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Chapter 1

Introduction
Since 1882, numerous clinical and laboratory studies underlined the role of
Staphylococcus (S.) aureus in a wide variety of infections (Ogston, 1882; Blobel and
Schließer, 1994), including its role in sepsis and abscess formation. Since then, S. aureus
infections are still a serious problem in human and veterinary medicine. Recent reports of the
National Nosocomial Infections Surveillance System of the USA ranked S. aureus as a
leading cause of hospital-acquired bacteremia, pneumonia, and surgical wound infections
(Centers for Disease Control and Prevention, 1999). The understanding and control of
infections caused by S. aureus are still far from complete. The pathogenesis of this important
pathogen is highly complex and in many cases multifactorial. The organism produces several
different virulence factors which can act either in concert or alone to induce various
pathogenic conditions (Lowy, 1998). For the control of staphylococcal infections, a wide
range of antimicrobial agents have been developed and applied. In return, staphylococci and
in particular S. aureus, have developed and/or acquired resistance against virtually all
antimicrobial agents that are commercially available nowadays. Due to the emergence of
multidrug-resistant strains, effective

treatment of serious staphylococcal infections has

become more difficult (Hiramatsu et al., 1997; Tenover et al., 1998).
An evaluation of the interaction of antibiotics, staphylococci, and the host defense
systems may help to identify those factors that determine the success or failure of therapeutic
interventions in staphylococcal infections. The clinical efficiacy of antibiotics is usually
determined by their bactericidal or bacteriostatic activity and their pharmacokinetic and
pharmacodynamic parameters (Eliopoulos and Moellering, 1996; Craig, 1995 and 1998;
Kietzmann et al., 2004). During recent years, several studies demonstrated that subinhibitory
concentrations of antibiotics may induce changes in bacterial virulence properties, both in
vitro and in vivo (Shibl, 1983, 1985 and 1987). It has been shown that antibiotics can both,
up- or down-regulate the synthesis and release of certain virulence factors. Thus, antibioticinduced modulation of virulence factors can lead to either aggravation or attenuation of the
disease. A better understanding of these antibiotic-mediated changes might allow a more
rational application of the respective antibiotics with regard to a successful therapy of
staphylococcal infections.
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Staphylococus aureus infections
S. aureus is a member of the family Micrococcaceae and the genus Staphylococcus. The
members of the genus Staphylococcus are cluster-forming cocci, all of which are
characterized as non-motile, non-sporeforming, facultative anaerobic, catalase-positive and
gram-positive bacteria. S. aureus can be distinguished from other members of this genus on
the basis of the gold pigmentation of the colonies and by its ability to produce the extracelluar
enzyme coagulase (Coa) and the surface protein A, and by its ability to degrade mannitol
under anaerobic conditions (Wilkinson, 1997).
Staphylococci, in general, constitute a considerable part of the physiological flora of the
skin and the mucosal membranes of the respiratory tract of humans and various animals. On
the other hand, members of several staphylococcal species can cause diseases in humans as
well as animals. S. aureus is the most frequent opportunistic pathogen that causes serious
community-acquired and nosocomial infections. The primary site of the infection is often the
skin, from where the infecting organisms spreads and infects deeper tissues. There it can
cause a variety of symptoms depending on the organ that is colonized, for example
osteomyelitis, endocarditis or septic shock. In veterinary medicine, S. aureus is one of the
most frequently isolated contagious pathogen causing clinical or subclinical mastitis (Wilson
et al., 1997; Kerro Dego et al., 2002; Gruet et al., 2001) and thus is responsible for
considerable economic losses in the dairy industry (Jasper et al., 1982; Reneau, 1993). The
pathogenic diversity is due to the fact, that S. aureus produces several different virulence
factors that play an important role in its pathogenesis.

Virulence factors of S. aureus
Virulence factors can be defined as microbial products that permit a pathogen to cause
a disease (Smith, 1977). The bacterial components and secreted products that affect the
pathogenesis of S. aureus infections are numerous (Projan and Novick, 1997). They may be
subdivided into different categories based on their biological activities:
1. virulence factors that allow the staphylococci to adhere to eukaryotic cell membranes,
2. virulence factors that promote invasion of the host cells, and
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3. virulence factors that protect the bacteria from the host immune system and trigger the
production of a cascade of host immunomodulating molecules.
For the majority of diseases caused by S. aureus, the pathogenesis is multifactorial, and
it has been difficult to sort out the role that each individual virulence determinant plays in the
pathogenic process (O’Riordan and Lee, 2004). However, the ability of S. aureus to adhere to
surfaces of the host tissues is thought to be essential for colonization and further
establishment of the infections (Foster and McDevitt, 1994; Lowy, 1998; Patti et al., 1994).

Adhesion of S. aureus
The adhesion of S. aureus to host cells is primarily mediated by hydrophobic
interactions and/or specific receptor-ligand interactions (Vercellotti et al., 1984; Ofek et al.,
2003). In contrast to receptor-ligand interactions, hydrophobic binding is usually considered
to be non-specific, as there are no apparent stereospecific interactions between the molecules
involved. When non-polar molecules on the bacterium and the substratum are in close
proximity, the intervening ordered layers of water are displaced and the consequent increase
in entropy results in adhesion being energetically favourable (Wilson et al., 2002). However,
S. aureus expresses an array of proteins which bind specifically to a wide range of host
extracellular matrix proteins and plasma proteins (Foster and Höök, 1998; Foster and
McDevitt, 1994; Patti et al., 1994). It has been shown in several studies that S. aureus can
express several cell-wall associated adhesins, referred to as MSCRAMMs (microbial surface
components recognizing adhesive matrix molecules) with specific binding activities for
fibronectin (Fn) and/or fibrinogen (Fg) (reviewed by Foster and Höök, 1998). Their important
role in staphylococcal infections has been confirmed in numerous in vitro and in vivo studies
(Flock et al., 1996; Foster and McDevitt, 1994; Moreillon et al., 1995 and 2002, Brouilette et
al., 2003).
The two highly homologous Fn-binding proteins A and B (FnBPA and FnBPB),
encoded by the genes fnbA and fnbB, respectively, were identified as the main adhesins that
bind purified Fn (Jönssson et al., 1991; Signäs et al., 1989). At least one of the FnBP genes is
found in the vast majority of S. aureus strains (Smeltzer et al., 1997). Binding of S. aureus to
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Fg is due mainly to the cell-associated protein clumping factor A (ClfA). Furthermore, it has
also been shown that FnBPA is a bifunctional protein that also binds to Fg (Wann et al.,
2000). In addition to these well-characterized bacterial surface proteins, S. aureus can produce
extracellular proteins that also are able to mediate adherence to the host matrix, such as Coa,
the extracellular adherence protein (Eap), the extracellular matrix protein-binding protein
(Emp), or the extracellular Fg-binding protein (Efb). These adhesins are secreted and in part
re-bound to bacterial cell surfaces via mechanisms that are still not clearly defined (Hussain et
al., 2001 and 2002; Flock and Flock, 2001). While Efb and Coa have been found to bind
specifically Fg (Dickinson et al., 1995; Bodén and Flock, 1992; Palma et al., 1998), Eap and
Emp are able to bind a large spectrum of host molecules including Fn and Fg, and thereby
mediate adherence to host tissues (Palma et al., 1999; Hussain et al., 2001 and 2002).
It has been shown that these specific adhesins may be masked by extracellular surface
structures such as the capsular polysaccharide (CP). Although S. aureus strains can produce
11 serologically distinct CPs (Karakawa and Vann, 1982; Sompolinsky et al., 1985), the
majority of clinical isolates of this pathogen has been described as positive for CP5 or CP8
(Albus et al., 1988; Hochkeppel et al., 1987). In a comparative study, the virulence of S.
aureus strains of serotypes 5 or 8 and their capsule-deficient mutants was evaluated in an
endocarditis model (Baddour et al., 1992). Catheterized rat were challenged with inocula
ranging from 102 to 106 CFU. Mutants derived from S. aureus strains of serotypes 5 or 8 that
were deficient in capsule production had ID50 values about 10-fold lower than those of the
parental strains. These data correlate with the inverse relationship that has been demonstrated
between encapsulation and bacterial adherence of host tissues (Gibson et al., 1993; St. Geme
and Falkow, 1991; Stephens et al., 1993, Pöhlmann-Dietze et al., 2000). The capsule may be
masking adhesins, and thereby preventing a further colonization and establishment of
infection.

Invasion of S. aureus
S. aureus is classically considered to be an extracellular pathogen (Rankin et al., 1992;
Finlay and Cossart, 1997). Recent studies, however, have shown that S. aureus can be
internalized by non-professional phagocytes, e.g. bovine mammary epithelial cells (Almeida
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et al., 1996; Bayles et al., 1998), osteoblasts (Jevon et al., 1999), pulmonary epithelial cells
(Kahl et al., 2000), and endothelial cells (Hamill et al., 1986; Vann and Proctor, 1987). The
internalization process is mediated by FnBPs on the surface of S. aureus as well as host cell
integrins. Bound Fn serves as a bridging molecule between the FnBPs and the α5β1 integrin
on the host cell (Dziewanowska et al., 1999; Sinha et al., 1999; Fowler et al., 2001).
Mutants unable to express FnBPs were substantially reduced in their ability to enter
different host cells, such as MAC-T cells, HEp-2 cells, or Caco-2 cells (Dziewanowska et al.
1999). FnBP deletion mutants, that are unable to invade host cells, still retain their cell
adherence capacity, suggesting the existence of distinct adherence mechanisms without the
involvement of internalization. Thus, other surface molecules such as Eap and Emp, have
been shown to compensate the lack of FnBPs and allowing the organism to bind host cells
(Haggar et al., 2003; Hussain et al., 2001). However, adherence alone is unsufficient to
induce internalization, indicating that the internalization process for S. aureus is complex and
probably involves more than one factor. It was proposed that the affinity of FnBP for Fn
bound to β1 integrins would result in activation of host cell signal transduction pathways,
which in turn would lead to actin-mediated phagocytosis of adherent bacteria (Bayles et al.,
1998; Sinha et al., 1999; Haggar et al., 2003). Several studies reported that the entry of S.
aureus into non-professional phagocytes is characterized by changes in the host cell
membrane, leading to an engulfment of the bacterium, similar to what has been observed
during the entry of Listeria and Yersinia spp. into non-professional phagocytes (Almeida et
al., 1996; Bayles et al., 1998). The internalization process requires a host signal transduction
system including functional host cell tyrosine kinases (Dziewanowska et al., 1999). However,
the ability of S. aureus to survive in the eukaryotic intracellular environment could explain
several aspects of chronic staphylococcal diseases and long-term colonization (Alexander and
Hudson, 2001).

Regulation of adherence factors of S. aureus
Bacteria express virulence factors, including those factors that mediate adherence to and
invasion of host cells, as a mean of survival. Therefore, each virulence factors should only be
expressed when needed to avoid waste of nutrients and energy (Wilson et al., 2002). The
17
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timely correct expression of virulence factors represents a highly complex process (Projan and
Novick, 1997).
Several global regulatory loci, such as agr, sar and sae, have been found to be involved
in the regulation of factors that mediate adherence as the initial step in staphylococcal
infections (Abdelnour et al., 1993; Bayer et al., 1996; Cheung et al., 1992; Giraudo et al.,
1997). Of these loci, the agr locus has been most extensively investigated. It is a quorum
sensing system that has been shown to regulate the expression of cell-wall associated proteins
and secreted exoproteins in response to the density of the bacterial population (Ji et al., 1995;
Balaban and Novick, 1995). It senses cell density through the autoinducing octapeptide
pheromone (AIP), produced within the agr operon. Toxins, enzymes, and CP are generally
up-regulated in the post-exponential growth phase, while the production of cell surface
proteins, that are mainly expressed during early growth phases, are down-regulated by agr
(Novick, 2003). The agr locus consists of two divergent transcriptional units, RNAII and
RNAIII, which are under the control of the P2 an P3 promotor, respectively (Figure 1.1;
reviewed by Novick and Muir, 1999). RNA II is a polycistronic mRNA that encodes the agrB
and agrD genes required for the synthesis of the AIP and also the two-component signal
transduction proteins, AgrA and AgrC, which are responsible for sensing and responding to
the AIP. The membrane located AgrC is activated by the AIP, which is encoded within the
agrD gene (Ji, et al., 1995; Lina et al., 1998). AgrD is modified and secreted through the
involvement of the membrane located AgrB protein (Ji et al., 1997; Mayville et al., 1999;
Novick, 2000). Induction of the agr system leads to activation of the divergent transcribed
RNA III gene. RNAIII is the effector molecule in the agr regulon acting primarily at the level
of transcription, but has also been shown to influence the translation of some genes. It also
contains a small open reading frame coding for the delta hemolysin (hld).
SarA, the major functional protein encoded by the sar locus, is believed to be required
for the stimulation of transcription of agr by binding of SarA to the agr promotor(s)
(Heinrichs et al., 1996; Chien and Cheung, 1998; Cheung et al., 1997). Furthermore, SarA
also influences the regulation of several virulence factors independently from agr. It seems to
have a direct effect on Fn-binding by upregulating the transcription of the gene fnbA in an
agr-independent manner (Wolz et al., 2000). The sarA locus was originally identified by
Cheung et al. (1992) by use of a transposon mutagenesis screen, searching for a Fg-binding
negative S. aureus mutant. It has later been shown that the most pronounced phenotype of a
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sarA mutant is the increased production of proteases, which might explain the reduced
expression of cell surface proteins (Chan and Foster, 1998; McGavin et al., 1997; Karlsson et
al., 2001).
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Figure 1.1: The agr system (modified from Goerke and Wolz, 2004). For details see text.
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More recently, the regulatory locus sae has been described (Giraudo et al., 1996, 1997
and 1999). It encodes a two-component regulatory system including SaeR, a response
regulator, and SaeS, a histidine protein kinase. This system upregulates the transcription of αand β-hemolysins, DNase, and Coa (Giraudo et al., 1999). Furthermore, a sae-mutant of S.
aureus strain Newman showed a reduced rate of invasion of human endothelial cells,
consistent with diminished transcription and expression of fnbA and increased expression of
CP5 (Steinhuber et al., 2003). The sae-specific transcripts were detectable at maximum levels
during the post-exponential growth phase, but the overall stimuli activating sae are still
unknown. A recent study revealed that agr may upregulate sae-expression, but sae may also
be expressed in the absence of the agr product (Giraudo et al., 2003).
Finally, the complex interaction of all global regulator systems leads to a coordinated
production of extracellular virulence factors and cell wall-associated adhesins in response to
changing environmental conditions and may aid the bacterium to survive and adapt to
different microenvironments within its host.

Effect of antibiotics on staphylococcal adherence
It has been shown that subinhibitory concentrations of different antibiotics may affect
the adherence properties of microorganisms in various ways (Shibl, 1985). Concentrations
below the minimum inhibitory concentration (subMICs) of lincomycin, erythromycin, and
chloramphenicol decrease Fn-binding to S. aureus, whereas β-lactam antibiotics such as
cephalothin and penicillin as well as the glycopeptide vancomycin enhanced their interaction
(Proctor et al., 1983). In a recent study, Bisognano et al. (1997, 2000) demonstrated that
subinhibitory concentrations of ciprofloxacin stimulate the synthesis of surface proteins such
as Fn-binding proteins and increase adherence properties of quinolone-resistant S. aureus.
However, several studies indicated that subMICs of antibiotics can either increase (Miyake et
al., 1991 and 1989) or decrease (Braga and Dal Sasso, 2002; Braga et al., 2002 and 1993;
Braga and Piatti, 1992 and 1993) the adherence of bacteria to epitelial cells. When the
adhesive ability of the bacterium is inhibited, one can hypothesize that the agent can have
beneficial prophylactic or therapeutic effects. On the other hand, increased adherence
properties may lead to an unfavorable impact on the outcome of an infection. The ability of
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antibiotics to affect the microbial adherence to cell surfaces may be therefore an important
criterion in selecting an antibiotic for therapy.

Florfenicol
Florfenicol (Ff) (Figure 1.2) is a synthetic fluorinated chloramphenicol (Cm) derivative
that is used exclusively in veterinary medicine. It was licensed in the EU for the control of
bacterial respiratory tract infections in cattle and pigs in 1995 and 2000, respectively.
Moreover, Ff is also approved for the treatment of infectious pododermatitis in cattle caused
by Fusobacterium necrophorum and Bacteroides melaninogenicus in the USA.
The mode of action of Ff closely resembles that of Cm. Ff inhibits protein synthesis by
binding to the peptidyltransferase centre at the 50S ribosomal subunit of susceptible bacteria,
and thereby preventing the transfer of amino acids to growing peptide chains and subsequent
protein formation. Due to the reversible binding of the phenicol antibiotics to their ribosomal
target site, Ff, Cm and thiamphenicol are generally believed to act bacteriostatically rather
than bactericidally (for a review see Schwarz et al. 2004). However, bactericidal effects have
also been observed, depending on the antibiotic concentration and the susceptibility of the
bacterial organisms (Graham et al., 1988).
The spectrum of activity of Ff includes a wide range of gram-positive and gramnegative, aerobic and anaerobic bacteria, but also chlamydiae, mycoplasmas, and rickettsiae
(Yao and Moellering, 1999). However, the main target bacteria are respiratory pathogens such
as Pasteurella (P.) multocida, Mannheimia haemolytica, and Haemophilus (H.) somnus from
cattle and P. multocida, Actinobacillus (A.) pleuropneumoniae, Bordetella bronchiseptica,
Salmonella Choleraesuis, and Streptococcus suis from pigs. Recent studies showed that since
the introduction of Ff into clinical veterinary, no resistance to Ff has developed in these major
target bacteria (Priebe and Schwarz, 2003; Kehrenberg et al. 2004). During the past five
years, Ff resistance has been identified in commensal bacteria such as E. coli from cattle
(Cloeckaert et al., 2000; Doublet et al., 2002) and pigs (Blickwede and Schwarz, 2004) or in
several other enteric bacteria, including various Salmonella enterica serovars (Briggs and
Fratamico, 1999; Cloeckart et al., 2000; Doublet et al., 2003), Klebsiella pneumoniae
(Cloeckaert et al., 2001), or Vibrio cholerae (Hochhut et al., 2001; Beaber et al., 2002).
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Furthermore, two novel genes, cfr and fexA, which mediate resistance to Ff and Cm
have recently been detected in coagulase-negative staphylococci from cattle (Schwarz et al.,
2000; Kehrenberg and Schwarz, 2004). The cfr gene has been detected on the multiresistance
plasmid pSCFS1 from S. sciuri and mediates resistance to Ff and Cm by a yet unidentified
mechanism (Schwarz et al., 2000). The fexA gene represents a novel type of exporter gene
and has been identified on the plasmid pSCFS2 from S. lentus (Kehrenberg and Schwarz,
2004). Since all these genes also mediate Cm resistance, it is most likely that they have been
developed prior to the introduction of Ff into veterinary use (Schwarz et al., 2004).
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Figure 1.2: Chemical structure of florfenicol.
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Aim of the present study
To date, very little is known about the effects of Ff on gram-positive commensal
bacteria such as S. aureus. Therefore, the aim of the present study was to investigate the
influence of subinhibitory concentrations of Ff on growth, morphology and viability
[Chapter 2] and on virulence properties of S. aureus [Chapters 3-5]. Since adhesion to host
cells is the first step in staphylococcal infections, the study focussed on the adherence to
epithelial cells, followed by the ability to invade epithelial cells. The laboratory strain S.
aureus Newman (NCTC 8178), a staphylococcal strain that was originally isolated from a
case of secondarily infected tubercular osteomyelitis in man (Duthie and Lorenz, 1952), was
used as a model in this study.
To compare the adherence properties of Ff-resistant and Ff-susceptible strains, the Ffsusceptible laboratory strain S. aureus Newman was used in comparison to a Ff-resistant
derivative carrying the cfr-erm(33)-spc multiresistance plasmid pSCFS1 from S. sciuri
(Schwarz et al., 2000) that was produced in the course of this study by protoplast
transformation [Chapter 3].
For a better understanding of the molecular mechanisms that may be associated with
possible Ff-dependent changes of the staphylococcal adherence properties, S. aureus strain
Newman and three isogenic mutants in which the global regulator genes, agr, sar or sae were
functionally inactive, were compared for their adherence properties, capsule expression as
well as expression of mRNA coding for specific adhesins and components of global regulator
systems [Chapter 4].
To differentiate a Ff-specific effect from a general stress response, that may be
produced by antibiotics that inhibit protein biosynthesis, the influence of clindamycin, another
protein biosynthesis inhibitor, on adherence properties of S. aureus strain Newman was
investigated [Chapter 5].
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Abstract
Staphylococcus (S.) aureus strain Newman was investigated for changes in its growth pattern,
its morphology and its viability when grown in the presence of 3 µg/ml florfenicol (Ff). This
concentration corresponds to the 0.75-fold strain-specific minimum inhibitory concentration
(MIC). Under these conditions, S. aureus Newman showed a distinct retardation in its growth
pattern and 20% dead cells were detected in a fluorescence microscopic viability assay.
However, bactericidal activity – defined as a 3 log drop in the staphylococcal population –
was not recorded at this Ff concentration. Further analysis of the cell wall revealed a
significant increase in cell wall thickness of S. aureus Newman when grown in the presence
of 3 µg/ml Ff. This might result in a compression of the protoplast with subsequent disruption
of single staphylococcal cells. Accordingly, 20% of the staphylococcal cells analyzed by
electron microscopy proved to be disrupted. These observations suggest that Ff can cause a
thickening of the cell wall accompanied by impaired viability of the staphylococcal cells.
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Introduction
Florfenicol (Ff) is a synthetic fluorinated chloramphenicol (Cm) derivative that is used
exclusively in veterinary medicine (Schwarz and Chaslus-Dancla, 2001). It was licensed in
Germany for the control of bacterial respiratory tract infections in cattle and pigs in 1995 and
2000, respectively. Its mode of action closely resembles that of Cm (Schwarz et al. 2004). Ff
binds to the 50S ribosomal subunit of susceptible bacteria. It inhibits protein synthesis by
interfering with the peptidyl transferase, thereby preventing the transfer of amino acids to
growing peptide chains and subsequent protein formation. Due to the reversible binding of the
phenicol antibiotics to their ribosomal target site, Ff, Cm, and thiamphenicol are generally
believed to act bacteriostatically rather than bactericidally. However, depending on the
antibiotic concentration and the susceptibility of the bacterial organisms, bactericidal effects
have also been observed (Graham et al., 1988).
Although the spectrum of activity of Ff includes a wide range of grampositive and
gramnegative bacteria, the main target bacteria are respiratory pathogens such as Pasteurella
(P.) multocida, Mannheimia haemolytica, and Haemophilus (H.) somnus from cattle and P.
multocida, Actinobacillus (A.) pleuropneumoniae, Bordetella bronchiseptica, Salmonella
Choleraesuis, and Streptococcus suis from pigs. For Ff, time-kill studies with the target
bacteria P. multocida, A. pleuropneumoniae, M. haemolytica, and H. somnus showed that Ff
is a time-dependent antimicrobial agent which shows strong bactericidal activity at
concentrations close to the minimum inhibitory concentration (MIC) (de Haas et al., 2002).
The MIC values of Ff of the abovementioned target bacteria have not changed since the
introduction of Ff into clinical veterinary use in the mid-1990s and the vast majority of the
strains tested so far were classified as "susceptible" (Hörmansdorfer and Bauer, 1996, 1998;
Priebe and Schwarz, 2003; Kehrenberg et al., 2004). Although Ff resistance is not tested in
most surveys of antimicrobial resistance in bacteria from animal sources (Schlegelova et al.,
2002; Docic and Bilkei, 2003; Seepersadsingh and Adesiyun, 2003; Hirose et al., 2003), Ff
resistance has been identified in commensal bacteria such as E. coli from cattle (Cloeckaert et
al., 2000; Doublet et al., 2002; Werckenthin et al., 2002) and pigs (Blickwede and Schwarz,
2004), and coagulase-negative staphylococci from cattle (Schwarz et al., 2000; Kehrenberg
and Schwarz, 2004). In contrast to the target bacteria, very little is known about the effects of
Ff on grampositive bacteria such as staphylococci. Staphylococci, in particular
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Staphylococcus (S.) aureus, have been reported to undergo changes in the chemical structure
of their cell wall when grown in the presence of subinhibitory concentrations of antibiotics
which interfere with bacterial protein synthesis, such as Cm, clindamycin or tetracycline
(Johannsen et al., 1983; Wecke et al., 1990; Schwarz, 1994). These structural changes caused
a thickening of the cell wall (Wecke et al., 1990; Schwarz, 1994) which resulted in a reduced
degradability when ingested by macrophages (Wecke et al., 1989, 1990; Schwarz, 1994).
In the present study, the effects of subinhibitory concentrations of Ff on growth,
morphology and viability of S. aureus were investigated.

Materials and methods
Bacteria and MIC determination. S. aureus strain Newman (ATCC® 25904) was used
in this study. MICs of Ff were determined by broth microdilution according to the NCCLS
guideline M31-A2 (NCCLS, 2002). The MIC was defined as the lowest antibiotic
concentration in a serial two-fold dilution that yielded no visible growth. Ff-concentrations
ranging between 0.06 and 64 µg/ml were tested. S. aureus strain ATCC® 29213 was used for
quality control purposes.
Growth curves and time-kill studies. Growth of S. aureus Newman in BHI or BHI
supplemented with 3 µg/ml Ff was monitored photometrically at an optical density of 600 nm.
For this, 100 ml of pre-warmed BHI broth or BHI broth supplemented with 3 µg/ml Ff was
inoculated with 100 µl (~2 x 108 bacteria) of an overnight culture of the test strain. These
bacterial suspensions were incubated for up to 23 h at 37 °C on a rotary shaker (150 rpm).
Cultures were sampled hourly until bacterial growth reached the stationary phase.
Time-kill studies were performed according to the method described by Eliopoulos and
Moellering (1996). In brief, a staphylococcal suspension containing 5 x 105 – 5 x 106 colony
forming units (CFU)/mL was incubated at 37°C on a rotary shaker (150 rpm) until the
exponential growth stage was reached. Subsequently, aliqouts of 25 ml were removed and
exposed to concentrations of 0, 2, 3, 4, 8, 16 µg/ml Ff. At 0, 3, 6, 12 and 24 h of incubation at
37°C on a rotary shaker (150 rpm), samples were removed from test cultures as well as
growth control cultures and plated on BHI agar plates to determine the CFU. Time-kill curves
were constructed by plotting the number of CFU against time. Ff activity was considered as
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bactericidal when a reduction of ≥ 3 log10 CFU/mL (99.9% killing) as compared to the initial
inoculum time at time 0 was detected. Experiments were performed in triplicate.
Transmission electron microscopy. To detect possible Ff-dependent morphological
changes of the cell wall, single colonies of S. aureus Newman were cultivated for 20 h on a
rotary shaker at 37°C in non-supplemented brain heart infusion broth (BHI, Oxoid, Wesel,
Germany) and in BHI supplemented with 3 µg Ff/ml (= 0.75 MIC). Bacteria were harvested
by centrifugation (10,000 x g; 6 min) and the pellet was fixed in 1 ml of a solution consisting
of 2.5% glutaraldehyde, 75 mM lysin acetate and 2% formaldehyde in cacodylate buffer (0.1
M cacodylate, 0.9 M sucrose, 0.01 M MgCl2, 0.01 M CaCl2, pH 6,9) containing 0.075%
ruthenium red on ice for 20 min. After washing with cacodylate buffer, samples were fixed
with 2.5% glutaraldehyde and 2% formaldehyde in cacodylate ruthenium red (0.075%) buffer
for 3 h on ice and then, after additional washing steps, contrasted with 1% aqueous osmium
tetroxide in cacodylate buffer for 1 h at room temperature. Subsequently, the samples were
washed again with cacodylate buffer. Samples were then embedded into 1.75% water agar,
dehydrated with ethanol, and embedded in LRWhite resin following the scheme
recommended by the manufacturer (London Resin Co., Reading, UK). Ultrathin sections were
cut with a diamond knife and sections were counterstained with 4% aqueous uranyl acetate
for 5 min, washed in distilled water and air-dried. Samples were examined in a Zeiss
transmission electron microscope EM910 (Carl Zeiss AG, Oberkochen, Germany) at an
acceleration voltage of 80 kV. Experiments were performed in duplicate. Within each of the
experiments, the thickness of the cell wall of six randomly selected bacteria from each probe
was measured.
Assessment of bacterial viability. The viability of the bacteria grown for 20 h in the
presence of 3 µg/ml Ff compared to the untreated controls was tested by use of the
LIVE/DEAD® BacLightTM Bacterial Viability Kit (Molecular Probes, Leiden, Netherlands)
and subsequent fluorescence microscopy following the recommendations of the manufacturer.
The percentage of dead bacteria was determined by counting manually the number of dead
and live bacteria in five microscopic fields with ~ 200 bacteria per field. Experiments were
performed in triplicate.
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Statistical analysis. Mean values and standard deviations were calculated by using
Microsoft Excel (version 2000). The values obtained from the Ff-treated bacteria were
compared to those obtained from the untreated control by an unpaired Student’s t-test. P
values of ≤ 0.05 were considered as significant.

Results and discussion
The MIC of Ff determined for S. aureus Newman was 4 µg/ml. Time-kill studies were
performed to determine the number of CFU after treatment with different Ff concentrations
ranging from 0.5-fold MIC to 4-fold MIC. There was no reduction of CFU compared to the
initial inoculum after growth of the bacteria in the presence of Ff concentrations representing
the MIC or below (Figure 2.1). After exposure to 2-fold MIC, there was a reduction of
bacterial growth (Figure 2.1), which, however, accounted for less than a 3-log drop of the
initial inoculum and, therefore, is considered as a bacteriostatic effect (Noviello et al., 2003).
After 24 h of exposure to 4-fold MIC, there was a > 3-log reduction of CFU (Figure 2.1),
which indicated a killing of > 99.9% of the bacterial population and therefore was interpreted

Log (cfu/ml)

as bactericidal activity of Ff (Noviello et al., 2003).
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Figure 2.1. Time-kill curve of S. aureus Newman grown in the presence of different Ff concentrations.
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These data confim the observations of de Haas et al. (2002) who previously had
demonstrated a marked concentration dependency of Ff activity. However, in contrast to P.
multocida, A. pleuropneumoniae and H. somnus, bactericidal activity of Ff against S. aureus
Newman was not seen at Ff concentrations close to MIC, but at distinctly higher
concentrations of 4-fold MIC. Thus, Ff activity against staphylococci at concentrations at or
close to MIC have to be considered as primarily bacteriostatic.
More than 30 years ago, S. aureus strains have already been reported to exhibit a
distinct thickening of their cell wall when grown in the presence of inhibitory concentrations
of 5 – 20 µg/ml Cm (Giesbrecht und Ruska, 1968). This increase in cell wall thickness was
considered to be the result of continuing synthesis of cell wall material at times when protein
biosynthesis of the cell was almost stopped due to the activity of Cm (Giesbrecht and Ruska,
1968). Since cell wall synthesis occurs mainly independently of protein synthesis (Hancock
and Park, 1958; Mandelstam and Rogers, 1958 and 1959), further cell wall synthesis can be
observed even when protein biosynthesis is inhibited by Cm, puromycin, or actinomycin
(Giesbrecht et al., 1998). As a consequence, cell walls of more than 100 nm may be seen
under such conditions (Giesbrecht et al., 1998), whereas the cell wall of rapidly multiplying
staphylococci often exhibits a thickness of 30 to 40 nm (Cole et al., 1974). As described by
Giesbrecht and Ruska (1968), most staphylococcal cells exhibiting such thickened cell walls
are still alive and can easily regenerate if they are transferred into a Cm-free medium.
However, after prolonged treatment with Cm the accumulation of cell wall material may
result in a compression of the bacterial protoplast followed by the subsequent disintegration
of the staphylococcal cell (Giesbrecht et al., 1998). In that case, disrupted cells are visible by
electron microscopy (Giesbrecht et al., 1998; Giesbrecht and Ruska, 1968). So far, it is not
known whether Ff shows similar effects and if so, whether they are also observed at sub-MIC
levels.
To investigate possible Ff-dependent morphological changes of the cell wall, S. aureus
Newman cells were treated with subinhibitory concentrations of 3 µg/ml Ff (= 0.75 MIC). In
contrast to earlier reports on Cm-induced morphological changes (Giesbrecht and Ruska,
1968), we used this relatively low Ff concentration that represents the maximum serum
concentration of Ff which can be achieved in cattle and pigs when using the recommended
dosis of 20 mg/kg body weight given in the Nuflor (Essex Tierarznei, München, Germany)
product information. The Ff concentration of 3 µg/ml, therefore, better corresponds to the in-
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vivo situation than the higher Cm concentrations used by Giebrecht and Ruska (1968). Ff at
this concentration showed a distinct retardation of growth as compared to the untreated
bacteria (Figure 2.2).
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Figure 2.2. Growth curve of S. aureus Newman cultivated in BHI without Ff or supplemented with 3 µg/ml Ff.

Transmission electron microscopic analysis of ultrathin sections revealed that S. aureus
Newman cells grown in the presence of 3 µg/ml Ff for 20 h, exhibited a distinct increase in
their cell wall thickness. The mean (± standard deviation) thickness of the cell wall of Fftreated cells was 55.7 (± 9.9) nm (Fig. 2.3b, d, e, g) whereas that of the untreated control was
29.6 (± 2.5) nm (Fig. 2.3a, c and f). This difference was statistically significant (p < 0.05).
Electron microscopic studies also revealed approximately 20% disrupted staphylococcal cells
(Fig. 2.3b). Furthermore, analysis of viable versus dead cells by BacLight assay showed that
growth of S. aureus Newman for 20 h in the presence of 3 µg/ml Ff resulted in 20% (± 12%)
dead cells compared to 1% (± 1%) dead cells in the untreated control. This finding indicated
a limited bactericidal activity of Ff at a concentration close to the strain-specific MIC.
In summary, Ff can cause a distinct thickening of the staphylococcal cell wall at subMIC concentrations resulting in an impaired viability of the staphylococci as confirmed by
electron and fluorescence microscopy.
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Figure 2.3. Transmission electron microscopic analysis of ultrathin sections of S. aureus cultivated for 20 h in
BHI (control, a, c and f), or BHI supplemented with 3 µg/ml Ff (b, d, e, g). Bars represent 1 µm (a and b), 250
nm (c-e), and 50 nm (f and g). Note increase in cell wall thickness (d, g) and lysis (b, e).
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Abstract

Subinhibitory concentrations of various antibiotics can modulate the adherence properties of
staphylococci. The effect of subinhibitory concentrations of florfenicol (Ff) on adherence
properties of Ff-susceptible and Ff-resistant Staphylococcus aureus was examined in this
study. The Ff-susceptible S. aureus strain Newman and its Ff-resistant derivative carrying the
Ff-resistance plasmid pSCFS1 from S. sciuri were cultivated in the presence of 2 µg/ml Ff,
and the resistant strain also in the presence of 64 µg/ml Ff. When grown in the presence of
these strain-specific ½ the minimum inhibitory concentration (MIC) of Ff, both strains
showed a significantly inreased adherence to HEp-2 cells and to fibronectin-coated microtiter
plates. Since the surface hydrophobicity of both strains was not increased, these observations
suggest that interactions with fibronectin as a specific ligand may play a role in the enhanced
adherence to HEp-2 cells, rather than nonspecific hydrophobic interactions.
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The ability of Staphylococcus (S.) aureus to adhere to surfaces of host tissues is thought
to be essential for colonization and establishment of infections (Foster and McDevitt, 1994).
There is increasing evidence that subinhibitory concentrations of antibiotics interfere with
microbial adherence to host cells. In the present study, the effect of subinhibitory
concentrations of the fluorinated chloramphenicol derivative florfenicol (Ff) on adherence
properties of Ff-susceptible and Ff-resistant S. aureus was investigated.
The Ff-susceptible strain S. aureus Newman (ATCC 25904) and its Ff-resistant
derivative carrying the cfr-erm(33)-spc multiresistance plasmid pSCFS1 from S. sciuri
(Schwarz et al., 2000) were cultivated for 20 h at 37°C in brain heart infusion broth (BHI,
Oxoid, Wesel, Germany) and in BHI supplemented with either 0.2 µg/ml Ff (Essex
Tierarznei, München, Germany) or 2 µg/ml Ff (= 1/20 and ½ the minimum inhibitory
concentration (MIC) of S. aureus Newman, respectively). In addition, S. aureus
Newman:pSCFS1 was cultivated in BHI supplemented with 64 µg/ml Ff (= ½ MIC of S.
aureus Newman:pSCFS1). MICs of Ff were determined by broth microdilution according to
the NCCLS guideline M31-A2 (2002). Adherence and invasion assays using 5 x 106 bacteria
per experiment and confluent monolayers of HEp-2 cells (~3 x 105 cells per well) were
performed as described by Dziewanowska et al. (1999). The results were recorded as
percentage of colony forming units (CFU) of adherent or intracellular bacteria. For
microscopic confirmation, adherence assays were performed on culture slides containing ~2 x
105 HEp-2 cells. Washed monolayers with adherent bacteria were fixed with 0.37%
formaldehyde (Sigma, Taufkirchen, Germany) at 4°C, washed with PBS and covered with
blocking buffer (10% fetal calf serum (Sigma) in PBS) for 1 h. Adherent staphylococci were
detected by use of a rabbit-anti-staphylococcal antibody, a FITC-conjugated goat-anti-rabbit
IgG antibody (Dianova, Hamburg, Germany) and subsequent immunofluorescence
microscopy. Bacterium-per-epithelial cell ratios were determined by counting manually the
number of bacteria adherent to epithelial cells in three microscopic fields with ~ 50 epithelial
cells per field.
Growth in the presence of low subinhibitory concentrations of Ff, such as 0.2 µg/ml for
S. aureus Newman as well as 0.2 and 2 µg/ml for S. aureus Newman:pSCFS1, did not change
significantly the adherence patterns of both strains as compared to the untreated controls.
However, when grown in the presence of the strain-specific ½ MIC, both strains adhered
significantly better (p ≤ 0.05) to HEp-2 cells (Table 3.1). Although invasion also increased
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significantly when the bacteria were treated with the strain-specific ½ MIC, the percentages of
invading bacteria ranged between 0.1% and 0.28% (Table 3.1) and thus were negligible in
view of the percentages of adherent bacteria. This observation was in good accordance with
that of Dziewanowska et al. (1999) who showed that S. aureus strain Newman is less invasive
than other S. aureus strains which exhibit comparable adherence to epithelial cells. Thus,
virtually all bacteria detected after release from the epithelial cells could be considered as
truly adherent bacteria. Quantification of the adherent bacteria per epithelial cells by
immunochemical microscopic evaluation yielded results that correlated well with those
obtained by the plating technique. A 4-fold increase in the number of adherent bacteria per
epithelial cells was detected in case of the Ff-susceptible S. aureus Newman whereas an 8fold increase was seen in the case of the Ff-resistant S. aureus Newman:pSCFS1 (Table 3.1).
Bacterial adhesion can be the result of either hydrophobic interactions between the
bacteria and the host cells, binding of bacteria to specific ligands, e.g. fibronectin, or a
combination of both. Therefore, Ff-treated staphylococci and untreated controls were
investigated for their surface hydrophobicity by a hydrocarbon adherence assay (Rosenberg et
al., 1980) and for their ability to bind to fibronectin-coated micotiter plates (1 µg fibronectin
per well) (Dziewanowska et al., 1999). Independently of the Ff concentration used, both
strains showed a non-significant decrease in their surface hydrophobicity (Table 3.1). In
contrast, the fibronectin-binding profiles of both strains grown in the presence of the strainspecific ½ MIC of Ff exhibited significant 4- to 5-fold increases (Table 3.1). Based on this
finding, we assume that binding to fibronectin plays a relevant role in the increased adherence
of the staphylococci to HEp2-cells, rather than non-specific hydrophobic interactions.
The observations made in this study differ from those of a previous study on
tetracycline-treated S. aureus in which increased adherence was directly correlated with
significantly increased hydrophobicity (Schwarz, 1994). However, the results of our study
also showed parallels to a study in which pretreatment of S. aureus with sub-MIC levels of
ciprofloxacin led to an induced expression of fibronectin binding proteins and also resulted in
increased adhesion of the staphylococci (Bisognano et al., 2000). Although further work is
needed to elucidate the mechanisms leading to the observed changes in the adherence
patterns, our data demonstrate that Ff concentrations in the range of strain-specific ½ MIC
enhance the adherence of Ff-susceptible and also Ff-resistant S. aureus to epithelial cells, and
thus may alter virulence properties of this pathogen.
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Table 3.1. Effect of subinhibitory concentrations of Ff on adherence and invasion properties of Ff-susceptible S.
aureus strain Newman and Ff-resistant S. aureus strain Newman:pSCFS1. The results are given as mean values
of three independent tests, processed in duplicate (± standard deviations). Values displayed in bold with an
asterisk (*) differ significantly (p ≤ 0.05, unpaired two-sided Student’s t-test) from the untreated controls.

S. aureus Newman

S. aureus Newman:pSCFS1

control

0.2 µg/ml Ff

2 µg/ml Ff

control

Adherence
to HEp-2 cells [%]

4.15
(± 1.24)

5.06
(± 0.92)

15.11
(±
± 1.15)*

5.37
(± 1.02)

7.46
(± 3.0)

7.11
(± 0.17)

14.57
(±
± 3.97)*

Adherence
to HEp-2 cells
[bacteria/cell]

1.3
(± 0.2)

1.3
(± 0.1)

5.6
(±
± 1.1)*

2.4
(± 0.2)

6.1
(± 5.0)

5.5
(± 3.0)

15.1
(±
± 2.3)*

Invasion [%]

0.04
(± 0.04)

0.07
(± 0.09)

0.1
(±
± 0.1)*

0.06
(± 0.04)

0.08
(± 0.09)

0.12
(± 0.15)

0.28
(±
± 0.27)*

Adherence
to hexadecane [%]

38.1
(± 10.5)

31.2
(± 4.1)

29.2
(± 20.5)

42.6
(± 8.4)

28.4
(± 18.7)

35
(± 5.4)

23.7
(± 6.5)

Adherence
to fibronectin [%]

3.15
(± 2.14)

3.71
(± 2.57)

16.71
(±
± 9.55)*

2.42
(± 0.54)

2.68
(± 0.34)

4.27
(± 3.01)

9.59
(±
± 6.65)*

0.2 µg/ml Ff 2 µg/ml Ff 64 µg/ml Ff
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Abstract
Staphylococcus aureus strain Newman exhibited increased adherence to HEp-2 cells when
grown in the presence of a subinhibitory concentration (½ the minimum inhibitory
concentration (MIC)) of florfenicol (Ff). In this study, Northern slot blot analysis showed that
mRNA expression of fnbA, fnbB, coa, emp and eap, coding for adhesins, was increased in the
presence of ½ MIC of florfenicol. Under the same conditions expression of the type 5
capsular polysaccharides was distinctly decreased. Since it is known that global regulatory
systems can modulate the expression of adhesins, their role in this process was investigated
by including three isogenic mutants with functionally inactive global regulator systems agr,
sar, and sae, respectively. Growth in the presence of ½ MIC of Ff caused significant increases
in adherence to HEp-2 cells, and to fibronectin- or fibrinogen-coated microtitre plates of the
∆agr and ∆sar mutant strains, but not of the ∆sae mutant strain. In contrast to components of
the agr or sar system, expression of saeRS was increased, suggesting a potential sae-directed
decrease in the expression of cap5 and increase in the expression of genes coding for adhesins
under the influence of Ff. Analysis of RNA stability revealed that the increased amount of
transcripts of saeRS and adherence-associated genes was due to a stabilization of the
respective mRNAs by florfenicol. Our data give evidence that an activation of the global
regulator sae and a stabilization of mRNA coding for specific adhesins seem to act
synergistically in generating a more adherent phenotype, and, thereby, may alter virulence
properties of this pathogen.
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Introduction

Microbial adherence to epithelial cell surfaces has been implicated as the first step in the
initiation of staphylococcal infections (Francois et al., 1996; von Eiff et al., 2001). It has been
shown in several studies that Staphylococcus (S.) aureus expresses specific surface-associated
proteins, referred to as MSCRAMM (microbial surface components recognizing adhesive
matrix molecules) (Patti et al., 1994), that allow the organisms to interact specifically with
extracellular matrix proteins of the host cell, such as fibronectin (Fn), and fibrinogen (Fg). S.
aureus MSCRAMMs that bind Fn and Fg have been identified and characterized in detail
(reviewed by Foster and Höök, 1998), and numerous in vitro and in vivo studies have
underlined their role in staphylococcal infections (Flock et al., 1996; Moreillon et al., 1995;
Moreillon et al., 2002). Furthermore, S. aureus can produce extracellular proteins that are also
able to mediate adherence to the host matrix, such as coagulase (Coa) (Dickinson et al., 1995;
Phonimdaeng et al., 1990), the extracellular adherence protein (Eap) (Palma et al., 1999), the
extracellular matrix protein-binding protein (Emp) (Hussain et al., 2001), or the extracellular
Fg-binding protein (Efb) (Palma et al., 1998). These adhesins are secreted and re-bound to
bacterial cell surfaces via mechanisms that are still not clearly defined (Hussain et al., 2001
and 2002; Flock and Flock 2001).
Adhesins mediating attachment of staphylococci to epithelial cells may be differentially
expressed. In addition, they may be masked by differentially expressed extracellular surface
structures such as the type 5 capsular polysaccharides (CP5) (Pöhlmann-Dietze et al., 2000).
Several global regulatory loci, such as agr, sar and sae have been found to be involved in the
regulation of staphylococcal adherence factors (Abdelnour, 1993; Bayer et al., 1996; Cheung
et al., 1992; Giraudo et al., 1997). The agr locus has been shown to regulate the expression of
cell wall-associated proteins and secreted exoproteins in response to the density of the
bacterial population (Quorum sensing) (Ji et al., 1995; Balaban and Novick, 1995). Toxins,
enzymes, and CP5 are generally up-regulated in the post-exponential growth phase, while the
production of cell surface proteins, that are mainly expressed during early growth phases, are
down-regulated by agr (Novick, 2003). The agr locus specifies two transcripts, RNA II (2.3
kb) and RNA III (0.5 kb), of which the former determines activation of agr transcription and
the latter is the effector of agr positive and negative regulation. RNA III is thought to regulate
most target genes at the level of transcription, but has also been shown to influence the
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translation of some genes. It also contains a small open reading frame coding for delta
hemolysin (hld). SarA, the major functional protein encoded by the sar locus, is believed to
be required for the stimulation of transcription of agr by binding to the agr promotor(s)
(Heinrichs et al., 1996, Chien and Cheung, 1998). Furthermore, SarA also influences the
regulation of several virulence factors independently from agr. It seems to affect directly the
binding to Fn by up-regulating the transcription of the gene fnbA, coding for Fn-binding
protein A (FnBPA) (Wolz et al., 2000).
More recently, the regulatory locus sae has been described (Giraudo et al., 1997 and
1999). It encodes a two-component regulatory system including SaeR, a response regulator,
and SaeS, a histidine protein kinase. This system up-regulates the transcription of α- and βhemolysins, DNase, and Coa (Giraudo et al., 1999). Futhermore, a ∆sae mutant of S. aureus
strain Newman showed a reduced rate of invasion of human endothelial cells, consistent with
diminished transcription and expression of fnbA and increased expression of type 5 capsular
polysaccharide (Steinhuber et al., 2003).
Thus, the complex interaction of all global regulators leads to a coordinated production
of extracellular virulence factors and cell wall adhesins in response to changing
environmental conditions (Novick, 2003; Giraudo et al., 2003).
Several studies demonstrated that subinhibitory concentrations of different antibiotics,
especially those which inhibit protein biosynthesis, can affect the expression of certain
staphylococcal virulence factors, including those mediating the adherence to host cells (Shibl,
1985 and 1987; Bisognano et al. 1997 and 2000). It has been shown that subinhibitory
concentrations of antibiotics can both up- and downregulate the synthesis and release of
certain adherence factors, and thereby may lead to either aggravation or attenuation of the
disease.
We have recently shown that ½ the minimum inhibitiory concentration (MIC) (2 µg/ml)
of florfenicol (Ff) increased the adherence of S. aureus strain Newman to epithelial cells and
Fn-coated microtiter plates (Blickwede et al., 2004). Ff, a synthetic fluorinated
chloramphenicol derivative, is used exclusively in veterinary medicine (Schwarz and ChaslusDancla, 2001). Its mode of action closely resembles that of chloramphenicol. Ff inhibits
protein synthesis by binding to the 50S ribosomal subunit of susceptible bacteria.
The aim of this study was to gain insight into the molecular mechanisms of the Ffdependent increase in staphylococcal adherence and the role of global regulatory systems in
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this process. Therefore, S. aureus strain Newman and three isogenic mutants with functionally
inactive global regulator systems agr, sar, or sae were treated with ½ MIC of Ff and
compared for their adherence properties, capsule expression as well as steady-state levels of
mRNA coding for specific adhesins and components of global regulator systems.

Material and methods
Bacterial strains and growth conditions. S. aureus strain Newman (NCTC 8178,
Duthie and Lorenz, 1952) and the isogenic ∆agr, ∆sar, or ∆sae mutants Newman
∆agr::tet(M) (ALC 355, Wolz et al., 1996), Newman ∆sar::Tn917LTV1 (ALC 637, Wolz et
al., 2000) and Newman ∆sae::Tn917 (AS3, Goerke et al., 2001) were included in this study.
MICs of Ff were determined by broth microdilution according to the NCCLS guideline M31A2 (2002). For investigation of the adherence properties and the CP5 production, all strains
were cultivated for 20 h on a rotary shaker at 37°C in pure brain heart infusion broth (BHI,
Oxoid, Wesel, Germany) and in BHI supplemented with 2 µg/ml Ff (= ½ MIC of S. aureus
Newman). The staphylococci were washed twice and resuspended in sterile phosphatebuffered saline (PBS) prior to their use in experiments.
For RNA isolation, cells of an overnight culture were diluted to an initial optical
density at 600 nm (OD600) of 0.05 and grown under constant shaking (120 rpm) at 37°C until
the bacteria reached the early- (OD600 = 0.2), mid- (OD600 = 1.0), or post-exponential growth
phase (OD600 = 1.6). Then, Ff was added to yield a final concentration of 2 µg/ml and the
cultures were incubated under the same conditions for 1 h. The control cultures without Ff
were grown until they reached the same optical densities.
Adherence to epithelial cells. Adherence assays were performed as previously
described (Dziewanowska et al., 1999). Approximately 5 x 106 bacteria were added to
confluent monolayers of HEp-2 cells (~3 x 105 cells per well) and incubated for 2 h at 37°C in
an atmosphere containing 5% CO2. After washing with PBS (Sigma, Taufkirchen, Germany),
the epithelial cells were treated with 0.05% trypsin-EDTA (Invitrogen, Karlsruhe, Germany)
and 0.25% Triton X-100 (Serva, Heidelberg, Germany) to release adherent bacteria. Serial
dilutions of adherent bacteria were plated onto BHI agar to determine the colony forming
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units (CFU). The results were recorded as percentage of CFU of adherent bacteria compared
to the total amount of CFU after 2 h incubation of controls under the same conditions.
For microscopic evaluation, adherence assays were performed with HEp-2 cells grown
on slides containing ~75% confluent monolayers of HEp-2 cells (~2 x 105 cells per well).
Washed monolayers with adherent bacteria were fixed with 0.37% formaldehyde (Sigma)
overnight at 4°C, washed with PBS and covered for 1 h with blocking buffer (10% fetal calf
serum (Sigma) in PBS). This buffer was replaced by a solution containing a polyclonal
antibody raised in rabbits by immunization with inactivated staphylococci (provided by
Gunter Amtsberg, Tierärztliche Hochschule Hannover, Germany) and incubated for 1 h at
room temperature. After washing with PBS the coverslips were incubated for 1 h with a
fluorescein isothiocyanate (FITC)-conjugated goat-anti-rabbit IgG antibody (Dianova,
Hamburg, Germany), washed once with PBS and twice with double-distilled water.
Bacterium-per-epithelial cell ratios were determined by counting the number of bacteria
adherent to epithelial cells in three microscopic fields with ~50 epithelial cells per field.
Adherence to fibronectin (Fn)- or fibrinogen (Fg)-coated microtiter plates. Wells of
a 96-well microtiter plate (Roth, Karlsruhe, Germany) were coated with 1 µg bovine Fn
(Invitrogen) or 5 µg bovine Fg (Sigma) for 1 h at 37°C. After the wells were washed twice
with PBS, residual binding sites were blocked by adding 100 µl of bovine serum albumin
(Roth) followed by incubation for 1 h at 37°C. After washing with PBS, the bacteria were
resuspended in PBS containing 0.05% Tween 20 and 100 µl of the bacterial suspension (1 x
106 bacteria) were added to each well. The specificity of Fn-/Fg-binding was confirmed by
adding the same bacterial suspension to wells that were not coated with Fn or Fg. The plates
were incubated for 1 h at 37°C and then washed three times with PBS to remove non-adherent
bacteria. Adherent bacteria were detached with trypsin-EDTA and plated onto BHI agar. The
results were recorded as percentage of CFU of adherent bacteria minus the amount of bacteria
that adhered to non-coated wells, compared to the total amount of CFU after 1 h incubation of
controls under the same conditions.
Evaluation of CP5 production. CP5 production was detected by an indirect
immunofluorescence technique as previously described by Pöhlmann-Dietze et al. (2000).
Briefly, protein A was blocked by incubation with human immunglobulin G, and CP5 antigen
was detected by using a monoclonal antibody raised against CP5 (Hoeger et al., 1992) and
secondary Cy3- or FITC-labeled anti-mouse antibodies. In a subsequent step, the bacteria
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were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma) for 5 min at room
temperature. Three microscopic fields with ∼50 bacteria per field were evaluated, and the
percentage of CP5-positive bacteria was determined by comparing the number of fluorescent
bacteria with the total number of DAPI-stained bacteria.
RNA isolation. For RNA isolation, approximately 109 S. aureus cells were lysed in 1
ml of Trizol reagent (Invitrogen Life Technologies, Karlsruhe, Germany) with 0.4 ml of
zirconia-silica beads (diameter, 0.1 mm; Roth) in a Mini-BeadbeaterTM (Biospec Products,
Bartlesville, OK, USA). RNA was isolated as described in the instructions by the
manufacturer of Trizol. Contaminating DNA was degraded by incubating 30 µg RNA
samples in the presence of 1.5 mM MgCl2, 80 U of RNasin (Invitrogen) and 50 U of DNaseI
(Roche, Mannheim, Germany) at 37°C for 30 min.
Slot blot hybridization. Serial dilutions of sample RNA (10 µl) were mixed with 30 µl
denaturation solution (660 µl formamide, 210 µl of 37% (w/v) formaldehyde and 130 µl of 10
x MOPS, pH 7.0), denaturated for 15 min at 65°C, then mixed with 40 µl 20 x SSC and
finally transferred onto a positively charged nylon membrane (Qbiogene, Heidelberg,
Germany) with a Slot-Blotter (Roth). The membranes were fixed for 2 h at 80°C, preincubated for 2 h at 65°C in hybridization solution (1 mM EDTA (pH 7.5), 0.5 M Na2HPO4
(pH 7.2); 7% (w/v) SDS), and then hybridized overnight with a heat-denatured

32

P-labeled

DNA probe and 100 µg/ml yeast t-RNA (Invitrogen) in hybridization solution as previously
described by Church and Gilbert (1984). The specific gene probes were prepared by PCR with
gene-specific primers (Table 4.1). For this the whole cell DNA of S. aureus Newman served
as target DNA. All PCR products were cloned into pBlunt II TOPO (Invitrogen) and
sequenced completely to verify their specificity. For use as gene probes the inserts were
removed from the vector by EcoRI digestion, except for 16S rRNA that was removed from
the vector by HindIII and EcoRV double digestion, and then, purified by the use of the Gel
Extraction Kit (Quiagen, Hilden, Germany). Approximately 200 ng of the specific purified
DNA was labeled with α32P-dCTP utilizing the Nick Translation System (Invitrogen) and
then used for hybridization. Finally, the blot was analyzed by the use of the Bio-Rad Gel Doc
1000 Station (Bio-Rad, München, Germany) and quantified with the Multi Analyst 1.1
software (Bio-Rad). The obtained quantitative values were normalized to corresponding
values for 16S rRNA, obtained from hybridization of the same membranes with a 16S rRNAspecific probe (Table 4.1).
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Table 4.1. PCR primers used in this study to generate specific gene probes.

Gene

Sequence

Locus

Coordinates

fnbA

5’ TGCAAATACGACAGATACTT 3’

STAFNBP

1359-1378

5’ TTGGCCACCTTCATAACCTA 3’

2355-2335

5’ CCGAAAACTGTGCAAGCACC 3’

fnbB

SAFNBB

5’ CTCCAATTATTTCTCCTGTCGCC 3’
5’ AGAAGGTCTTGAAGGTAGC 3’

coa

1273-1251

SACOA

5’ GAATCTTGGTCTCGCTTC 3’

AJ290973

5’ CATAGCTATCCGCTTTCGCT 3’

Z18852

5’ CGGAATCACTGTCGGAATCT 3’

AJ271347

5’ TGGTGCTGGTAAGCTACCCT3’

AJ306909

5’ TTGACTGCCTTTTGTGCTTTT 3’

U81973

5’ ACTTCGCCACCTTCTGCTAA 3’

SAAGRAB

5’ TTTAAGTCCTCCTTAATAAAGAAAATAG 3’

RNAIII

5’ CTGAGTCCTAGGAAACTAACTC 3’

SAAGRAB
SAU20782

5’ GTGATTCGTTTATTTACTCGACTC 3’
5’ TGGTCACGAAGTCCCTATGC 3’

49-76
365-342

AJ556794

5’ TGCTTGCGTAATTTCCGTTAG 3’

16S rRNA-

1260-1281
1571-1554

5’ GAGTTGTTATCAATGGTCACTTATGCTG 3’

saeRS

1777-1800
2341-2314

5’ ATGATCACAGAGATGTGA 3’

sar

3638-3657
4040-4021

5’ TGAATTATTTTGATAATAAAATTG 3’

RNAII

203-222
526-506

5’ ACGTGCCGTTAATGGAAGAC 3’

cap5A

704-723
1086-1067

5’ CGAAGGATACGGTCCAAGAG 3’

efb

1943-1962
2329-2310

5’ CTGGATATCACGCGCATAAA 3’

emp

1174-1193
1469-1450

5’ CCTGATGAGCCTGGTGAAAT 3’

clfA

1364-1382
1616-1599

5’ AAATGGCACATCAACACCAA 3’

eap

805-824

1980-1999
2478-2458

5’ GGTGAGTAACACGTGGATAA 3’

X68417

5’ ATGTCAAGATTTGGTAAGGTT 3’

111-130
1006-986

RNA stability test. For determination of RNA stability, the bacteria, grown in presence
or absence of Ff for 1 h, where treated with rifampicin (150 µg/ml) for 0, 1, 2.5, 5, 10, 20 and
30 min before isolating RNA. For Northern blotting, 10 µg of Dnase-digested RNA was
denaturated in the presence of 21.6% glyoxal, 75.4% DMSO and 10 mM Na2HPO4 (pH 6.9)
for 1 h at 50°C and then electrophoretically separated in 1.5 % (w/v) agarose gels with an
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aqueous 10 mM Na2HPO4 solution (pH 6.9) as running buffer. RNA was transferred to a
positively charged nylon membrane (Qbiogene) by the use of a capillary blot in the presence
of 20 x SSC and then hybridized as described above. Half-lives were determined by linear
regression analysis of percent RNA remaining versus time.
Statistical analysis. Each experiment was performed at least three times at independent
occasions, and within each experiment all samples were processed in duplicate. The values
obtained after treatment of the bacteria with Ff were compared to those obtained for the
untreated control by an unpaired two-sided Student’s t-test. P values of

≤ 0.05 were

considered as significant.

Results
Ff affects steady-state levels of mRNA coding for adhesins and CP5. We have
previously shown that ½ MIC (2 µg/ml) of Ff increased the Fn-mediated adherence of S.
aureus strain Newman to HEp-2 cells (Blickwede et al., 2004). To gain insight into the
underlying mechanism(s), we first analyzed the Ff-dependent mRNA expression of a set of
genes coding for different matrix protein-binding proteins which play an important role in
staphylococcal adherence, i. e. the cell wall-associated FnBPA (fnbA) and the two secreted
adhesins, Eap (eap) and Emp (emp), that are able to bind Fn as well as Fg (Wann et al., 2000;
Palma et al., 1999; Hussain et al., 2001). Furthermore, we also included the genes coding for
Coa (coa), clumping factor A (ClfA, clfA), Efb (efb), and FnBPB (fnbB), that can bind
specifically either Fg or Fn (Dickinson et al., 1995; Jönsson et al., 1991; Palma et al., 1998),
as well as cap5 coding for CP5, which is known to interfere with the adherence. The steadystate levels of mRNA of these genes were analyzed by Northern slot blot analysis after S.
aureus Newman was grown in the presence or absence of ½ MIC of Ff. Because expression
of these genes could be influenced by the growth phase, we analyzed the Ff-dependent mRNA
expression in the early-, mid- and post-exponential growth phases (Figure 4.1). The results of
Northern slot blot analysis were normalized to 16S rRNA and calculated as x-fold increase in
transcript amounts when S. aureus Newman was grown in the presence of Ff compared to
untreated controls (Table 4.2).
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gene

early exponential phase
1.2

0.6

0.3

mid-exponential phase
1.2

0.6

0.3

post-exponential phase
1.2

0.6

0.3

[µg RNA]
cap5
ctr
Ff

fnbB
ctr
Ff

eap
ctr
Ff

fnbA
ctr
Ff

coa
ctr
Ff

Figure 4.1. Effect of ½ MIC of Ff (2 µg/ml) on mRNA expression of S. aureus Newman, analyzed by Northern
slot blot hybridization. Bacteria were grown in the presence of florfenicol (Ff) for 1 h during different growth
phases compared to cultures grown in the absence of Ff (ctr). Amount of RNA (0.3 µg, 0.6 µg or 1.2 µg) for the
respective slots is given in the figure.
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The amount of gene-specifc transcripts of fnbA, fnbB, and coa, which are expressed
mainly during the early growth phase (Saravia-Otten et al., 1997; Wolz, 1996), was increased
4-, 2-, and 23-fold, respectively, when S. aureus Newman was treated with ½ MIC of Ff
(Figure 4.1, Table 4.2). The amounts of transcripts of emp and eap were increased up to 2and 3-fold, respectively, after treatment of S. aureus Newman with ½ MIC of Ff during the
post-exponential phase (Figure 4.1, Table 4.2), when the expression of these genes reached
the maximum (Hussain et al., 2001; Haggar et al., 2003). In contrast, the expression of genes
clfA and efb was not increased under the influence of Ff (data not shown), neither during the
early- or mid-exponential phase, nor during the post-exponential phase. Moreover, Ff
distinctly decreased cap5 expression to 0.1-fold compared to the untreated control during the
post-exponential growth phase (Figure 4.1, Table 4.2), when the expression level of CP5
reaches the maximum (Dassy et al., 1993; Pöhlmann-Dietze et al., 2000). During the early- or
mid-exponential growth phase no mRNA expression of cap5 was detectable (Figure 4.1).
These data suggested that ½ MIC of Ff increases the steady-state levels of mRNA of
genes coding for several different adhesins and decreases that of mRNA of the gene coding
for CP5, and thereby may potentially generate a more adherent phenotype as seen in our
previous study (Blickwede et al., 2004).
Ff affects adherence to Fg and CP5 expression. Based on these results, we
furthermore investigated the effect of ½ MIC of Ff on (a) the adherence of S. aureus strain
Newman to microtiter plates coated with the matrix protein Fg, and (b) the expression of CP5.
When grown in the presence of ½ MIC of Ff, S. aureus Newman showed a 5-fold increase in
adherence to Fg-coated microtiter plates. In the absence of Ff 5.62% (± 2.37) of the bacteria
adhered to Fg-coated microtiter plates, but when incubated in the presence of ½ MIC of Ff,
27.11% (± 12.96) of the bacteria adhered to Fg-coated microtiter plates. This observation was
in good accordance with the results of our initial study, where the same strain showed a 4-fold
increase in adherence to HEp-2 cells and a 5-fold-increase in adherence to Fn-coated
microtiter plates (Blickwede et al., 2004). Furthermore, indirect immunofluorescence
microscopy with monoclonal antibodies against CP5 revealed, that the expression of CP5 was
decreased significantly to 3.6% (± 1.7) when the bacteria were treated with ½ MIC of Ff as
compared to 17.5% (± 5.5) of the untreated control (Figure 4.2).
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These observations correlate with the results obtained from Northern slot blot analysis
and suggest that ½ of MIC Ff may reduce masking of specific adhesins by CP5 and increase
binding of S. aureus Newman to the matrix proteins Fn and Fg of the host cell with both
effects resulting in a more adherent phenotype.

a

b

c

d

Figure 4.2. Microscopic evaluation of the effect of Ff on staphylococcal expression of type 5 capsular
polysaccharide (CP5). S. aureus strain Newman was grown to the stationary phase in the absence (a, and b) or
presence of ½ MIC of Ff (2 µg/ml) (c, and d). DNA from bacterial cells were stained with DAPI (b, and d), and
CP5 was detected by indirect immunofluorescence (a, and c). Magnification: x 1000.

Effect of Ff on global regulatory systems. Since it is known that global regulatory
systems have an impact on the expression of adhesins and CP5, we investigated whether the
agr, sar and sae systems may play a role in the observed increase in adherence. Accordingly,
we compared S. aureus strain Newman and three isogenic mutants of S. aureus Newman with
functionally inactive global regulator systems agr, sar, and sae, respectively, for their
adherence properties and expression of genes coding for the abovementioned adhesins and
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CP5 after growth in the presence of ½ MIC of Ff. All strains showed MIC values of 4 µg/ml
Ff, thus, 2 µg/ml represented the strain-specfic ½ MIC for all strains used in this study.
Growth in the presence of 2 µg/ml Ff caused significant (p ≤ 0.05) increases in the
adherence to HEp-2 cells of the ∆agr and ∆sar mutant strains (Figure 4.3a) as it was also
previously shown for the wildtype strain (Blickwede et al., 2004). In contrast, Ff did not
affect adherence of the ∆sae mutant strain to HEp-2 cells (Figure 4.3a). Results of
microscopic evaluation of adherence to epithelial cells by immunofluorescence microscopy
correlated well with those obtained by the plating technique. A 3-fold and 2-fold increase in
the number of adherent bacteria per epithelial cell was detected in the ∆agr, or ∆sar mutant
strains, respectively, whereas no increase was seen in the ∆sae mutant strain (Figure 4.3a and
4.4). Similar results were found when comparing the adherence of the strains to Fg- or Fncoated microtiter plates. The Fg- and Fn-binding of the ∆agr or ∆sar mutants grown in the
presence of ½ MIC of Ff was increased 2- to 6-fold, whereas the Fn- and Fg-binding pattern
of the ∆sae mutant showed no significant increase after Ff-treatment (Figure 4.3b and c).
Moreover, in contrast to the ∆sae mutant strain, that exhibited the highest CP5 expression of
47.5% (Figure 4.3 d), the expression of CP5 was distinctly decreased in the ∆agr and ∆sar
mutants from 9.5% (± 5.7) to 2.1% (± 1.6) and 30.5% (± 12.5) to 20.2% (± 9.1), respectively,
when treated with ½ MIC of Ff (Figure 4.3d).
The observation, that increased adherence profiles and decreased capsule expression
under the influence of Ff could not be detected in the ∆sae mutant strain, raised the question
whether the global regulator sae in contrast to the global regulator systems agr or sar might
be involved in this process of Ff-dependent increase in adherence. Therefore, we compared
the wildtype and all three mutant strains for their steady-state levels of different transcripts of
specific adhesins and CP5 after treatment with Ff by Northern slot blot analysis. In addition,
we also evaluated the mRNA expression of components of the three global regulator systems
(Table 4.2).
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Figure 4.3. Effect of ½ MIC Ff (2 µg/ml) on adherence properties and CP5 expression of S. aureus Newman
wildtype and its isogenic agr, sar and sae mutant strains. Bacteria were cultivated for 20 h in BHI (white bars) or
BHI supplemented with 2 µg/ml Ff (grey bars) prior to their use in the experiments. The percent adherence to
HEp-2 cells, Fg or Fn was recorded as percentage of CFU of adherent bacteria compared to the total amount of
bacteria. CP5 expression was determined by indirect immunofluorescence and given as percentage of DAPI
positive bacteria (see also Figure 4.2). The error bars represent the standard deviations of the mean of three
independent determinations.
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a
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Figure 4.4. Microscopic evaluation of the effect of Ff on adherence to HEp-2 cells of S. aureus Newman ∆agr,
∆sar and ∆sae. Magnification: x 500; a. S. aureus Newman ∆agr grown in the absence of Ff, b. grown in the
presence of ½ MIC of Ff (2 µg/ml). c. S. aureus Newman ∆sar grown in the absence of Ff, d. grown in the
presence of ½ MIC of Ff. e. S. aureus Newman ∆sae grown in the absence of Ff, f. grown in the presence of ½
MIC of Ff.
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No significant Ff-dependent differences were observed between the wildtype strain and
the ∆agr or the ∆sar mutant strain (Table 4.2); the Ff-dependent expression profiles were seen
in all three strains. On the other hand, the ∆sae mutant did not show these Ff-dependent
expression profiles of the wildtype strain (Table 4.2), suggesting that Ff might lead to a saedirected increase in adherence.

Table 4.2. Effect of ½ MIC Ff (2 µg/ml) on gene epression of S. aureus Newman and its isogenic agr-, sar- and
sae-mutant strain, analyzed by Northern slot blot hybridization. Results are given as x-fold induction of
expression (normalized to 16S rRNA expression) when strains were grown in the presence of Ff for 1 h during
different growth phases compared to cultures grown in the absence of Ff.

wildtype

∆agr

∆sar
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The expression of the gene was not detectable when the respective strain was grown in the absence of Ff,
therefore it was not able to quantify the induction of expression when treated with Ff.
b )
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Furthermore, the mRNA expression of components of the global regulator system agr,
RNA II and RNA III, and the mRNA expression of sarA of the sar system were not affected
by ½ MIC of Ff. In contrast, the expression of saeRS was increased up to 5-fold after treating
the wildtype S. aureus strain Newman with ½ MIC of Ff during post-exponential growth
phase, when saeRS was maximally expressed (Steinhuber et al., 2003) (Table 4.2 and Figure
4.5).
Effects of Ff on mRNA stability. It has been shown that some protein biosynthesis
inhibiting antibiotics as for example chloramphenicol, erythromycin or tetracycline may have
a stabilizing effect on specific mRNA stability (Dreher and Matzura, 1991; Sandler and
Weisblum, 1988; Wei and Bachhofer, 2002). To determine whether the Ff-dependent
increased steady-state levels of specific transcripts were due to an increase in mRNA stability,
Northern blot analysis was performed with total RNA isolated from S. aureus strain Newman
at various times after addition of rifampicin in the presence or absence of Ff (Figure 4.6).
Rifampicin inhibits initiation of RNA synthesis by binding to the DNA-dependent RNA
polymerase. As shown in figure 4.6, the RNA stability of both components of the global
regulator system agr, RNA II and RNA III, was not affected by ½ MIC of Ff. The half-life of
RNA II was 28 min, and the half-life of RNA III was 18 min, respectively. Similar results
were obtained with sarA of the sar system. The sarA-specific mRNA was not degraded
during the 30 min of analysis in the presence or absence of Ff (Figure 4.6). In contrast, Ff
stabilized the saeRS-specific RNA (Figure 4.6), including 3 different transcripts with a size of
3.036 kb, 2.431 kb and 2.021 kb, respectively (Steinhuber et al., 2003), confirming the results
of Northern slot blot analysis. The half-life of the saeRS transcripts was about 1 to 3 min in
the absence of Ff and 20 min in the presence of Ff (Figure 4.6).
The half-lifes of coa, and fnbA transcripts were < 1 min in the absence of Ff and > 30
min in the presence of Ff, and in the case of fnbB < 1 min and 30 min, respectively (Figure
4.6). In the case of eap, and emp, the half-lifes were also < 1 min in the absence of Ff, and 27
min or 20 min, respectively, when the bacteria were treated with ½ MIC of Ff (Figure 4.6).
This observation strongly suggested that the observed increase in the amount of the RNA
coding for the global regulator sae and for specific adhesins was due to mRNA stabilization
leading to an accumulation of the specific transcripts after stimulation with 2 µg/ml Ff.
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Figure 4.5. Effect of ½ MIC of Ff (2 µg/ml) on mRNA expression of components of global regulator systems in
S. aureus Newman, analyzed by Northern slot blot hybridization. Bacteria were grown in the presence of
florfenicol (Ff) for 1 h during different growth phases compared to cultures grown in the absence of Ff (ctr).
Amount of RNA (0.3 µg, 0.6 µg or 1.2 µg) for the respective slots is given in the table.
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Figure 4.6. Effect of ½ MIC of Ff (2 µg/ml) on RNA stability of S. aureus Newman, analyzed by Northern blot
hybridization. Before harvesting RNA, bacteria grown in the absence (ctr) or presence of florfenicol (Ff) for 1 h
were treated with rifampicin (150 µg/ml) to stop RNA synthesis. Time (minutes) after rifampicin addition are
indicated in the figure.
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Discussion

There are several examples demonstrating that subinhibitory concentrations of different
antibiotics may interfere with processes of host-pathogen interactions, such as adherence
(Shibl 1985 and 1987). Bacterial adhesion to epithelial cells represents the initial step in
infectious processes and can be the result of either hydrophobic interactions between the
bacteria and the host cells, binding of bacteria to specific ligands or a combination of both
(Ofek et al., 2003). In a previous study, we demonstrated that S. aureus Newman showed a
non-significant decrease in its surface hydrophobicity, but a significant increased adherence to
Fn when treated with ½ MIC of Ff. This suggested that interactions with specific ligands,
such as Fn, may play a relevant role in the observed increased adherence to epithelial cells,
rather than non-specific hydrophobic interactions (Blickwede et al., 2004).
To elucidate the molecular mechanisms in this Ff-dependent increase in the
staphylococcal adherence properties, we investigated the expression of genes coding for
different matrix protein-binding proteins and for CP5 on the transcriptional level. Northern
slot blot analysis revealed that the mRNA expression of genes coding for specific adhesins,
such as fnbA, fnbB, coa, eap and emp, was increased, whereas the mRNA expression of cap5
was decreased when S. aureus Newman was treated with ½ MIC of Ff. For extention of our
previously made observations (Blickwede et al., 2004), these results were confirmed
phenotypically by measuring the adherence to Fg-coated microtiter plates and the expression
of CP5. Compared to the untreated control, S. aureus Newman grown in the presence of Ff
demonstrated increased binding to the matrix protein Fg, as it was previously shown for Fn
(Blickwede et al., 2004) and also showed decreased CP5 production. The resulting phenotype,
that exhibited increased adherence to epithelial cells, has been demonstrated with bacteria that
were harvested during the stationary phase of growth, when the expression level of CP5
reaches the maximum (Dassy et al., 1993; Pöhlmann-Dietze et al., 2000). Therefore, we
assumed that CP5 played an important role in this phenomenon.
The results of previous studies on the role of the capsule in the pathogenesis of S.
aureus infections are still conflicting (O’Riordan and Lee, 2004). On one hand it has been
shown that the capsule enhances microbial virulence by rendering the bacterium resistant to
phagocytosis (Karakawa et al., 1988). On the other hand, the type 5 or type 8 capsular
polysaccharides attenuated staphylococcal virulence in a rat model of catheter-induced

75

Chapter 4

Enhanced RNA stabilities contribute to florfenicol-induced adherence

endocarditis (Nemeth and Lee, 1995; Baddour et al., 1992). Mutants derived from S. aureus
strains of serotypes 5 and 8 that were deficient in capsule production had ID50 values about
10-fold lower than those of the parental strains (Baddour et al., 1992). These observations are
consistent with the inverse relationship that has been demonstrated between encapsulation and
bacterial adherence to or invasion of host tissues (St. Geme and Falko, 1991; PöhlmannDietze et al., 2000). The capsule may mask adhesins that have been shown to be important
virulence factors (Kuypers and Proctor, 1989; Moreillon et al., 1995). In our study, the
decreased expression of CP5 during the post-exponential growth phase may support the
ability of S. aureus Newman to adhere to epithelial cells possibly by de-masking specific Fnor Fg-binding molecules as for example eap and emp, that are maximally expressed during
this growth phase.
The data presented in this study suggested the global regulator system sae, in contrast to
agr or sar, to play an additional role in the observed increased adherence. The increased
adherence to epithelial cells and to the specific ligands Fn and Fg, as well as the increased
mRNA expression of specific adhesins and the decreased CP5 expression after treatment with
½ MIC of Ff could be additionally detected in case of the ∆agr and the ∆sar mutant strain,
indicating agr- and sar-independent processes. In contrast, the ∆sae mutant showed no
change in adherence profiles and expression of specifc adhesins and CP5. Expression of
saeRS-transcripts, but not of the transcripts of components of the global regulator systems agr
and sar, was increased when the strains were cultivated in the presence of ½ MIC of Ff. This
confirms that the Ff-induced adherence is sae-dependent, but an agr- and sar-independent
process. In a recent study, transcripts of saeRS were also found to be induced by the cell-wall
synthesis inhibitors vancomycin, teicoplanin, ceftizoxime and imipenem. However,
mechanism or changes in the phenotype have not been addressed (Kuroda et al., 2003).
The contribution of sae to virulence has been proved after intraperitoneal injection of
bacteria into mice (Giraudo et al., 1996). A ∆sae mutant strain showed a significantly
reduced rate of invasion of human endothelial cells, consistent with diminished transcription
of fnbA and coa, and an activated expression of CP5 (Steinhuber et al., 2003). These data are
in good accordance with the data of Northern slot blot analysis presented in this study, in
which a decrease in CP5 expression and an increase in mRNA expression of coa, fnbA and
some other genes coding for adhesins was detectable when S. aureus Newman was treated
with Ff. Therefore, we suggest a sae-directed decrease in the expression of cap5 and a further

76

Enhanced RNA stabilities contribute to florfenicol-induced adherence Chapter 4

sae-directed increase in expresion of specific adhesins as coa and fnbA. In the sae-mutant
strain, neither mRNA of fnbA and coa – as previously reported by Steinhuber et al. (2003) –
nor mRNA of emp, eap and fnbB was detectable in the present study. However, increased
amounts of transcripts of all these genes were seen when the bacteria were treated with Ff.
Therefore, we assume that the global regulator sae may play a role in the increased expression
of all these specific mRNAs.
Northern blot analysis on total RNA isolated from S. aureus Newman at various times
after rifampicin addition, revealed that the observed increase in the amount of the genespecific transcripts coding for the global regulator sae and also for specific adhesins in the
presence of Ff was most likely due to a stabilization of the respective mRNAs. These results
demonstrate an additional effect of Ff on gene expression in S. aureus, namely that a high
subinhibitory concentration of Ff can result in increased stability of specific mRNA. This
observation is in good accordance with data on mRNA stabilization by other protein
biosynthesis inhibitors. It has already been shown by Sandler and Weisblum (1988) that in S.
aureus erythromycin causes a specific increase in the half-life of transcripts of the gene
erm(A) coding for a rRNA methylase involved in erythromycin resistance, whereas the halflife of cat-86 mRNA, coding for a chloramphenicol acetyltransferase, was not increased by
erythromycin. In Bacillus subtilis, chloramphenicol proved to be able to stabilize the cat
mRNA (Dreher and Matzura, 1991), and addition of subinhibitory concentrations of
tetracycline resulted in stabilization of transcripts of the tetracycline resistance gene tet(L) and
several other cellular mRNAs (Wei and Bechhofer, 2002). Translation of these stabilized
transcripts is commonly regulated by translational attenuation (Lovett 1990 and 1996). It has
been shown that stalling of the respective antibiotic-bound ribosome upstream of these
specific genes is required for the stabilization of the transcripts, and that the stalled ribosome
prevents the mRNA from degradation at the 5’ end (Condon, 2003).
In conclusion, the data of the present study indicate that ½ MIC of Ff leads to a
stabilization of the global regulator sae, followed by a potential sae-directed decrease in the
expression of cap5 and enhancement of transcription of specific adhesions. Furthermore, a
stabilization of the mRNA coding for specific adhesions was observed. All effects may act
synergistically in generating a more adherent phenotype, and thus may alter virulence
properties of this pathogen in the presence of subinhibitory concentrations of Ff. Furthermore,
it has been shown that subinhibitory concentrations of antimicrobials can enhance the
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development and exchange of resistance genes (Tenover, 2001; Roberts, 1996). Therefore, it
must be the main aim of a therapy to ensure a sufficiently high concentration of the antibiotic
at the site of infection for the successful control of the causative bacterial pathogen.
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Abstract

Since subinhibitory concentrations of different antibiotics that inhibit bacterial protein
biosynthesis can affect bacterial adherence, we investigated whether a high subinhibitory
concentration of clindamycin (Cli), corresponding to ½ the strain-specific minimum
inhibitory concentration (MIC), may affect expression and stability of transcripts from genes
coding for specific adhesins such as fibronectin binding proteins A (fnbA) and B (fnbB) as
well as coagulase (coa) in Staphylococcus (S.) aureus strain Newman. Furthermore, the effect
of ½ MIC of Cli on adherence properties and expression of type 5 capsular polysaccharide
(CP5) was investigated. Northern slot blot experiments confirmed that the amount of coa- and
fnbB-specific mRNA, in contrast to that of fnbA-specific mRNA, was increased 2-fold after
treatment of S. aureus Newman with ½ MIC of Cli. Analysis of RNA stability revealed that
the increased amounts of transcripts of the genes coa and fnbB were due to a stabilization of
the respective mRNAs. However when treated with ½ MIC of Cli, S. aureus Newman showed
no significant changes, neither in its adherence patterns to fibrinogen- or fibronectin-coated
micotiter plates, nor to epithelial HEp-2 cells and also did not vary in its CP5 expression.
Therefore, we conclude that increased mRNA stability of fnbB and coa by ½ MIC of Cli, in
contrast to the situation seen with the protein biosynthesis inhibiting antibiotic florfenicol,
does not result in a significant increase in adherence of S. aureus strain Newman.

85

Chapter 5

Effect of clindamycin on staphylococcal adherence

Introduction

Subinhibitory concentrations of certain antibiotics, especially those that inhibit bacterial
protein biosynthesis, may have an impact on host-pathogen interactions, such as the
adherence of bacteria to epithelial cells (Shibl, 1987). Since microbial adherence is the initial
step of many infectious processes, the ability of antibiotics to affect this property may be an
important criterion in selecting an antibiotic for therapy (Shibl, 1985). Thus, antibioticinduced modulation of virulence factors might lead to either aggravation or attenuation of the
disease (Gemmell, 1991; Lowy, 1998).
In a previous study, we observed

that cultivation of Staphylococcus (S.) aureus

Newman in the presence of ½ the minimum inhibitory concentration (MIC) of florfenicol (Ff)
led on one hand to decreased expression of type 5 capsular polysaccharide (CP5), which is
able to mask adherence-mediating surface proteins, and on the other hand to increased
amounts of transcripts from genes coding for specific adhesins via mRNA stabilization
(Blickwede et al., 2004; Blickwede et al., submitted). These two effect were considered to
account for the Ff-dependent enhancement of adherence to epithelial cells. Similarly, Herbert
et al. (2001) demonstrated recently, that S. aureus strain NCTC8325 showed increased
amounts of transcripts from genes coding for coagulase (Coa, coa) and the fibronectin (Fn)binding protein B (FnBPB, fnbB) when treated with a subinhibitory concentration of
clindamycin (Cli) of 0.02 µg/ml, but without determination of the underlying mechanisms or
potential changes in the phenotype.
In the present study, we investigated the effects of ½ the strain-specific MIC of Cli on
the amounts and the stability of fnbB, fnbA and coa transcripts, and on the adherence
properties and CP5 expression of S. aureus strain Newman.

Materials and methods
Bacteria and growth conditions. S. aureus strain Newman (ATCC® 25904) was used
in this study. The MIC of Cli was determined by broth microdilution according to the NCCLS
guideline M31-A2 (2002). For investigation of the adherence properties and the CP5
production, S. aureus Newman was cultivated for 20 h on a rotary shaker (120 rpm) at 37°C
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in pure brain heart infusion broth (BHI, Oxoid, Wesel, Germany) and in BHI supplemented
with 0.03 µg/ml Cli (= ½ MIC). Prior to their use in any of the abovementioned experiments,
the bacteria were washed twice and resuspended in sterile phosphate-buffered saline (PBS).
For RNA isolation, cells of an overnight culture were diluted to an initial optical density
at 600 nm (OD600) of 0.05 and grown under constant shaking (120 rpm) at 37°C until the
bacteria reached the early-, mid-, or post-exponential growth phase, corresponding to OD600
of 0.2, 1.0, and 1.6, respectively. Then, Cli was added to yield a final concentration of 0.03
µg/ml and the cultures were incubated under the same conditions for 1 h. In addition, control
cultures without Cli were grown until they reached the same optical densities compared to the
Cli-treated bacteria.
Adherence to epithelial cells. Adhesion assays were carried out as described
previously (Dziewanowska et al., 1999). Briefly, approximately 5 x 106 bacteria were added
to confluent monolayers of HEp-2 cells (~3 x 105 cells per well) and incubated for 2 h at 37°C
in an atmosphere containing 5% CO2. After removal of non-adherent bacteria by washing
with PBS (Sigma, Taufkirchen, Germany), the epithelial cells were treated with 0.05%
trypsin-EDTA (Invitrogen, Karlsruhe, Germany) and 0.25% Triton X-100 (Serva, Heidelberg,
Germany) to release adherent bacteria. For enumeration of colony forming units (CFU) of
adherent bacteria serial dilutions were plated onto BHI agar. The results were expressed as
percentage of CFU of adherent bacteria compared to the total number of CFU after 2 h
incubation of controls under the same conditions.
For immunofluorescence microscopic evaluation, adherence assays were performed as
previously described (Blickwede et al., 2004). Bacterium-per-epithelial cell ratios were
determined by counting the number of fluorescent bacteria adherent to epithelial cells in three
microscopic fields with ~50 epithelial cells per field.
Adherence to fibronectin (Fn)- or fibrinogen (Fg)-coated microtiter plates. Wells of
a 96-well microtiter plate (Roth, Karlsruhe, Germany) were coated with 1 µg bovine Fn
(Invitrogen) or 5 µg Fg (Sigma) for 1 h at 37°C. After washing with PBS, 100 µl of BSA
(Roth) was added to each well for 1 h at 37°C to block residual binding sites. Then, a bacterial
suspension (1 x 106 bacteria resuspended in PBS containing 0.05% Tween) was added to each
well and incubated for 1 h at 37°C. To confirm the specificity of Fn-/Fg-binding, the same
bacterial suspension was added to wells that were not coated with Fn or Fg. Then, the plates
were washed three times with PBS and the adherent bacteria were detached with trypsin-
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EDTA and plated onto BHI agar for enumeration of CFU. Again, the results were recorded as
percentage of CFU of adherent bacteria minus the number of bacteria that adhered to noncoated wells, compared to the total amount of CFU after 1 h incubation of controls under the
same conditions.
Evaluation of CP5 production. The production CP5 was analyzed by use of an
indirect immunofluorescence technique as previously described (Pöhlmann-Dietze et al.,
2000). In this experiment, protein A was blocked by incubation with human immunoglobulin
G, and the CP5 antigen was detected by using a monoclonal antibody raised against CP5
(Hoeger et al., 1992) and secondary Cy3- or FITC-labeled anti-mouse antibodies. In addition,
the bacteria were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma) for 5 min at
room temperature. Three microscopic fields with ∼50 bacteria per field were evaluated and
the percentage of CP5-positive bacteria was determined by comparing the number of
fluorescent bacteria with the total number of DAPI-stained bacteria.
RNA isolation. Approximately 109 S. aureus cells were lysed in 1 ml of Trizol reagent
(Invitrogen Life Technologies, Karlsruhe, Germany) with 0.4 ml of zirconia-silica beads
(diameter, 0.1 mm; Roth) in a Mini-BeadbeaterTM (Biospec Products, Bartlesville, OK, USA),
and further treated as described in the instructions of the manufacturer. Contaminating DNA
was degraded by digesting 30 µg RNA with 50 U of DNaseI (Roche, Mannheim, Germany)
and 80 U of RNasin (Invitrogen) in the presence of 1.5 mM MgCl2 at 37°C for 30 min.
Slot blot hybridization. RNA aliquots containing 0.3, 0.6 or 1.2 µg RNA were
transferred onto a positively charged nylon membrane (Qbiogene, Heidelberg, Germany) with
a Slot-Blotter (Roth) and then hybridized with a

32

P-labeled DNA probe as previously

described (Blickwede et al., submitted). The specific gene probes for hybridization analysis
were prepared by PCR with the following gene-specific primers using the whole cell DNA of
S. aureus Newman as target DNA: fnbB [fw: 5’-CGAAAACTGTGCAAGCACC-3’ and rev:
5’-CTCCAATTATTTCTCCTGTCGCC-3’; positions 805-824 and 1273-1251 in accession
no.

SAFNBB],

fnbA

[fw:

5’-TGCAAATACGACAGATACTT-3’

and

rev:

5’-

TTGGCCACCTTCATAACCTA-3’; positions 1359-1378 and 2355-2335 in accession no.
STAFNBP],

and

coa

[fw:

5’-AGAAGGTCTTGAAGGTAGC-3’

and

rev:

5’-

GAATCTTGGTCTCGCTTC-3’; positions 1364-1382 and 1616-1599 in accession no.
SACOA]. After hybridization, the obtained quantitative values, analyzed by use of the BioRad Gel Doc 1000 Station (BioRad, München, Germany) and the Multi Analyst 1.1 software
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(BioRad), were normalized to corresponding values for 16S rRNA, obtained using a 16Sspecific PCR product as probe (fw: 5’ GGTGAGTAACACGTGGATAA 3’ and rev: 5’
ATGTCAAGATTTGGTAAGGTT 3’, positions 111-130 and 1006-986 in accession no
X68417).
RNA stability test. The bacteria, grown in presence or absence of Cli for 1 h, were
treated with rifampicin (150 µg/ml) for 0, 1, 2.5, 5, 10, 20 and 30 min before isolating RNA
for determination of RNA stability. Ten µg of DNase-digested RNA was denaturated in the
presence of 21.6% glyoxal, 75.4% DMSO and 15 mM Na2HPO4 (pH 6.9) for 1 h at 50°C and
then electrophoretically separated in 1.5% (w/v) agarose gels with an aqueous 10 mM
Na2HPO4 solution (pH 6.9) as running buffer. Then, RNA was transferred to a positively
charged nylon membrane (Qbiogene) by the capillary blot procedure with 20 x SSC as
transfer solution and hybridized as previously described (Blickwede et al., submitted).
Statistical analysis. Each experiment was performed at least three times at independent
occasions, and within each experiment all samples were processed in duplicate. The values
obtained after treatment of the bacteria with Ff were compared to those obtained for the
untreated control by an unpaired two-sided Student’s t-test. P values of

≤ 0.05 were

considered as significant.

Results and discussion

Previously, we showed that ½ MIC of Ff increased the steady-state levels of RNA
coding for specific adhesis via mRNA stabilization, thereby enhancing the adherence of S.
aureus strain Newman to epithelial cells. Thus, the question arose whether this phenomenon
may be the result of a general stress response to antibiotics which interfere with bacterial
protein biosynthesis. Therefore, we tested wether cultivation of S. aureus strain Newman in
the presence of ½ MIC of Cli may yield similar results.
Northern slot blot analysis revealed that the expression of the gene coa was increased 2fold after treatment of S. aureus Newman with ½ MIC of Cli for 1 h during the early
exponential growth phase, when the expression of this gene reaches the maximum (Figure
5.1) (Wolz et al., 1996). Moreover, the amount of transcripts from the gene fnbB coding for
FnBPB was also increased 2-fold after treatment with Cli during the mid- and post-
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exponential growth phase (Figure 5.1), but no increase in amounts of this transcript was
measurable during the early-exponential pase, when this gene is maximally expressed
(Saravia-Otten et al., 1997). These data are in good accordance with the observations of
Herbert et al. (2001) who demonstrated increased amounts of coa- and fnbB-specific
transcripts with S. aureus strains NCTC8325 and WCUH29 when treated with a similar
subinhibitory concentration of Cli (0.02 µg/ml) as used in this study. Coa and FnBPB
represent two adhesions that are able to bind Fg or Fn, respectively (Jönsson et al., 1991;
Bodén and Flock, 1992). No change in the amount of transcripts was detected in the case of
the gene fnbA coding for FnBPA, an adhesin that is able to bind both, Fg and Fn (Wann et al.,
2000).
To find out whether the observed increased amounts of coa- and fnbB-transcripts were
due to an increase in mRNA stability, we performed Northern blot analysis on RNA isolated
in the presence or absence of Cli at various times after inhibiton of RNA synthesis by
rifampicin addition. The half-lives of coa and fnbB transcripts were < 1 min in the absence of
Cli and 7 min and 6 min, respectively, in the presence of Cli. These results confirm that the
increased amount of transcripts was most probably due to a mRNA stabilization by ½ MIC of
Cli (Figure 5.2). A comparison of the amounts of coa- and fnbB transcripts and their half-lives
obtained after treatment of S. aureus Newman with either Cli or Ff (Blickwede et al.,
submitted) revealed that substantially larger amounts of transcripts were seen after Ff pretreatment and that their half-lives were at least 4 times longer than those obtained under Cli
treatment.
We could recently show, that Ff treatment resulted in a distinctly more adherent
phenotype (Blickwede et al., 2004; Blickwede et al., submitted). Therefore, we next
attempted to evaluate whether the relatively slight increase in coa- and fnbB-specific
transcripts by Cli in comparison to Ff may also lead to an increase of the adherence of S.
aureus strain Newman. Adherence assays were performed to determine the effect of ½ MIC
of Cli on binding of the bacteria to Fg, Fn and/or epithelial cells.
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Figure 5.1. Effect of ½ MIC of Cli (0.03 µg/ml) on mRNA expression of S. aureus Newman, analyzed by
Northern slot blot hybridization. Bacteria were grown in the presence of clindamycin (Cli) for 1 h during
different growth phases compared to cultures grown in the absence of Cli (ctr). Amount of RNA (0.3 µg, 0.6 µg
or 1.2 µg) for the respective slots is given in the figure.
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Figure 5.2. Effect of ½ MIC of Cli (0.03 µg/ml) on RNA stability of S. aureus Newman, analyzed by Northern
blot hybridization. Before harvesting RNA, bacteria grown in the absence (ctr) or presence of clindamycin (Cli)
for 1 h were treated with rifampicin (150 µg/ml) to stop RNA synthesis. Time (minutes) after rifampicin addition
are indicated in the figure.

The results – shown in Table 5.1 – revealed that cultivation of S. aureus Newman in the
presence of ½ MIC of Cli did not significantly change the adherence of S. aureus Newman to
HEp-2 cells and to the matrix proteins Fg and Fn. The observed adherence to epithelial cells
of ca. 4% was in good accordance with the results of immunochemical microscopic
evaluation of adherent bacteria which revealed a mean value of 1.3 adherent bacteria per
epithelial cell to be adherent after inoculation of approximately 25 bacteria per epithelial cell
(Table 5.1). Furthermore, immunofluorescence microscopy with monoclonal antibodies
against CP5 revealed that 17.5% (± 5.5%) of the untreated bacteria and 13.1% (± 4.7%) of the
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treated bacteria expressed CP5. There were also no statistically significant differences
detectable between both goups with regard to CP5 production.

Table 5.1. Effect of ½ MIC of Cli (0.03 µg/ml) on adherence and capsule expression of S. aureus strain
Newman. The results are given as mean values of three independent tests, processed in duplicate (± standard
deviations).

Properties

S. aureus Newman
control

0.03 µg/ml Cli

4.15 (± 1.24)

4.09 (± 1.04)

1.3 (± 0.2)

1.5 (± 0.9)

Adherence to fibrinogen [%]

5.62 (± 2.37)

8.48 (± 4.15)

Adherence to fibronectin [%]

3.15 (± 2.14)

4.12 (± 2.72)

Capsule expression [%]

17.5 (± 5.5)

13.1 (± 4.7)

Adherence to HEp-2 cells [%]
Adherence to HEp-2 cells [bacteria/cell]

The clinical efficiency of antibiotics is not only determined by their respective
bactericidal or bacteriostatic activity and pharmacokinetics (Eliopoulos and Moellering,
1996), but also by their influence on the release of bacterial virulence factors, especially at
sub-MIC concentrations (Shible et al., 1987). In principle, it has been shown that antibiotics
can both up- and downregulate the synthesis and release of virulence factors (Shibl et al.,
1987 and 1985; Gemmell, 1991; Bernardo et al., 2004). More than 20 years ago, it was shown
by Proctor et. al (1983) that exposure to subinhibitory concentrations of Cli, but also of
chloramphenicol, erythromycin and lincomycin, did not increase binding of S. aureus ATCC
25923 to Fn, whereas β-lactam antibiotics as penicillin and cephalothin, as well as
vancomycin enhanced this binding property. By use of an in vitro model of rabbit tibia bone
disks, Lambe et al. (1985) showed that Cli at concentrations that did not affect bacterial
growth caused a concurrent decrease of glycocalyx formation and adherence of S. aureus to
the bone. The results of the present study confirmed the observation that a sub-MIC Cli
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treatment had no effect on Fn binding and, furthermore, revealed that Cli also had no
significant influence on adherence to Fg and to HEp-2 cells. Moreover, Cli-treated and nontreated bacteria showed no significant decrease in production of CP5 (Table 5.1).
We have previously shown that ½ MIC of Ff, in contrast to ½ MIC of Cli, led to a
significantly increased binding of S. aureus Newman to specific matrix proteins of the host
cell and also reduced masking of specific adhesins by CP5 (Blickwede et al., 2004;
Blickwede et al., submitted). This complex interplay between decreased masking and
increased expression of adhesins was considered to result in an overall distint increase in
adherence to epithelial cells. The observation that CP5 expression was only slightly decreased
and only transcripts of some of the main adhesin coding genes were slightly stabilized in the
presence of ½ MIC of Cli, might explain why no marked increase in adherence was observed
under this condition. Thus, this study showed that the effects resulting from pretreatment of S.
aureus Newman with the strain-specific ½ MIC of two antibiotics that both inhibit bacterial
protein biosynthesis differ considerably depending on the antibiotic used.
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Effect of florfenicol on growth, morphology, and viability of Staphylococcus aureus
The synthetic chloramphenicol (Cm) derivative florfenicol (Ff) inhibits bacterial protein
biosynthesis by reversible binding to ribosomal subunits of the susceptible bacteria and is
therefore considered as a primarily bacteriostatic antimicrobial agent. However, Ff may also
exhibit bactericidal activity depending on the Ff concentration applied and the susceptibility
of the bacteria. The concentration-dependent bactericidal effects have been demonstrated with
strains of Haemophilus (H.) somnus and Actinobacillus (A.) pleuropneumoniae at the strainspecific minimum inhibitory concentration (MIC) of Ff or at higher Ff concentrations (de
Haas et al., 2002). In this study [Chapter 2], a bactericidal activity of Ff against
Staphylococcus (S.). aureus strain Newman was not seen at Ff concentrations close to the
strain-specific MIC, but at distinctly higher concentrations of 4-fold MIC. Thus, it may be
concluded that the activity of Ff against S. aureus has to be considered as primarily
bacteriostatic when concentrations at or close to the strain-specific MIC are applied. These
observations strongly suggested that the Ff concentrations at which bactericidal activities are
observed, differ with respect to the bacteria and seem to be distinctly lower in bovine and
porcine respiratory tract pathogens such as H. somnus and A. pleuropneumoniae than in S.
aureus.
Several antibiotics that inhibit protein biosynthesis, including Cm, are known to have
also effects on the morphology of the bacterial cell. More than 30 years ago, Cm-susceptible
strains of S. aureus have been reported to exhibit a distinct increase of cell wall thickening
when grown in the presence of inhibitory concentrations of 5 – 200 µg/ml Cm (Giesbrecht
and Ruska, 1968). This cell wall thickening was considered to be the result of continuing
synthesis of cell wall material after the bacterial protein biosynthesis was stopped by the
activity of Cm (Giesbrecht and Ruska, 1968). For many years it has been well known that the
thickness of the bacterial cell wall may vary considerably, depending on the strain and
especially on the growth conditions (Giesbrecht et al., 1998). While rapidly multiplying
staphylococci exhibit cell walls of approximately 30 to 40 nm thickness, many slowly
growing cells show a characteristic thickening of the cell wall during the stationary phase of
growth, resulting in a wall thickness of up to 60 nm (Cole et al., 1974; Suganuma, 1972).
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Since cell wall synthesis occurs mainly independently of protein synthesis (Hancock and
Park, 1958; Mandelstam and Rogers, 1958 and 1959), further cell wall thickening can be
induced by inhibiting protein biosynthesis with Cm, puromycin, or actinomycin (Giesbrecht
et al., 1998), resulting in a cell wall thickness of more than 100 nm (Giesbrecht et al., 1998).
As described by Giesbrecht and Ruska (1968), most staphylococcal cells exhibiting such
thickened cell walls are still alive and can easily regenerate if they are transferred to a
medium that is free of protein biosynthesis inhibitors. However, after prolonged treatment
with Cm the accumulation of cell wall material may result in a compression of the bacterial
protoplast followed by the subsequent disintegration of the staphylococcal cell (Giesbrecht et
al., 1998). In that case, disrupted cells are visible by electron microscopy (Giesbrecht et al.,
1998; Giesbrecht and Ruska, 1968).
In this study, transmission electron microscopic analysis of the cell wall of S. aureus
Newman exhibited almost a doubling of the cell wall thickness from 30 nm to 58 nm when
grown for 20 h in the presence of 3 µg/ml Ff. Furthermore, electron microscopic studies
showed that growth of S. aureus Newman under these conditions resulted in approximately
20% disrupted cells. This phenomenon may be the result of a compression of the protoplast
with subsequent disruption of single staphylococcal cells, as it had been described for Cm.
The analysis of viable versus dead cells by the BacLight assay confirmed that almost 20 %
of the staphylococcal cells were dead. The results of both tests are in good agreement and
suggest that disruption of the bacterial cell wall with subsequent leaking of the cell content
accounted for the vast majority of the dead cells. In contrast to earlier reports on Cm-induced
morphological changes (Giesbrecht and Ruska, 1968), relatively low Ff concentrations were
used in this study. The reason for this was that concentrations of 2 – 3 µg/ml better
correspond to the in-vivo situation seen after regular dosing of Ff. A concentration of 3 µg/ml
represents the maximum serum concentration of Ff which can be achieved in cattle and pigs
when using the recommended dose of 20 mg Ff per kg body weight given in the Nuflor
product information. The high Cm concentrations of up to 500 µg/ml used by Giebrecht and
Ruska (1968) are far beyond the serum concentrations that can be seen after regular
application of Cm and thus represent in vitro conditions which do not represent in vivo
conditions.
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Effect of Ff on adherence properties of S. aureus strain Newman
Previous studies showed that bacteria which exhibited an antibiotic-induced thickening
of their cell walls also showed a higher rate of survival when ingested by phagocytes and
adhered better to epithelial cells (Schwarz, 1994; Wecke et al., 1990). The molecular
mechanisms of increased adherence of such bacteria are not yet fully understood. Therefore,
we analyzed the adherent bacteria in detail for their surface hydrophobicity and their
interactions with specific ligands.
Firstly, it was shown that Ff-susceptible and Ff-resistant S. aureus Newman cells
exhibited increased adherence to and invasion of epithelial cells when grown in the presence
of the strain-specific ½ MIC of Ff [Chapter 3]. Although increased under the influence of Ff,
invasion can be neglected due to the low percentage (< 0.3 %) of invading bacteria. It has
previously been shown by Dziewanowska et al. (1999), that S. aureus strain Newman is less
invasive than other S. aureus strains which exhibit comparable adherence to epithelial cells.
Thus, the study focussed on adherence, since S. aureus is mainly considered as an
extracellular pathogen. In this regard, no increase in surface hydrophobicity was observed
with any of the two strains suggesting that non-specific hydrophobic interactions between
bacteria and epithelial cells do not play a major role in the observed increased adherence. This
observation was in contrast to the results of a previous study on tetracycline-mediated
modulation of adherence patterns in S. aureus where increased cell wall thickness was
associated with increased surface hydrophobicity and increased adherence to HeLa cells
(Schwarz, 1994). However, the present study showed that under the influence of Ff, specific
interactions with Fn as a bridging molecule might play an important role in the increased
adherence of both Ff-treated S. aureus strains.
Growth of both strains in the presence of a significantly lower concentration of Ff than
the strain-specific MIC did not affect significantly the adherence patterns as compared to the
untreated control. This observation might suggest that the effects on adherence are most
pronounced when the bacteria are cultivated under conditions that represent a considerable
stress [Chapter 3]. Based on these results, we excluded the Ff-resistant S. aureus
Newman:pSCFS1 from any further experiments. Reasons for this were that (a) virtually no
differences in the adherence profiles were observed between the two strains as long as the
respective strain-specific ½ MICs of Ff were used, and (b) the ½ MIC of S. aureus
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Newman:pSCFS1 was at 64 µg/ml which is far beyond the concentrations achievable by
regular dosing of Ff and thus represents a pure in vitro condition which is not comparable to
the real life situation.
Further studies concentrated on the interactions of S. aureus Newman with the ligands
Fn and Fg, which have been shown to play an important role in staphylococcal infections
(Foster and Höök, 1998). Northern slot blot analysis showed that the amounts of transcripts of
the genes fnbA, fnbB, coa, emp and eap, coding for specific adhesins that can bind Fn and/or
Fg were increased when S. aureus Newman was treated with ½ MIC of Ff. Furthermore, the
expression of cap5 coding for the type 5 capsular polysaccharide (CP) which can mask
adhesins was distinctly decreased as confirmed by immunofluorescence microscopy
[Chapter 4].
Since it is known that global regulatory systems have an impact on the expression of
adhesins, it was investigated whether the agr, sar and sae systems may play an additional role
in the observed increase in adherence. Accordingly, S. aureus strain Newman and three
isogenic mutants with functionally inactive global regulator systems agr, sar, or sae (Goerke
et al, 2001; Wolz et al., 1996 and 2000) were compared for their adherence properties and
expression of genes coding for the abovementioned adhesins and CP5. All mutant strains
showed the same MIC value of 4 µg/ml Ff as the wildtype strain. Consequently, 2 µg/ml
represents the strain-specific ½ MIC for all strains used in this study. The overall
phenomenon of an increased adherence to epithelial cells and to the specific ligands Fn and
Fg, as well as the decreased CP5 expression, after Ff treatment was also detected in the case
of the ∆agr and the ∆sar mutant strain. This indicated agr- and sar-independent processes. In
contrast, the ∆sae mutant showed no change in its adherence profiles and expression of CP5.
Furthermore, it was demonstrated that the amount of saeRS-transcripts in S. aureus Newman,
in contrast to the transcription of components of the global regulator systems agr and sar, was
increased when the strains were cultivated in the presence of ½ MIC of Ff, further supporting
the suggestion of an agr- and sar-independent process, in which, however, the global
regulator system sae might be involved. Since sae down-regulates CP5 expression and
stimulates expression of fnbA and coa (Steinhuber et al., 2003), the result of activation of the
sae system under the influence of Ff correlates well not only with the observed decreased
amount of cap5-specific transcripts and the decreased expression of CP5, but also with the
observed increased amounts of transcripts of fnbA and coa [Chapter 4]. In the sae-mutant
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strain, neither mRNA of fnbA and coa – as previously reported by Steinhuber et al. (2003) –
nor mRNA of emp, eap and fnbB was detectable in the present study [Chapter 4]. However,
increased amounts of transcripts of all these genes were seen when the bacteria were treated
with Ff. Therefore, it was assumed that the global regulator sae may play a role in the
increased expression of all these specific mRNAs.
Results of studies, in which the initiation of RNA synthesis was inhibited by rifampicin,
revealed that the Ff-induced increased amounts of transcripts of the global regulator sae and
adherence-associated genes were due to a stabilization of the respective mRNAs [Chapter 4].
This demonstrates an additional effect of Ff on gene expression in S. aureus. For some protein
biosynthesis inhibitors, such as chloramphenicol, erythromycin and tetracycline, it has already
been shown, that they are able to stabilize specific mRNAs, such as those transcribed from the
genes tet(L) (Wei and Bechhofer, 2002), erm(A) (Sandler and Weisblum, 1988), erm(C)
(Bechhofer and Dubnau, 1987) or cat (Dreher and Matzura, 1991). Translation of these
stabilized transcripts is commonly regulated by translational attenuation (Lovett 1990 and
1996). In the case of erm(C), it has been shown that stalling of a erythromycin-bound
ribosome upstream of the erm(C) gene is required for the stabilization of the transcripts
(Bechhofer and Dubnau, 1987). This can be explained by the fact that the stalled ribosome
prevents mRNA degradation at the 5’ end. The same effects are believed to play a role in
chloramphenicol-mediated stabilization of cat transcripts (Dreher and Matzura, 1991) and
tetracycline-induced stabilization of tet(L) transcripts (Wei and Bechhofer, 2002). In a recent
study, Kehrenberg and Schwarz (2004) demonstrated that the expression of fexA, coding for a
novel Ff-Cm resistance gene from S. lentus, may be also induced by Ff via translational
attenuation. A ribosome stall sequence was detected upstream of the fexA gene and
demonstrated significant homology to the ribosome stall sequences previously identified in
the regulatory regions of cat genes (Horinouchi and Weisblum, 1982; Lovett, 1990; Projan et
al., 1985; Schwarz and Cardoso, 1991). A search for fexA-related ribosome stall sequences
revealed the presence of such sequences upstream of the genes fnbA, fnbB, eap, coa, emp, and
saeRS, all of which proved to be stabilized by ½ MIC Ff. In contrast, fexA-related ribosome
stall sequences were not detectable upstream of the genes clfA, sarA and agrAB of which the
transcripts were not found to be stabilized under the same conditions. Although not yet
confirmed experimentally, it might be speculated that stabilization of the respective mRNAs
could be due to stalling of a Ff-bound ribosome at the 5’ end of the respective transcripts.
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To elucidate the specificity of the Ff-induced effects, it was tested whether cultivation of
S. aureus Newman in the presence of ½ MIC of clindamycin (Cli) may also yield the same
phenotypical results [Chapter 5]. Cli is a semi-synthetic lincomycin derivative and inhibits
bacterial protein synthesis in the same way as Ff by binding to the 50S ribosomal subunit. In a
recent study, Herbert et al. (2001) showed that S. aureus strain NCTC8325 exhibited
increased transcript amounts of genes coding for Coa and FnBPB when treated with a
subinhibitory concentration of Cli of 0.02 µg/ml, but without determination of the underlying
mechanisms or potential changes in the phenotype.
In this study with S. aureus Newman, a similar Cli concentration (0.03 µg/ml),
representing ½ MIC of Cli, was used and Northern slot blot experiments confirmed that the
amount of coa- and fnbB-specific mRNA was increased 2-fold. As detected with Ff, the
increase in the amounts of transcripts was found to be due to mRNA stabilization after
treatment with Cli. A comparison of the amounts of transcripts revealed that distinctly larger
amounts of coa- and fnbB-specific transcripts were obtained in the presence of Ff and, in
addition, their half-lives were at least 4 times longer than those obtained under Cli treatment.
Amounts and stability of fnbA transcripts were not increased after Cli treatment, in contrast to
the treatment with Ff. However, in contrast to Ff, it was demonstrated that ½ MIC of Cli did
not cause significant changes in adherence of S. aureus to Fn- or Fg-coated microtiter plates
or to epithelial cells and also did not cause significant changes in CP5 expression. Therefore,
these observations allow the conclusion that the effects of Ff appear to be specific and cannot
be generally applied to antibiotics that interfere with protein biosynthesis.
In conclusion, Ff appears to have a distinct effect on a wide range of genes that play an
important role in adherence properties of S. aureus Newman. The results of this study showed
that ½ MIC of Ff leads on one hand to a stabilization of the mRNA coding for specific
adhesins, and on the other hand, to a stabilization of the mRNA coding for the global
regulator system sae, followed by a potential sae-directed decrease in the expression of cap5
and, furthermore, a potential sae-directed increase in expression of specific adhesins. These
effects may act synergistically in generating a more adherent phenotype of S. aureus
Newman. It has to be elucidated, whether this phenomenon may play a role in the
management of S. aureus infections.
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Concluding remarks
The data presented in this study revealed significant side-effects arising from the
cultivation of S. aureus Newman in the presence of high subinhibitory concentrations of Ff,
namely an increase in the adherence to epithelial cells and an increase in bacterial cell wall
thickness. The latter effect might result in a reduced degradability of the staphylococci when
ingested by phagocytes as it has been previously shown in studies with either tetracycline or
clindamycin (Schwarz, 1994; Wecke et al., 1990). These observations needs to be considered
in the treatment of S. aureus infections. However, it must be stated that these effects have
only been demonstrated under in vitro conditions. Therefore, it remains to be elucidated in
how far the same effects will also be observed under in vivo conditions. Since a well-studied
laboratory strain Newman was used in our experiments, further studies including clinical field
isolates are also necessary to determine whether the observed effects are strain-specific or
valid in general for S. aureus strains.
To date, Ff is licensed in Germany exclusively as an intramuscular injectable drug for
the treatment of respiratory diseases in cattle and pigs. Moreover, Ff is a relatively expensive
antimicrobial agent and thus is surely not a first choice agent for any treatment regimen.
Instead it will be used only in selected cases for very specific applications. Moreover, the fact
that Ff is currently only applied to individual animals by injection and not to entire herds of
animals via feed or water, ensures that the treated animals are most likely to receive the full
therapeutic dose. However, in other countries than Germany, e.g. Korea, Japan, Norway,
USA, and Canada, a Ff premix is already used in commercial salmon farming for the
treatment of furunculosis caused by Aeromonas salmonicida. Medication via feed and water
bears several risks, such as inhomogeneous mixture of the antimicrobials in the feed,
incompatibilities of the antimicrobials with components of the feed and insolubility of
antimicrobials in the drinking water. Moreover, insufficient uptake of the antimicrobials as a
consequence of either decreased feed and water uptake by diseased animals or the antibiotic
being less palatable, may reduce the effects of the medication (Schwarz et al., 2001). All of
these risks can finally result in the occurrence of sub-therapeutic levels of the antimicrobial
agents in the treated animals. Sub-MIC levels of antibiotics have shown to enhance not only
the development of resistance, but also the exchange of resistance genes (Tenover, 2001;
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Roberts, 1996). The data presented in papers 1 – 4 illustrate other potential undesired sideeffects arising from the contact of S. aureus with a high sub-MIC concentration of Ff.
Taking into account the knowledge that sub-MIC concentrations of antimicrobials can
enhance not only the development and exchange of resistance genes, but also may enhance
virulence properties of the bacteria, such as adherence, there is a growing fear that medical
and veterinary therapy will run out of options for the effective control of bacterial pathogens.
Increasing numbers of resistant bacterial pathogens in both human and veterinary medicine in
combination with a decreasing number of highly efficient antimicrobials currently available
and an even much smaller number of new compounds coming into clinical use within the near
future describe the scenario for the next years. In this regard, all possible efforts must be
undertaken to ensure the efficiency of the currently available antimicrobial agents. This also
requires the awareness concerning possible side-effects of the use of antimicrobial agents
apart from resistance development (Phillips et al., 2004). Recognition of potential problems
with respect to the control of bacterial pathogens is a first important step into the right
direction. This includes the definition of future needs with regard to surveillance of resistant
organisms, collection of data on supply and consumption of antimicrobials, prudent use of
antimicrobials in human and veterinary medicine, and implications of resistant bacteria on
human and animal health (Schwarz and Noble, 1999). However, it also includes further work
on potential side-effects arising from the use of sub-MIC concentrations of antimicrobial
agents, such as the antibiotic-induced modulation of virulence properties.
To avoid any of these side-effects, development of resistance as well as enhancement of
virulence properties, it must be the main aim of the veterinarian to ensure a sufficiently high
concentration of the antibiotic at the site of infection for the successful control of the
causative bacterial pathogens (Schwarz et al., 2001; Phillips et al., 2004). This is only
possible by strictly following the prudent use guidelines. To assist veterinarians in their
efforts towards a judicious use of antimicrobials, prudent use guidelines have been published
by numerous national and international boards (World Veterinary Association et al., 2003;
American Veterinary Medical Association, 2001; British Veterinary Poultry Association,
1998; British Pig Veterinary Society, 1998). However, in addition to all efforts guided by
national or international authorities, the personal effort of every veterinarian or medical doctor
towards a prudent use of antimicrobials will be the most important aspect in the effective
control of bacterial pathogens (Schwarz and Chaslus-Dancla, 2001).
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Maren Blickwede:

Florfenicol-dependent modulation of staphylococcal virulence
properties

There is increasing evidence that subinhibitory concentrations of antibiotics interfere
with host-pathogen interactions. It has been shown that the expression of several virulenceassociated genes of Staphylococcus (S.) aureus may be affected in vitro by low concentrations
of various antibiotics, especially those that inhibit protein biosynthesis. The aim of this study
was to investigate the influence of subinhibitory concentrations of florfenicol (Ff), a
fluorinated chloramphenicol derivative, on growth, morphology and viability [Chapter 2] and
on virulence properties [Chapters 3-5] of S. aureus.
In the first part of this study [Chapter 2], it was shown that S. aureus strain Newman,
when grown in the presence of a high subinhibitory concentration of Ff, exhibited a distinct
growth retardation and a significant increase in cell wall thickness. The latter effect might
result in a compression of the protoplast with subsequent disruption of single staphylococcal
cells. Electron microscopy revealed approximately 20% of the S. aureus Newman cells to be
disrupted. However, a bactericidal activity was not recorded at this concentration.
Since the ability of S. aureus to adhere to host tissues is essential for the colonization
and further establishment of the infection, the second part of this study [Chapters 3-5]
focussed on adherence to epithelial cells as the initial step of staphylococcal infections. It was
demonstrated that Ff-susceptible and Ff-resistant S. aureus strain Newman exhibited
increased adherence to and invasion of HEp-2 cells, when grown in the presence of the strainspecific ½ the minimum inhibitory concentration (MIC) of Ff. Interactions with the
adherence-mediating ligands fibronectin and fibrinogen were shown to play an important role
in this process. Northern slot blot analysis revealed that the amounts of transcripts of the
genes fnbA, fnbB, coa, emp and eap, coding for specific adhesins that can bind fibronectin
and/or fibrinogen, were increased in the presence of ½ MIC of Ff. Under the same conditions
expression of the type 5 capsular polysaccharide (CP5), that can mask surface proteins
involved in adherence, was distinctly decreased.
Since it is known that global regulatory systems can modulate the expression of
adhesins, their role in the increased adherence was investigated by including three mutants
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with functionally inactive global regulator systems agr, sar, or sae. A comparison of the S.
aureus Newman and its mutants indicated that the Ff-dependent increased adherence to
fibronectin- or fibrinogen-coated microtiter plates and to HEp-2 cells is a process in which the
sae system, but not the agr or sar system, might be involved. In contrast to components of the
agr or sar system, expression of saeRS was increased, suggesting a potential sae-directed
decrease in the expression of CP5 and increase in expression of specific adhesins,
respectively. Analysis of RNA stability revealed that the increased amount of transcripts
coding for the global regulator sae, and also for specific adhesins, in the presence of Ff was,
at least partially, due to a stabilization of the respective mRNAs.
These results allow to hypothesize that stabilization of transcripts coding for the global
regulator sae and a sae-directed decreased expression of CP5, as well as increased expression
of specific adhesins, and stabilization of the mRNA coding for these adhesins may contribute
synergistically to the Ff-induced adherence of S. aureus.
To differentiate a Ff-specific effect from a general stress response, that may be produced
by antibiotics that inhibit bacterial protein biosynthesis, it was tested whether a high
subinhibitory concentration of clindamycin (Cli) may yield the same results. However in
contrast to Ff, no significant change in adherence properties was detectable when S. aureus
Newman was treated with ½ MIC of Cli.
In conclusion, the results of this study showed that a subinhibitory concentration of Ff
may have significant effects on physiology and virulence properties of S. aureus.
Consequently, this could substantially influence the management of S. aureus infections.
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Zusammenfassung
Maren Blickwede:

Florfenicol-abhängige Veränderung der Virulenzeigenschaften von
Staphylokokken

Es ist bekannt, dass subinhibitorische Konzentrationen von Antibiotika die ErregerWirt-Interaktionen beeinträchtigen können. Es hat sich gezeigt, dass die Expression
verschiedener Virulenz-assoziierter Gene von Staphylococcus (S.) aureus in vitro durch
niedrige

Konzentrationen

zahlreicher

Antibiotika,

insbesondere

solcher,

die

die

Proteinbiosynthese der Bakterien hemmen, beeinflusst werden kann. Das Ziel der
vorliegenden Studie war es, den Einfluss von subinhibitorischen Konzentrationen von
Florfenicol (Ff), einem fluorinierten Chloramphenicolderivat, auf Wachstum, Morphologie
und Vitalität [Kapitel 2], sowie Virulenzeigenschaften [Kapitel 3 bis 5] von S. aureus zu
untersuchen.
In dem ersten Teil der Arbeit [Kapitel 2] wurde gezeigt, dass S. aureus Newman in
Anwesenheit einer hohen subinhibitorischen Konzentration von Ff eine deutliche
Wachstumsverzögerung und eine Verstärkung der Zellwanddicke aufweist. Diese
Zellwandverdickung kann schließlich zu einer Kompression des Protoplasten mit
nachfolgender Zerstörung der Staphylokokkenzellen führen. Elektronenmikroskopische
Untersuchungen belegten, dass ungefähr 20% der S. aureus Newman Zellen unter diesen
Bedingungen geschädigt waren. Eine bakterizide Wirkung von Ff unterhalb der minimalen
Hemmkonzentration konnte jedoch nicht nachgewiesen werden.
Da die Fähigkeit von S. aureus zur Adhärenz an Wirtzzellen den initialen Schritt für
eine Kolonisierung und damit auch für den weiteren Infektionsverlauf darstellt, beschäftigte
sich der zweite Teil dieser Arbeit [Kapitel 3 bis 5] mit der Ff-modulierten Adhärenz von S.
aureus an Epithelzellen. Es wurde zunächst gezeigt, dass sowohl Ff-empfindliche wie auch
Ff-resistente S. aureus Newman-Zellen eine verstärkte Adhärenz an und Invasion in HEp-2Zellen aufwiesen, wenn sie in der Anwesenheit von einer stammspezifischen ½ minimalen
Hemmkonzentration (MHK) Ff angezüchtet wurden. Es zeigte sich, dass Interaktionen mit
den Adhärenz-vermittelnden Liganden Fibronektin und Fibrinogen eine wichtige Rolle in
diesem Prozess spielen. Anhand von Northern Slot Blot Analysen wurde festgestellt, dass die
Transkipte der Gene fnbA, fnbB, coa, emp and eap, die für spezifische Fibronektin- und/oder
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Fibrinogen-bindende Adhäsine kodieren, in Anwesenheit von ½ MHK Ff deutlich vermehrt
vorhanden waren. Unter den gleichen Bedingungen wurde die Expression des Typ 5
Kapselpolysaccharids (CP5), das Oberflächenproteine, die in der Adhärenz involviert sind,
maskieren kann, deutlich verringert.
Da es bekannt ist, dass auch globale regulatorische Systeme die Expression der
Adhäsingene beeinflussen, wurde die Rolle solcher Regulatoren unter Einbeziehung dreier
Mutanten mit funktionell inaktiven globalen Regulatorsystemen agr, sar bzw. sae untersucht.
Ein Vergleich von S. aureus Newman und entsprechenden Mutanten zeigte, dass die
Adhärenz an Fibronektin- oder Fibrinogen-beschichtete Mikrotiterplatten und an HEp-2Zellen einen Prozess darstellt, in den das sae-System möglicherweise, jedoch nicht das agroder sar-System, involviert ist. Im Gegensatz zu Komponenten des agr- oder sar-System
wurde die Expression von saeRS verstärkt, was auf eine potentielle sae-gerichtete Abnahme
der Expression von CP5 sowie eine sae-gerichtete Zunahme der Expression spezifischer
Adhäsine schließen lässt. Analysen der RNA-Stabilität zeigten, dass die erhöhten
Transkriptmengen des globalen Regulators sae sowie der Adhäsingene zumindest teilweise
auf einer Stabilisierung der entsprechenden mRNAs beruhten.
Aus dem Zusammenspiel der Stabilisierung der Transkripte des globalen Regulators
sae, verbunden mit einer sae-gerichteten verringerten Expression von CP5 sowie einer
verstärkten Expression spezifischer Adhäsine, und der Stabilisierung der mRNA spezifischer
Adhäsingene lässt sich die Ff-induzierte Adhärenz von S. aureus erklären.
Um einen Ff-spezifischen Effekt von einer allgemeinen Stressantwort zu unterscheiden,
die möglicherweise durch Proteinbiosynthesehemmer hervorgerufen werden könnte, wurde
untersucht, ob eine entsprechende subinhibitorische Konzentration von Clindamycin (Cli) die
gleichen Ergebnisse hervorrufen kann. Jedoch konnte im Gegensatz zu Ff keine signifikante
Veränderung der Adhärenzeigenschaften gemessen werden, wenn S. aureus Newman mit der
½ MHK Cli behandelt wurde.
Zusammenfassend zeigen diese Ergebnisse, dass subinhibitorische Konzentrationen von
Ff deutliche Effekte auf die Physiologie und Virulenzeigenschaften von S. aureus haben
können, die folglicherweise wesentlich das Management von S. aureus-Infektionen
beeinflussen können.
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