bacterién niet worden blootgesteld aan de benodigde desinfectanten-concen-
tratie. Een blootstelling aan een lagere concentratie kan resulteren in de overleving van
bacterién. Deze ‘overlevers’ worden hierdoor meerdere malen blootgesteld aan het des-
ingfectant. Hoofdstuk 5 beschrijft het effect van een herhaaldelijke blootstelling aan het
desinfectant BKC. Een enkele blootsteling aan een lage BKC -concentratie toonde ‘tailing’van
de inactivatiecurve aan. Dit betekent dat een enkele blootstelling niet de gehele populatie
af doodt. Herhaaldelijke blootstelling van de overlevers in de ‘tail’ resulteerde in de isolatie
van varianten met een verhoogde BKC resistentie. Fenotypische karakterisatie van deze
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resistente-varianten liet zien dat ze in het algemeen minder tot geen motiliteit vertoonden,
een lagere biofilm vormende capaciteit hadden, en dat het celmembraan minder permea-
bel was. Dit laatste was echter niet gerelateerd aan een verhoogde expressie en/of activiteit
van de effluxpompen in het celmembraan en een verhoogde resistentie tegen antibiotica.
Dit suggereert dat het mechanisme verantwoordelijk voor de verhoogde BKC resistentie
specifiek was.

Het onderzoek beschreven in dit proefschrift heeft aangetoond dat biofilmvorming
van Salmonella beinvloed wordt door omgevingsfactoren zoals de nutriénten-concentratie
en temperatuur. Ook is er aangetoond dat er variatie is in de biofilmvormende capaciteit
tussen stammen met een verschillende achtergrond en niet alleen tussen, maar ook binnen
Salmonella serovars. Voor de levensmiddelenindustrie is het ook belangrijk om te weten
dat biofilmvorming bijdraagt aan de overleving van Salmonella in een productieomgeving.
De resultaten geven ook het belang aan van een gedegen reinigingsmethode waarmee de
aanwezige bacteriéle flora met één blootstelling afgedood wordt, omdat herhaaldelijke
blootstelling kan resulteren in de selectie van resistente-varianten. Door regelmatige vali-
datie en verificatie van een reinigingsmethode zou eventuele opgebouwde resistentie tijdig
gedetecteerd kunnen worden en de reinigingsmethode hier op aangepast kunnen worden.
Dit zou bijdragen aan een betere beheersig van Salmonella in de levensmiddelenindustrie.
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