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Summary of contents
Biofilm formation by staphylococci on implanted medical devices
represents a major virulence mechanism and a serious threat to hospital
patients. Staphylococcus aureus strains including, methicillin-resistant S.
aureus (MRSA), produce biofilms dependent on the major autolysin Atl.
Antibodies to the amidase (AM) and glucosaminidase (GL) domains of Atl
inhibited in vitro Atl-dependent biofilm formation and Atl was required for
the normal expression of cytolytic toxins. However, an atl mutant was not
significantly attenuated in a mouse model of catheter-related infections.
Consistent with this finding, Atl and a number of previously characterised
biofilm factors were subsequently shown to be redundant for biofilm
formation on surfaces coated with human plasma. In contrast, coagulase
activity, and specifically coagulase-mediated conversion of fibrinogen to
fibrin, was critical for biofilm formation under these physiologically
relevant conditions. These findings identify a novel third mechanism of S.
aureus biofilm development, the other two being mediated by the
extracellular polysaccharide poly-N-acetylglucosamine (PNAG) or a
combination of cell surface proteins (including Atl) and extracellular DNA
(eDNA).
A correlation between upregulated autolytic activity and high-level
homogeneous methicillin resistance or growth in sub-MIC oxacillin was
demonstrated in MRSA. This observation appears to be related to altered
cell wall architecture and, when combined with previous observations
showing the impact of high level antibiotic resistance on biofilm and
virulence, further shows the pleiotrophic effects of antibiotic resistance on
the physiology of S. aureus.
Extension of the studies on PNAG-independent mechanisms of biofilm
formation revealed that the Staphylococcus epidermidis Atl homologue
protein, AtlE, and the accumulation associated protein, Aap, contribute to S.
epidermidis PNAG-independent biofilm formation in a strain-dependent
manner. The role for autolytic activity in biofilm formation differed between
strains and proteolytic cleavage of surface proteins was identified as having
a significant influence on PNAG-independent biofilm formation.
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Chapter 1:
Introduction
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1.1 Staphylococci and their medical significance
Staphylococci are Gram positive coccoid bacteria which belong to the
family Micrococcaceae. Staphylococci are characterised based on
production of a coagulase enzyme with coagulase positive Staphylococcus
aureus and coagulase negative Staphylococcus epidermidis being two
medically important species. Both are common commensal bacteria which
are part of the normal skin flora. S. aureus asymptomatically colonises the
anterior nares and the epithelial and mucosal surfaces of 20% of people,
while 60% are transiently colonised and 20% are rarely or never colonised
(2, 3). Colonisation is a known risk factor for infection by staphylococci (4,
5). S. aureus and S. epidermidis are opportunistic pathogens that commonly
cause infections in immunocompromised people when the epithelial barrier
is breached. The species share a core genome of 1,681 open reading frames
with genome islands in non-syntenic regions the main basis of variation in
virulence between the two species (6). The S. aureus genome contains
genomic islands which encode for a variety of pathogenicity factors, most of
which are absent in the closely related S. epidermidis and brand S. aureus
the more virulent species. These pathogenicity factors encode for a variety
of toxins that enable S. aureus to successfully evade factors of the host
immune response and destroy tissue, for example enterotoxins, exotoxins,
leukotoxins, leukocidins and toxic shock syndrome toxin (6-8). These toxins
and other secreted and cell surface-associated factors enable S. aureus to
cause a variety of acute and life-threatening conditions, including sepsis,
food poisoning, endocarditis and toxic shock and scalded skin syndromes
(9). It has been estimated that in the U.S.A., infections caused by S. aureus
are responsible for the same number of deaths as those caused by AIDS,
tuberculosis and viral hepatitis combined, highlighting the importance of
this opportunistic pathogen within the healthcare setting (10). The
emergence of antibiotic resistance and community-associated strains of S.
aureus which cause infections in people with no predisposing risk factors
are a cause for concern for public health. Methicillin resistance, which is
common in S. aureus and S. epidermidis, is a significant medical problem.
Methicillin resistance almost certainly originated in coagulase negative
staphylococci (CoNS) with transfer of the mobile genetic elements from
14

these CoNS to S. aureus, most commonly from S. epidermidis, giving rise to
methicillin resistant S. aureus (MRSA) strains (11). This rise in MRSA and
methicillin resistant S. epidermidis (MRSE) strains has complicated the
issue of nosocomial staphylococcal infections with many resistant strains
now characterised as multidrug resistant (12). In contrast to S. aureus, the
production of harmful molecules by S. epidermidis is very low and biofilm
formation is a key virulence factor on which S. epidermidis relies for
establishing successful infections (13). S. epidermidis, which for a long time
was regarded as innocuous, does produce exopolymers and proteins that aid
in immune evasion and are cytolytic, but their most important contribution
to S. epidermidis pathogenesis is through aiding biofilm formation (13). A
strong correlation between the pathogenicity of S. epidermidis and biofilm
formation has been reported (14). Both S. aureus and S. epidermidis are
important nosocomial pathogens and are frequently associated with
infections of indwelling medical devices, made possible by their abilities to
form biofilms. Biofilms are communities of sessile bacteria that are encased
in a self-produced extracellular polymeric substance in which sophisticated
quorum sensing between bacteria regulates growth and development of the
biofilm community. Biofilms formed by staphylococci are a significant
cause of morbidity and mortality and pose a great threat to healthcare
patients.
1.2 Biofilm-associated infections caused by staphylococci

Biofilm formation by staphylococci is associated with a range of chronic
and life-threatening conditions including urethritis, gingivitis, conjunctivitis,
osteomyelitis and lung infections in cystic fibrosis patients (15, 16).
Biofilms are associated with more than 80% of all microbial infections, with
S. aureus and S. epidermidis two of the leading causative agents of biofilmassociated infections (15, 17). Staphylococci have the ability to colonise
damaged host tissue such as damaged heart valves and the damaged skin of
post-operative wounds and burn victims which can lead to the establishment
of serious skin and soft tissue infections and conditions such as endocarditis
and sepsis (18-20). Staphylococci are a leading cause of device-related
infections (DRIs) and are capable of colonising implanted medical devices
15

ranging from contact lenses to cerebrospinal fluid shunts, cardiac
pacemakers, joint replacements and central venous and urinary catheters
(21-23). The increasing use of implanted medical devices for monitoring
and treatment purposes is exacerbating the problem of DRIs. Patients that
have indwelling medical devices are at an elevated risk of developing a
biofilm-associated infection, with intense levels of antibiotic usage within
hospitals aggravating the problem of DRIs (24, 25). Cells encased in a
biofilm matrix are protected from factors of the host’s immune system and
the actions of antibiotics, rendering DRIs extremely difficult to treat (17).
There are multiple ways in which biofilms render staphylococci resistant to
therapeutics. Biofilms promote staphylococci cells to enter into a dormant
state in which metabolic and growth rates are reduced. These persister cells
have been identified as the main factor contributing to the drug resistance
and chronic nature of DRIs caused by staphylococci (26). Persister cells
within a biofilm are physiologically different from free-floating planktonic
cells which are more susceptible to the action of antibiotics. For instance, a
600-fold increase in concentration of sodium hypochlorite is required to kill
S. aureus cells in a biofilm compared to planktonic cells (27). The persister
state renders staphylococci within a biofilm resistant to antibiotics that
specifically target fast growing cells (28, 29). Furthermore, the biofilm
matrix itself may prevent some drugs from diffusing across the biofilm
barrier or the structure of the biofilm itself can physically prevent
interaction between antibiotics and encased cells (15). Due to the resistant
nature of biofilms, surgical removal of the infected device is often the
treatment course required for DRIs, resulting in increased financial costs.
Biofilm formation by staphylococci occurs in three stages as outlined in
figure 1.1. Initial attachment of staphylococci to the implanted medical
device is the first stage of biofilm formation and the establishment of DRIs.
Initial attachment is mediated by the microbial surface component
recognising adhesive matrix molecules (MSCRAMMs) which interact with
specific host proteins (30). Non-specific interactions between staphylococci
cells and uncoated biomaterial also contribute to the initial stages of biofilm
formation with cell surface hydrophobicity a contributory factor (31). The
second stage of biofilm formation is the establishment of the mature biofilm
16

and sophisticated fluid-filled channels that facilitate the transport of waste
and nutrients throughout the biofilm matrix (32). Finally, individual cells or
clusters of cells from the biofilm matrix detach and disseminate to
secondary sites of infection within the host (16). This detachment and
dissemination aids in the development of systemic infections like
bacteraemia and sepsis, with staphylococci infections regarded as the
primary cause of nosocomial bloodstream infections (16). Consequently,
biofilm-associated infections are not only a significant threat to patients but
are also a source of increased economic burden on our healthcare systems.
Research to understand the mechanisms of staphylococcal biofilm formation
is vital for the development of novel therapeutics to combat this important
healthcare issue.

3. Microcolony formation
and detachment

1. Primary attachment

2. Accumulation

Surface of
medical device

Fig. 1.1. The stages of biofilm formation by staphylococci. 1) The first stage of
biofilm formation begins with the interactions between planktonic cells and either
uncoated surfaces or biomaterial coated with host extracellular matrix proteins.
Planktonic, free-floating cells attach to a surface. 2) More sessile bacteria accumulate
and grow to form a biofilm on the medical device in which fluid-filled channels
develop. 3) The mature microcolony tower develops and from this individual cells or
clusters of cells detach and can disseminate to other parts of the host.
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1.3 The initial stages of biofilm formation

Initial attachment of staphylococci can occur on biotic or abiotic surfaces
and is mediated by both specific and non-specific interactions. Non-specific
interactions aid in the attachment of cells to abiotic surfaces such as the
surface of uncoated medical devices (16). These non-specific interactions
depend on the physiochemical characteristics of both the device or surface
and the cells. Non-specific interactions that initiate biofilm formation
involve cell surface hydrophobic interactions, polarity and van der Waal’s
forces (33). However, specific cell surface-associated proteins can mediate
the interaction between cells and abiotic surfaces (34-36). The major
autolysin is an example of a surface-associated protein reported to mediate
attachment of both S. aureus and S. epidermidis to uncoated polystyrene
(37, 38). Specific receptor-mediated interactions also occur between
staphylococci and biotic surfaces such as damaged human tissue and
implanted medical devices coated with host extracellular matrix proteins
(39-41). Implanted medical devices are rapidly coated with host
extracellular matrix proteins such as fibronectin, fibrinogen, collagen and
vitronecin and the MSCRAMMs interact with these proteins to mediate
primary attachment of staphylococci to the coated medical device or
damaged host tissue (42). The factors contributing to the primary attachment
stage of staphylococcal biofilm formation are described below.
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1.3.1

The major autolysin Atl/AtlE

The major autolysin (Atl) was first implicated in the primary attachment
stage of biofilm formation by S. epidermidis and has since been implicated
in the primary attachment stage of S. aureus biofilm formation (37, 38).
There is 61% amino acid identity between the major autolysins of S. aureus
(Atl) and S. epidermidis (AtlE) and in both species the atl gene is flanked by
the same genes (37, 43). Beyond its role in initiating biofilm formation, the
major autolysin also functions as a bifunctional peptidoglycan hydrolase
involved in daughter cell separation and is required for penicillin-induced
autolysis (44, 45). The Atl and AtlE pro-proteins share similar domain
organisation as highlighted in figure 1.2. The atl gene of S. aureus encodes
for a 137.5 kDa pro-protein which is proteolytically processed to yield a
3.1kDa signal sequence at the N-terminus, a 17.6 kDa propeptide and two
enzymatically active domains; a 63.3 kDa N-acetylmuramyl-L-alanine
amidase enzyme (AM) and a C-terminally located 53.6 kDa endo-β-Nacetylglucosaminidase enzyme (GL; Fig. 1.2) (46). The AtlE of S.
epidermidis is 148 kDa in size and consists of a 3 kDa signal peptide,
followed by a 30 kDa pro-peptide, a 60 kDa AM domain and a C-terminally
located 52 kDa GL domain (Fig. 1.2) (37). Atl was first identified in S.
aureus by T. Oshida, et al. (46) and subsequently identified in S.
epidermidis by C. Heilmann, et al. (37). Mutants in atl have a number of
striking characteristics. Deletion of atl does not impair growth but results in
unregulated cell division and clumps of cells of atl mutants can be viewed
microscopically (45-47). An atl mutation also has pleiotropic effects on the
cell’s surface with impaired cell wall turnover resulting in a rough outer cell
wall (45). Non-covalently cell wall bound proteins are less abundant in an
atl mutant and mutants are more sensitive to penicillin-induced lysis (45).
All of these characteristics support a role for Atl in cell division,
peptidoglycan turnover and penicillin-induced cell lysis. It has been
proposed that in the absence of atl, other murein hydrolases can partially
compensate for the loss of Atl activity, including Sle1, LytN and LytM (4850). In addition, more than 15 proteins with putative AM and GL activity
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have been described in S. aureus that could possibly compensate for an atl
defect (49, 51).

cat

SP

PP

R1

R2

cat

R3

AM

GL

Fig. 1.2. Domain arrangement of the bifunctional Atl/AtlE precursor protein.
Schematic diagram of the 137.5kDa Atl / 148kDa AtlE pro-protein illustrating the
amidase (AM) and glucosaminidase (GL) domains, the signal peptide (sp), pro-peptide
(pp), three repeat regions (R1-3) containing GW-dipeptide motifs, catalytic domains
(cat) and cleavage sites (arrows). Image adapted from S. Zoll, et al. (1).

The Atl protein is proteolytically processed via an as yet uncharacterised
mechanism. Proteolytic processing of the Atl pro-protein yields an AM
protein containing two repeat regions located at its C-terminus which are
responsible for localisation and targeting of AM to the substrate during cell
wall turnover (Fig. 1.2) (47, 52). The AM enzyme cleaves the amide bond
between N-acetyl muramic acid and L-alanine during peptidoglycan
turnover with catalytic activity confined to the N-terminus of the enzyme
(Fig. 1.2) (47). The GL protein has the opposite organisation to the AM
protein and contains only one repeat region in the N-terminus and a
catalytically active region in the C-terminus (Fig. 1.2) (46). After proteolytic
processing of pro-Atl, the GL enzyme hydrolyses the bond between Nacetyl-b-D-glucosamine

and

N-acetyl

muramic

acid

for

efficient

peptidoglycan hydrolysis (46). The three repeat regions of Atl (R1, R2 and
R3; Fig. 1.2) are vital for targeting of the pro-protein to the equatorial ring
on the cell surface to aid daughter cell division (52). Wall teichoic acids
(WTA) aid correct targeting of the AM and GL enzymes to the cross-wall
region for sites of cell division and mediate this targeting through an
exclusion strategy (53). WTA prevents unregulated Atl-mediated cell lysis
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and targets Atl enzymes to the old cell wall for completing daughter cell
separation where WTA is not fully polymerised and concentrations are
lowest (53). The repeat regions of Atl also contain GW-dipeptide motifs.
The GW repeats of the AM region are responsible for mediating
internalisation of S. aureus and S. epidermidis by non-professional
phagocytes and specifically interact with the heat shock cognate protein
Hsc70 on host cells (54). This interaction between the GW repeats of the
amidase region and the Hsc70 cell receptor may act as a back-up
mechanism of internalisation for S. aureus but may be the only mechanism
by which S. epidermidis is internalised and persists within the host (54). A
similar mechanism of internalisation is employed by the amidase Ami of
Listeria monocytogenes and contributes to adherence to eukaryotic cells and
virulence in vivo (55, 56). When the phenotypes of enzymatically inactive
mutants of the S. aureus AM and GL regions were compared, it was found
that the AM domain and not GL is predominantly responsible for the
clumping phenotype associated with atl mutations (57). Similarly, the AM
domain was found to be more important for Triton X-100 induced autolytic
activity and S. aureus cell walls were found to be more susceptible to AMmediated lysis than GL (57). It remains elusive why S. aureus cells have
greater sensitivity to AM than GL.
As mentioned, the major autolysins of S. aureus and S. epidermidis mediate
primary attachment during in vitro biofilm formation. There are several
ways that Atl mediates primary attachment. Firstly, Atl can initiate primary
attachment of both S. epidermidis and S. aureus directly through
hydrophobic interactions with uncoated surfaces (37, 38, 47). Secondly, Atl
can trigger primary attachment through direct interactions with host
extracellular matrix proteins. The AtlE protein is known to interact with
vitronectin and Atl of S. aureus can bind to fibrinogen, fibronectin,
vitronectin and endothelial cells and, as mentioned earlier, binding is
confined to the GW repeats of the AM regions which interact with the
Hsc70 receptor (37, 54). Finally, the major autolysins of S. aureus and S.
epidermidis can also mediate primary attachment indirectly through cell
lysis and the release of extracellular DNA (eDNA) (38, 57-59). Several
studies have reported an important role for tightly regulated autolysis and
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the release of eDNA for staphylococcal biofilm formation (38, 57, 59-62).
In other bacterial species, eDNA has been identified as an important
component of the biofilm matrix and a possible therapeutic target. For
example, cystic fibrosis patients suffering from Pseudomonas aeruginosa
biofilm-associated infections have been treated successfully with a
combination of antibiotics and DNaseI (63). The role for autolytic activity
and the release of eDNA for staphylococcal biofilm formation has been
demonstrated through biofilm dispersal experiments conducted with DNA
degrading enzyme DNaseI and polyanethole sodium sulfanate (PAS) which
inhibits autolytic activity without affecting growth (38, 58, 64). Likewise,
the secreted thermostable nuclease enzyme, Nuc has been shown to
negatively impact on biofilm formation, further revealing eDNA as a vital
component of the biofilm matrix (59). Deletion of the Atl and AtlE genes
dramatically reduces the amount of eDNA produced through impaired cell
lysis (38, 53, 57, 58). Upon cell lysis and release, eDNA becomes an
important matrix, aiding cells in attachment during biofilm formation.
Furthermore, enzymatically inactive AM and GL mutants have been shown
to be impaired in biofilm formation, demonstrating the importance of the
catalytic activity of both domains for sufficient eDNA release and biofilm
formation (38, 57). The biofilm negative phenotype of the enzymatically
inactive GL mutant reported by J. L. Bose, et al. (57) highlights the
important role for eDNA in the biofilm matrix of S. aureus. The GL
domain, unlike AM, has no binding affinity for fibrinogen, fibronectin, or
vitronectin, thus its sole contribution to biofilm formation appears to be
through mediating autolysis and eDNA release (54). Recently, cytoplasmic
proteins have been shown to be part of the biofilm matrix of S. aureus
HG003 which may be a consequence of autolysis and appears to be in
response to decreasing pH, which can be triggered by the addition of excess
glucose to the growth media (65). Interestingly, addition of glucose to
growth media is often the growth condition of choice to promote
Atl/protein-mediated MRSA biofilm formation (38). In addition, research
from our laboratory has implicated a transcriptional repressor of atl, the atlR
gene, in Atl-mediated biofilm formation by the clinical MRSA strain
BH1CC (38). The atlR gene (designated SA0904 in S. aureus N315)
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encodes a predicted 139-amino acid MarR-type transcriptional regulator that
is found adjacent to atl on the chromosome and encodes for a protein that
exhibits specific interactions with Atl (38). It has been demonstrated that
AtlR acts as a repressor of Atl-mediated biofilm formation by BH1CC in a
process influenced by temperature (38).
Several studies have assessed the impact of autolysins on virulence. The
AtlE protein of S. epidermidis has been shown to contribute to biofilm
formation and virulence in vivo in a rat model of central venous catheter
infection (66). The importance of AtlE for S. epidermidis virulence has
been further demonstrated by assessment of the serum from infected
patients. People infected with S. epidermidis demonstrate a high IgG titre
against the pro-protein, the cleaved amidase domain and the repeat
sequences of AtlE (67). Vaccination of mice with recombinant AtlE was
found to be effective at stimulating an immune response sufficient for
opsonisation of S. epidermidis (67). Autolysis has been found to contribute
to S. aureus virulence in an infective endocarditis model and for the
virulence of other bacterial species (68-70). However, J. Takahashi, et al.
(45) demonstrated that S. aureus Atl did not contribute to the development
of acute infection in a mouse sepsis model, suggesting that Atl may not be
vital in vivo in infections that do not involve biofilms. Part of the research
presented in this thesis investigates the contribution of the major autolysin
of S. aureus and the AM and GL regions of Atl to virulence using a mouse
model of DRIs.
1.3.2

Teichoic acids

Teichoic acids (TA’s) of S. aureus and S. epidermidis have important
functions in multiple cellular processes and their roles can be classified into
three categories as described by G. Xia, et al. (71). The three major themes
for TA functionality are 1) protection from antimicrobial peptides and
antibiotics and aiding survival in unfavourable environmental conditions, 2)
regulating cationic exchange across the cell envelope and enzymatic activity
during cell wall turnover and peptidoglycan synthesis and 3) acting as
binding receptors to mediate host colonisation, biofilm formation, horizontal
gene transfer and interference with the host immune response (71-73).
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Staphylococci possess two types of TA’s; peptidoglycan-bound wall
teichoic acid (WTA), mainly composed of ribitol phosphate groups, and
membrane-anchored lipoteichoic acid (LTA) containing glycerol phosphate
groups (74, 75).
There are several ways TA’s contribute to the initial stages of S. aureus and
S. epidermidis biofilm formation. TA’s display zwitterionic properties due
to negatively charged phosphate groups and positively charged D-alanine
residues incorporated onto the repeating units by the activity of the dltABCD
operon (71). The net charge of S. aureus TAs has been shown to be an
important factor controlling attachment to and subsequent biofilm formation
on inert surfaces. A mutation in the dltABCD operon of S. aureus led to a
net negative charge on the cell surface that is associated with the loss of Dalanine residues on the TA’s. This increases the strength of repulsive forces
which impair attachment to and biofilm formation on inert surfaces (76). A
later study found a direct correlation between LTA biosynthesis and biofilm
formation by S. aureus (77). An LTA mutant demonstrated significant
changes

in

cell

surface hydrophobicity which

are

essential for

physiochemical interactions with hydrophobic surfaces and initiating
primary attachment and biofilm formation by S. aureus. Furthermore,
autolytic activity was reduced in an LTA mutant and, as described in an
earlier section, the autolytic activity of Atl is another factor mediating
primary attachment and biofilm formation. The work of M. VergaraIrigaray, et al. (78) shows that TA’s mediate S. aureus biofilm formation in
a manner independent from production of the exopolysaccharide
PIA/PNAG. The tagO gene encodes an enzyme that is required for the first
step in WTA biosynthesis and mutation of S. aureus tagO impairs biofilm
formation but does not impact on PIA production. Conversely, a tagO
mutation in S. epidermidis which impaired biofilm formation is associated
with reduced PIA expression due to upregulation of the negative regulator
of the ica operon, icaR (79). The biofilm defect of a S. epidermidis tagO
mutant is also due to increased cell surface hydrophobicity which impairs
primary attachment (79).
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1.3.3. Microbial surface component recognising adhesive matrix
molecules

After a patient receives an implanted medical device, the device rapidly
becomes coated with host extracellular matrix proteins, including
fibronectin, fibrinogen, vitronectin, collagen and elastin (30). S. aureus and
S. epidermidis express an array of cell wall anchored proteins that can
interact with these host extracellular matrix proteins and mediate different
stages of biofilm formation on implanted medical devices. Some of these
proteins are classified as microbial surface component recognising adhesive
matrix molecules or MSCRAMMs (42). Some MSCRAMMs are implicated
in the initial attachment stage of staphylococcal biofilm formation (80-86),
whereas others function in intercellular accumulation and the later stages of
biofilm formation (80, 87-91).
The term MSCRAMM was initially used to describe proteins based on
functional similarities, namely the ability to bind to host extracellular matrix
proteins (42). However, recent work has demonstrated that many
MSCRAMMs have roles in staphylococcal virulence that go beyond binding
to host ligands. Many MSCRAMMs are multifunctional proteins and also
have roles in immune evasion, cell invasion, iron acquisition and
asymptomatic colonisation (92). The term MSCRAMM is now used to
describe a family of proteins based on structural rather than functional
similarity. Thus, MSCRAMMs are now defined as proteins which have a
common mechanism for ligand binding mediated by at least two adjacent
subdomains containing IgG-like folds in the N-terminal A region of the
proteins (92, 93).
1.3.3.1 Sortase anchored surface proteins

S. epidermidis and S. aureus both express an extracellular transpeptidase
sortase gene, srtA which covalently anchors surface proteins containing a
conserved C-terminal Leu-Pro-X-Thr-Gly (LPXTG) motif to the cell wall.
The srtA gene was first described in S. aureus (94). Twenty one of the 28
surface proteins of S. aureus contain LPXTG motifs that covalently anchor
them to the cell wall surface (95, 96) while S. epidermidis has only 11
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described such proteins (97). Proteins recognised by SrtA share a similar
structure with a C-terminal LPXTG sorting signal, a hydrophobic domain
and a tail of positively charged residues (98, 99). Recognition of the
LPXTG motif by SrtA is facilitated by the hydrophobic domain and the
charged tail which keep the proteins temporarily in a secretory pathway
(99). Sortase-anchored proteins are translocated through the cytoplasmic
membrane, a process mediated by their N-terminal signal peptide (94, 100).
After translocation, SrtA recognises the C-terminal LPXTG-motif and
specifically cleaves the precursor polypeptide at the threonine and glycine
residues (101-103). Cleavage by SrtA yields a threonine carboxyl residue
that is amide linked to the free amino group of the pentaglycine crossbridge
of peptidoglycan, thereby covalently linking the proteins to the cell wall (96,
101, 104, 105).
S. aureus expresses a second sortase gene, srtB which cleaves proteins with
an NPQTN motif (106). The srtB gene is encoded on the isd locus which is
involved in the transport of heme-iron across the cell envelope (106). The
isd locus encodes for the surface proteins IsdA, IsdB and IsdC, the SrtB
protein, as well as lipoprotein ATPase and membrane permease (106).
Unlike SrtA which is constitutively expressed, the locus is only upregulated
under iron-limiting conditions by the ferric uptake repressor, Fur (106, 107).
Upon upregulation by Fur, SrtB anchors the IsdC protein via recognition of
and cleavage of its NPQTN motif (106).
SrtA has been shown to be vital for S. aureus virulence in numerous animal
models, including a murine model of septic arthritis, a murine acute lethal
infection, a murine kidney infection model and a rat model of endocarditis
(108-111). In contrast, SrtB is not essential for S. aureus virulence and has
only been described as having a contributory role towards pathogenesis
(108, 110).The fact that an srtA mutant is impaired in virulence in such a
variety of animal models highlights the array of surface proteins that SrtA
anchors to the cell wall. Some srtA-anchored proteins are characterised as
MSCRAMMs and interact with host extracellular matrix proteins to initiate
primary attachment during biofilm formation, whereas others are implicated
in the latter stages and mediate intercellular accumulation, such as Aap of S.
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epidermidis, SasG and the fibronectin binding proteins of S. aureus (112114). Indeed, mutation of srtA in both S. epidermidis and S. aureus impairs
biofilm formation (90, 115). As well as proteins involved in biofilm
formation, SrtA also anchors surface proteins involved in immune evasion,
such as protein A (100).
1.3.3.2 The fibrinogen binding proteins: ClfA and B and SdrG

As mentioned, S. aureus and S. epidermidis express a variety of cellanchored proteins that can mediate binding to and the initial stages of
biofilm formation on host extracellular matrix proteins. One such host
ligand is fibrinogen (Fg), a 340 kDa glycoprotein involved in the formation
of blood clots (116). Thrombin-catalysed cleavage of Fg creates fibrin
monomers that spontaneously polymerise and form clots (116). Beyond
their role in clot formation and regulating blood loss, Fg cleavage products
have roles in regulating cell adhesion and spreading and act as
chemoattractants and mitogens for multiple cell types (116). Manipulation
of Fg by cell-anchored proteins is an important virulence factor for
staphylococci.
The Fg binding proteins of S. aureus are clumping factors A and B (ClfA
and ClfB) (85, 117). S. epidermidis mediates Fg binding through the serineaspartate repeat-containing protein G (SdrG). These Fg binding proteins are
classic MSCRAMMs that bind Fg using variations of the dock, lock and
latch (DLL) mechanism and share structural similarities (92). The Nterminal A domains contain three subdomains, N1, N2 and N3 with the IgGlike folds that are characteristic of all MSCRAMMS present in the N2 and
N3 regions (92, 93, 118). The IgG-like folds mediate binding to Fg via the
DLL mechanism. Linking the N-terminal A region to the C-terminal region
is a serine-aspartate rich repeat region known as the SD region. The Cterminal region consists of a cell wall spanning region with an LPXTG
motif for covalent anchorage to the cell wall peptidoglycan and a sorting
signal (92).
The DLL mechanism of ligand binding was originally described for SdrGmediated binding of S. epidermidis to Fg (118), but a similar mechanism is
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employed by ClfA and ClfB of S. aureus (119, 120). A trench for ligand
docking is created by the IgG-like folds within the N2 and N3 subdomains.
After docking, an extension of the N3 domain is redirected for interaction
between residues of N3 with Fg which locks the ligand in place. The
structure is finally stabilised by latching of the C-terminal residues of the
N3 domain into a trench within the N2 subdomain. There are variations in
the DLL mechanism of ligand binding between the S. aureus and S.
epidermidis proteins that involve side chain interactions within the binding
trench (92). Hydrophobic pockets within the SdrG binding trench interact
with hydrophobic residues of the Fg ligand. SdrG interaction with Fg blocks
the thrombin cleavage site of Fg and inhibits fibrin clotting (81). ClfA and
ClfB vary from SdrG in their DLL mechanism inasmuch as ligand binding
requires parallel β-sheet complementation (93, 121). This is in contrast to
the antiparallel β-sheet complementation characteristic of SdrG ligand
binding and results in inversion of the Fg ligand within the binding trench of
the ClfA and ClfB proteins (92). Additionally, ClfA differs from ClfB and
SdrG as it can bind to both the closed and open forms of Fg whereas ClfB
and SdrG can only bind the apo form of the protein. ClfA is capable of
binding to the γ-chain of Fg via residues on the γ-chain that can breach the
lock region of the closed ClfA protein (92, 117). Binding of ClfA to the γchain of Fg blocks interaction between Fg and the platelet αIIbβ3 integrin
receptor and prevents platelet aggregation during clot formation (117, 122).
Binding of these MSCRAMMs to Fg mediates the initial stages of biofilm
formation. ClfB is known to mediate S. aureus biofilm formation in low
calcium conditions (123). Calcium chelating agents are commonly used in
catheter locking solutions (23) and while this can inhibit biofilm formation
by some S. aureus strains, it has been shown that Ca2+ depletion can
augment biofilms in other strains in a ClfB-dependent manner (123, 124).
This has important implications for the use of such catheter locking
solutions. Multiple animal models have demonstrated a role for ClfA in
biofilm-associated infections. ClfA has been shown to contribute to biofilm
formation in a rabbit model of infective endocarditis (IE) through binding to
platelets (125, 126). A clfA mutant was attenuated in virulence in a rat
model of IE, a phenotype that was complemented by reintroduction of the
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clfA gene to the mutant (19). Additionally, constitutive expression of clfA by
the non-pathogenic Lactococcus lactis significantly decreased the inoculum
level required to establish infection (127). The affinity of SdrG for Fg has
been exploited to enable successful delivery of vancomycin to the S.
epidermidis biofilm (128). Vancomycin was covalently bound to a synthetic
Fg-based peptide called β6-20. The peptide/antibiotic combination was then
successfully incorporated and retained within the S. epidermidis biofilm
matrix via the mechanism by which SdrG interacts with Fg. This exciting
study is a promising step towards developing targeted novel treatments
against staphylococcal DRIs that can manipulate specific interactions
between host ligands and MSCRAMMs.
1.3.3.3 Secretable expanded repertoire molecules (SERAMs)

Beyond the LPXTG-anchored MSCRAMMs, a collection of non-covalently
anchored surface proteins and secreted proteins can also mediate primary
attachment to host ligands and biofilm formation by S. aureus and S.
epidermidis. These proteins that were originally identified based on their
shared ability to bind to host extracellular matrix proteins do not share
significant homology between their protein structures. None-the-less, they
can all be classified as SERAM proteins or “secretable expanded repertoire
adhesive molecules” (129). In addition to their shared abilities to bind to
host ligands, the SERAM proteins are multifunctional and have a common
role in modulating the host immune response through their interactions with
host ligands (129) . Some of the most prominent of the S. aureus SERAM
proteins to contribute to biofilm formation and virulence are the
extracellular adherence protein (Eap) and the extracellular matrix binding
protein (Emp). A non-covalently anchored surface protein of S. epidermidis
that has an important role in biofilm formation and pathogenesis is the
extracellular matrix binding protein (Embp) which has a role in biofilm
accumulation (130) and will be discussed at a later stage.
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1.3.3.4 The extracellular adherence protein (Eap)

The extracellular adherence protein Eap is a 60-70 kDa non-covalently
linked surface protein that has a role in S. aureus biofilm formation. The
Eap protein is found in various sizes in more than 96% of clinical S. aureus
isolates screened (131). No homologues of this protein have been found in
S. epidermidis (131). During the 1990s, a number of research groups
isolated and characterised a number of proteins that shared similar binding
properties to extracellular matrix glycoproteins and were of a similar size
(132-135). The term Eap was first applied to the 60kDa protein identified by
M. K. Bodén and J. I. Flock (133) and M. H. McGavin, et al. (134) that had
a high binding affinity to a variety of host ligands including bone
sialoprotein, fibronectin and fibrinogen (136). A subsequent study in 2001
found that all of the proteins identified during the 90’s exhibited extensive
homology and were in fact the same protein, namely Eap (131).
Secreted Eap mediates biofilm formation by binding with high affinity to
epithelial, fibroblast and endothelial cells (137) and multiple host ligands
including fibrinogen, fibronectin and serum proteins (136, 138, 139).
Another mechanism by which Eap contributes to DRIs and biofilm
formation is through direct interactions between secreted Eap proteins
which can mediate intercellular aggregation and attachment to uncoated
polystyrene (136, 140). Eap also contributes to biofilm formation under
iron-limited conditions (141).
Eap has a role in uptake by nonprofessional phagocytes including
endothelial cells and keratinocytes. Eap represents an additional mechanism
for internalisation for these cells that is required when the fibronectin
binding proteins are expressed at low levels, for example in the S. aureus
strain Newman (129, 142, 143). Furthermore, Eap can contribute to
modulation of the host response by binding to intercellular adhesin
molecule-1 (ICAM-1) on endothelial cells and blocking the interaction
between leukocytes and ICAM-1 (137, 144). Through this interaction,
subsequent extravasation of leukocytes to the site of tissue damage is
prevented (144). In a mouse renal abscess model an eap mutant was
attenuated in persistent and chronic infections and antibodies against Eap
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afforded a significant level of protection to the animals against disease
progression (145). Recently, Eap has been identified as having inhibitory
activity towards neutrophil serine proteases which further promotes the
pathogenicity of S. aureus in vivo (146).
1.3.3.5 Extracellular matrix binding protein (Emp)

The extracellular matrix binding protein (Emp) was identified in 2001 by
the broad spectrum recognition it exhibited for multiple host ligands,
including fibronectin, fibrinogen, collagen, and vitronectin (147). Although
studied in less detail than Eap, Emp is known to contribute to biofilm
formation and pathogenesis. The Emp protein is approximately 40 kDa in
size and is found in clinical isolates of S. aureus but not in any S.
epidermidis isolates screened to date (147). Secreted Emp contributes to
biofilm formation and endovascular disease through its high affinity for
multiple host ligands (129, 147). Emp also contributes to biofilm formation
when cells are grown under iron-restricted conditions (141). In a mouse
model of renal abscess, an emp mutant was found to be unaffected in
establishing infections early on (145). However, mutation of emp
significantly reduced the number of abscesses, indicating that beyond its
role in biofilm formation, Emp also has a role in chronic infections and
abscess formation. Antibodies to Emp only generated limited protective
immunity to infections in the animals as Emp was found to be located
within staphylococcal biofilms in vivo (145).
1.4 Accumulation of biofilms

After primary attachment of cells to a medical device or damaged host
tissue, other factors begin to play a role in supporting intercellular
accumulation. These factors include the exopolysaccharide PIA/PNAG (Fig.
1.3), LPXTG and non-LPXTG anchored surface proteins and extracellular
DNA. Once sufficient intercellular accumulation is achieved the mature
microcolony is formed, in which fluid-filled channels aid the transport of
nutrients and waste around the biofilm. The cells encased in the mature
biofilm communicate and regulate detachment from the established biofilm
through the Agr quorum sensing system which responds to cell density
31

(148). The multiple factors that S. aureus and S. epidermidis utilise for the
accumulation phase of biofilm formation are strain and environment
dependent and are discussed below.

Surface of medical device
Fig. 1.3: Illustration of PIA-dependent biofilm formation. Intercellular accumulation
mediated by PIA is dependent on the icaADBC operon. The PIA glycan acts as a glue-like
substance that promotes cellular aggregation of negatively charged staphylococcal cells
via the positive charge on the glycan.

1.4.1

icaADBC-dependent biofilm

The first characterised mechanism of staphylococcal biofilm formation was
found to be dependent on production of an exopolysaccharide called
polysaccharide intercellular adhesin (PIA), encoded for on the icaADBC
(intercellular adhesin) operon (Fig 1.3). This sticky glycan is composed of
β-1,6-linked

2-acetamido-2-deoxy-D-glucopyranosyl

residues

which

essentially glue staphylococcal cells together within a biofilm matrix (149).
The PIA glycan has a net positive charge which promotes intercellular
aggregation between the negatively charged staphylococcal cells and
mediates attachment of cells to inert surfaces (Fig. 1.3) (149). A
contribution for PIA to intercellular accumulation was first described in S.
epidermidis (150-153) and subsequently for S. aureus (154-156). There is
high sequence homology between the ica operons of S. aureus and S.
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epidermidis with 78% identity at the amino acid level (154). The ica operon
consists of four biosynthesis genes, icaA, icaD, icaB and icaC and a
divergently transcribed repressor, icaR (32, 157). PIA synthesis begins with
upregulation of the icaA gene which encodes for a membrane located
protein with N-acetylglucosaminyltransferase activity (158, 159). IcaA
synthesises a partially deacetylated β 1–6 linked N-acetylglucosamine
homopolymer, the activity of which is increased 20-fold when co-expressed
with the icaD (32, 158, 159). IcaD acts as a chaperone that optimises the Nacetylglucosaminyl-transferase activity of IcaA and leads to the production
of N-acetylglucosamine oligomers which reach a maximal length of 20
residues (32, 158). When the IcaC protein is co-expressed with IcaA and
IcaD longer chains of N-acetylglucosamine oligomers are produced (32,
158). It is proposed that IcaC plays a role in translocation of the
polysaccharide chain through the cytoplasmic membrane and elongation of
the growing polysaccharide (32). IcaB facilitates partial de-acetylation of
the N-acetylglucosamine residues which gives the polysaccharide chain a
cationic

charge

deemed

important

for

PIA-mediated

accumulation and attachment of cells to surfaces (160).

intercellular

The icaADBC

operon is regulated by the divergently transcribed icaR repressor, a member
of the tetR family of transcriptional regulators which is located directly
upstream of the operon (157). IcaR tightly regulates expression of the
icaADBC locus in response to environmental stimuli, including temperature
changes and the addition of ethanol and salt to growth medium, and has
been shown to influence PIA-dependent biofilm formation (157, 161-163).
PIA-dependent biofilm formation has been shown to be important for both
S. epidermidis and S. aureus in vivo biofilm formation. Slime production, as
PIA production is often referred to, has long been known to contribute to S.
epidermidis virulence (164, 165). Using a mouse model of device-related
infections, a direct correlation between PIA production and virulence was
later demonstrated for S. epidermidis DRIs (160). Subsequent studies using
animal models of DRIs further implicated PIA production as an important
virulence factor for S. epidermidis biofilm-associated infections (66, 166).
PIA-dependent biofilm formation has also been shown to contribute to S.
aureus virulence in a rat model of endocarditis (167). Several groups have
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reported a strong association between virulence of S. epidermidis and S.
aureus and the presence of ica and production of PIA (17, 168-172).
Promising studies have also described how PIA may be a suitable vaccine
candidate against S. epidermidis and S. aureus DRIs (156, 167, 173-175).
However, despite all of these advances, PIA-independent mechanisms of
biofilm formation have been described for both S. epidermidis and S.
aureus. P. Francois, et al. (176) used a tissue cage guinea pig model to
assess the contribution of PIA production to S. epidermidis and S. aureus
DRIs and found no significant differences in virulence between the ica
mutants and parent strains. The authors proposed that the lack of difference
in colonisation may be due to the design of the model which allowed for the
animals to recover from implantation of the tissue cage for three weeks prior
to infection with S. epidermidis and S. aureus. It was suggested that this
enabled the cages to become coated with host matrix proteins and that the
surface proteins of S. epidermidis and S. aureus could mediate biofilm
formation in the absence of a functioning ica operon. One of the first studies
to identify a mechanism of PIA-independent biofilm formation was the
description of the biofilm associated protein (bap) gene which contributes to
biofilm formation in bovine mastitis isolates of S. aureus (177, 178).
Mutation of the ica operon in a bap-positive strain of S. aureus did not
impair its biofilm forming capacity. However, the importance of bap for
human infections was put into doubt when the gene was found to be absent
among a collection of 75 human isolates (177). A separate investigation by
K. E. Beenken, et al. (28) found that mutation in ica did not impair in vitro
or in vivo biofilm formation by the S. aureus strain UAMS-1. Furthermore,
PIA-independent mechanisms of biofilm formation were shown to be
significantly more important for virulence of the S. aureus strain 132 which
is capable of switching from a PIA-dependent to a PIA-independent biofilm
(179).
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1.4.2

PIA-independent mechanisms of biofilm formation

Both S. epidermidis and S. aureus have the ability to form biofilms
independent of PIA production. PIA-independent mechanisms of biofilm
formation involve both sortase-anchored and non-covalently anchored
surface proteins (Fig 1.4). The release of eDNA upon regulated autolysis
also contributes to primary attachment and intercellular accumulation as
discussed previously (Fig. 1.4). Intense research has been undertaken to
characterise these mechanisms of biofilm formation and they are described
below.

Surface of medical device
Fig. 1.4: Illustration of PIA-independent mechanisms of biofilm formation. Biofilm
accumulation independent of PIA production requires LPXTG and non-LPXTG-anchored
surface proteins, Atl-mediated cell lysis and eDNA release to mediate intercellular
aggregation during biofilm formation.
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1.4.2.1 Accumulation associated protein/S. aureus surface protein G

The accumulation associated protein (Aap) of S. epidermidis and the S.
aureus surface protein G (SasG) are two structurally similar, typical
LPXTG-anchored multidomain surface proteins that have roles in the
accumulation phase of PIA-independent biofilm formation. The role for Aap
in S. epidermidis biofilm accumulation was first described by M. Hussain, et
al. (87) who described a mutant that was deficient in biofilm accumulation
on glass and polystyrene surfaces. This biofilm defect was attributed to a
140 kDa protein and antibodies raised against this protein could inhibit S.
epidermidis biofilm accumulation by 98%. The protein was identified as
processed Aap and was found to have no role in primary attachment of cells
to glass or polystyrene. Ten years after the identification of Aap, R. M.
Corrigan, et al. (180) described the homologue protein in S. aureus, SasG,
which, like Aap, contributed to biofilm accumulation in a PIA-independent
manner.
There is 54% identity between the Aap and SasG proteins (180). The
proteins consist of an N-terminal signal peptide that is removed during
secretion across the cytoplasmic membrane followed by an A-domain that is
composed of related amino acid sequences. These sequences are predicted
to fold into an all β-structure that enables adhesion to desquamated
epithelial cells and promotes colonisation of the skin and nares via
interaction with an unidentified receptor (180-182). The B regions of Aap
and SasG are 64% identical and are followed by a C-terminal LPXTG motif
that covalently anchors the proteins to the cell wall (89). The B domains
consist of tandemly arrayed glycine G5 domains interspersed with
approximately 50 residue enzymatic domains (E) (183). The B domain of
Aap consists of repeats of 3-12 G5-E domains of 128 amino acids, followed
by a single G5 repeat. The SasG B domain has seven 128-residue repeats
and one partial repeat. Biofilm formation is mediated by the B regions of
Aap and SasG upon cleavage from the A domain (89, 113). This cleavage
occurs through an as yet uncharacterised mechanism (113). It has been
proposed that processing of SasG may occur spontaneously at labile peptide
bonds (89). The importance of cleavage of Aap for S. epidermidis biofilm
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accumulation was demonstrated through biofilm inhibition assays with
addition of alpha (2)-macroglobulin to the growth media (113).
Furthermore, biofilm formation could be induced through expression of the
truncated protein and not the full length Aap in an aap and biofilm negative
S. epidermidis strain (113). It has been proposed that cleavage of SasG,
which occurs at a different site to Aap is required for S. aureus biofilm
formation, however, the inability to inhibit cleavage of the protein has
prevented conclusive evidence of this to date (89). Despite this, J. A.
Geoghegan, et al. (89) could demonstrate that the cleaved B domain and not
the A domain of SasG contributes to S. aureus biofilm accumulation.
After cleavage of the A domain, the B domain mediates biofilm
accumulation through a “zinc-zipper mechanism” which is dependent on the
G5 repeats. Homophilic interactions between the B domains of cells results
in dimer formation and cellular aggregation that is dependent on a
physiologically relevant concentration of Zn2+ (89, 184, 185). This results in
the formation of extended fibrils consisting of Aap and SasG on the cell
surface that can promote cell to cell adhesion and biofilm accumulation
(180, 183, 185, 186). Chelation of Zn2+ from growth media inhibits both S.
epidermidis and S. aureus biofilm formation, demonstrating the importance
for this “zinc-zipper mechanism” for biofilm accumulation (89, 184).
Purified recombinant B regions of Aap and SasG can also inhibit S.
epidermidis and S. aureus biofilm formation respectively (89, 113).
Additionally, biofilm accumulation independent of the “zinc zipper
mechanism” mediated by the B domain of SasG has been described (185).
Structures of E-G5 and G5-E-G5 within the B domain of SasG form
monomeric structures in which the E sequences fold and interlock with the
G5 domains in a head-to-tail fashion, resulting in the formation of fibrils on
the cell surface that mediate accumulation within a biofilm.
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1.4.2.2 The fibronectin binding proteins

Research from our laboratory has identified a role for the fibronectin
binding proteins (FnBPs) in the accumulation phase of S. aureus PIAindependent biofilm formation (90). These MSCRAMM proteins, namely
FnBPA and FnBPB, are structurally similar cell wall-associated proteins.
Both are composed of a N-terminal signal sequence, an A region with
fibrinogen and elastin binding A domains (N1, N2 and N3), a region of
fibronectin binding motifs (11 in FnBPA and 10 in FnBPB), a
wall/membrane spanning region and a C-terminally located LPXTG motif
for covalent anchorage to the cell wall (114, 187) . The proteins are capable
of binding to the host extracellular matrix proteins fibronectin, fibrinogen
and elastin (114, 187-190). Fibronectin binding is mediated by the Cterminally located tandemly repeated motifs and occurs by a tandem βzipper interaction mechanism (191). Binding to elastin and fibrinogen is
mediated through a dock, lock and latch mechanism with the proteins
recognising the same binding site of fibrinogen as ClfA, the extreme Cterminus of the γ-chain (189, 192-194). Peptides are docked within a
hydrophobic trench located between the N-terminally located N2 and N3
subdomains. This docking induces redirection of the flexible N3 subdomain
over the trench which locks the peptide in place. Latching then occurs when
the remainder of the C-terminally located extension interacts with
subdomain N2 via β-strand complementation (118, 120). Internalisation of
S. aureus into fibroblasts, epithelial and endothelial cells is promoted
through formation of a fibronectin bridge to the α5β1 integrin upon
interaction of the FnBPs with fibronectin, highlighting an important role for
these MSCRAMMs in invasive staphylococcal diseases (195, 196). There is
a strong association between carriage of the fnbps and invasive
staphylococcal diseases, with S. aureus isolates from invasive diseases such
as endocarditis, osteomyelitis and septic arthritis more likely to carry both
genes (197). Ninety-seven percent of a collection of nosocomial pneumonia
and cystic fibrosis S. aureus isolates were found to possess both fnbp genes
(198). People suffering from invasive S. aureus infections were found to
have a significantly higher level of anti-FnBPA antibody in their sera when
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compared to sera from healthy volunteers (199). Promisingly, antibodies to
the FnPBs could elicit protection against dissemination and the development
of endocarditis in a rat model of local joint infection (200).
As mentioned, the FnBPs have a crucial role for the accumulation phase of
PIA-independent biofilm formation of both healthcare and communityassociated MRSA with each individual FnBP protein capable of
complementing the biofilm defect of a double fnbpAB mutant (90, 201).
Supporting a role for the FnBPs in PIA-independent biofilm formation was
the finding that the FnBPs are constitutively expressed throughout the
growth cycle of a HA-MRSA producing biofilm independent of PIA,
whereas they were found to be expressed only in the exponential growth
phase of an MSSA strain expressing a PIA-based biofilm (194). The region
of the FnBPs involved in biofilm formation has been identified within the A
domain N-terminal region of FnBPA and is localised to residues 166 to 498
comprising the N2 and N3 subdomains (90, 194). Biofilm formation
mediated by this region is dependent on a physiological concentration of
Zn2+ (194). The in vivo relevance of FnBP-mediated biofilm formation has
been shown using a mouse foreign body infection model (179). In this study
an fnbpAB double mutant was found to be significantly less virulent than the
wild type strain or its isogenic ica mutant. An interesting study comparing
isolates from infected cardiovascular devices (CDI isolates) to isolates from
non-infected devices and asymptomatic carries found an important role for
FnBPA polymorphisms in the pathogenesis of the CDI isolates (202). CDI
isolates were identified as having three specific single amino acid
polymorphisms within FnBPA that enabled the protein to bind with higher
affinity to fibronectin (202). This in vivo selection for mutations in FnPBA
which result in greater binding affinity to fibronectin further highlights the
important contribution of the FnBP-mediated biofilm for DRIs.
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1.4.2.3. Protein A

The LPXTG-anchored staphylococcal protein A (Spa) was the first LPXTGanchored surface protein of S. aureus to be described (100, 203, 204). The
Spa protein consists of a S domain with a signal peptide, A-E domains
which are required for immunoglobulin binding, short octapeptide repeat
sequences encoded for by Xr, and a Xc encoded LPXTG anchoring domain
in the C-terminal region (205, 206). Spa is well known for its role in
facilitating immune evasion and aiding S. aureus in evading phagocytosis
through binding to the constant region of immunoglobulin G (IgG) in the
opposite orientation (206, 207). Consequently S. aureus cells become coated
with IgG in the wrong alignment that cannot be recognised by the neutrophil
complement binding (Fc) receptor, thereby enabling cells to evade
phagocytosis (207, 208). Beyond its role in inhibiting opsonophagocytic
killing by polymorphonuclear leukocytes, Spa also interacts with von
Willebrand factor (209), platelets (210), B lymphocytes (211), tumor
necrosis factor receptor 1 (212) and the epidermal growth factor receptor
(213) which are all important interactions for initiating colonisation of
damaged host tissue and inflammation in diseases such as infective
endocarditis and pneumonia (214).The importance of Spa for S. aureus
virulence has been demonstrated in multiple animal models. Spa contributes
to a range of diseases including pneumonia (215), septic arthritis (216) and
skin and soft tissue infections (217).
Spa has been characterised as an important mediator of S. aureus biofilm
formation that promotes intercellular accumulation (91). N. Merino, et al.
(91) described spa mutants that were biofilm negative in vitro and showed
that the protein does not need to be anchored to the cell wall to function in
biofilm accumulation as exogenous Spa could promote biofilm formation. A
murine model of subcutaneous foreign body infection was employed during
this study and coinfection of the animals with the parent and spa mutant
strains revealed that Spa significantly contributes to DRIs.
As well as roles in immune evasion and biofilm formation, Spa is also
important for nasal colonisation. Comparison of the exoproteome of S.
aureus from nasal carriers to strains from non-carriers revealed that Spa was
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present at significantly higher levels in the exoproteome of a strain from
carriers than from non-carriers, suggesting a direct role for Spa in
colonisation (218). A very recent publication demonstrated that the biofilm
matrix exoproteome of S. aureus can elicit a protective immune response in
mice against S. aureus biofilm-related infection (219). Immunisation of
mice with the biofilm matrix exoproteome resulted in reduced levels of
colonisation and persistence in the mice upon infection. Different strains of
S. aureus were used in this study to the strain assessed in the colonisation
study carried out by G. Muthukrishnan, et al. (218). However, Gil et al.
reported that 85% of the exoproteins encompassed in the biofilm matrix
exoproteome of the S. aureus strain which elicited protective immunity in
the mice were identical to the components of the exoprotein of the
colonising strain described by Muthukrishnan et al. It is interesting to note
that in both studies, Spa was reported to be present in both exoproteomes.
1.4.2.3 The extracellular matrix binding protein (Embp)

S. epidermidis can mediate biofilm accumulation through the extracellular
matrix binding protein (Embp) in a PIA and Aap-independent manner (130).
Embp is a giant protein, non-covalently anchored to the cell wall of 1 MDa
in size and was first identified by its high binding affinity for fibronectin
(88). Embp can bind to other host extracellular matrix proteins with less
affinity than fibronectin, including heparin, hyaluronate, and plasminogen
(88). Binding of Embp to fibronectin and other matrix proteins can mediate
primary attachment of S. epidermidis to surfaces coated with these proteins
(130). Embp also mediates intercellular accumulation during the later stages
of biofilm formation (130). The regions of the Embp protein that mediate
binding to host ligands are also required for mediating intercellular
accumulation, specifically the FIVAR (found in various architecture) and
the GA (protein G-related albumin) domains (130). Furthermore, embp gene
and protein expression is upregulated under high osmotic conditions,
conditions that are often encountered by skin colonising bacteria (220). This
work shows that beyond its role in biofilm formation and intercellular
accumulation, Embp may also serve as a mechanism of skin colonisation
and cell wall stabilisation during osmotic stress conditions (220).
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Embp is recognised as an important virulence factor of S. epidermidis. S.
epidermidis strain 1585 only expresses Embp in the presence of serum
which indicates the in vivo relevance of this mechanism of biofilm
formation for S. epidermidis (130). Moreover, embp carriage is associated
with invasive strains of S. epidermidis and has been identified in invasive
isolates from blood cultures (221), prosthetic joint infections (222) and
intraocular infections (223), highlighting the in vivo relevance of Embp for
S. epidermidis DRIs.
1.5 Global virulence gene regulators and biofilm formation

To establish a successful infection staphylococci require a sophisticated and
intricate regulatory network of virulence regulators that can respond to
changing environments and the host response. Tightly regulated
coordination of these virulence factors by global regulators is key to
surviving within the host and the contribution of these global regulators to
virulence and biofilm formation by staphylococci is discussed below.
1.5.1

The accessory gene regulator (Agr) quorum sensing system

The Agr system is by far the best understood quorum sensing system of S.
epidermidis and S. aureus. Encoded for on the agr locus are two divergent
transcripts, RNAII and RNAIII, expression of which is driven by the
neighbouring but non-overlapping P2 and P3 promoters respectively (224).
Quorum sensing, mediated by the agr system, is responsive to levels of the
post-translationally modified autoinducing peptide, AIP (225). The AIP
pheromone is produced as part of the cell density-sensing system of
staphylococci. Once threshold levels of AIP are reached, regulation of
virulence factors is activated by agr. The active agr system represses
extracellular protease production and upregulates toxin secretion (226).
The RNAII transcript of the agr locus encodes for an operon of four genes,
agrBDCA, which coordinate synthesis of AIP. AIP synthesis begins with
transcription of agrD which encodes for the AIP precursor protein AgrD
(227, 228). AgrD is posttranslationally modified by AgrB which functions
as a protease that cleaves AIP to approximately eight amino acids in length
42

(229, 230). AgrB has also been proposed to function in secretion of the
mature AIP (231, 232). AgrC and AgrA act as a two component signal
transduction pathway that respond to AIP levels (231). AgrC is a sensor
kinase that has a binding site for AIP. Upon binding with AgrC, the
response regulator AgrA becomes activated and initiates transcription of
RNAII and RNAIII (228). RNAIII is the effector molecule of the agr
system and encodes for the phenol soluble modulin (PSM) δ-toxin. The Agr
system also regulates expression of the psm operons encoding, for example,
for the expression of psmα and psmβ molecules through direct binding of
AgrA to the promoters (233).
Recent studies have shown that the Agr system is an important regulator of
multiple stages of staphylococcal biofilm formation (234). It is likely that
the downregulation of extracellular proteases and surfactant-like PSMs
associated with the low level of agr activity during the planktonic state
contribute to initiating biofilm formation in both S. aureus and S.
epidermidis (234-236). The down regulation of agr-regulated proteases
upregulates adhesins on the cell surface that can initiate primary attachment
and mediate physio-chemical interactions with implanted biomaterial (236).
Agr-regulation of AtlE expression has been implicated in the primary
attachment stage of S. epidermidis biofilm formation (235). Agr is a
negative regulator of AtlE and when Agr is expressed at low levels during
the early stages of biofilm formation, AtlE is capable of initiating biofilm
formation as described earlier. In contrast, Agr does not directly regulate Atl
of S. aureus (236). Agr also has a well-documented role in detachment of
cells from established biofilms (61, 148, 234, 237-239). The upregulation of
extracellular proteases by agr transcription is one mechanism by which the
Agr system mediates dispersal from biofilms. The second mechanism is
through upregulation of PSM molecules. The β-PSMs of S. epidermidis and
all classes of PSMs of S. aureus (α-PSM, β-PSM and δ-PSM) have been
implicated in biofilm structuring and dispersal (234). It is believed that
PSMs contribute to biofilm channel structuring and dispersal through
disrupting non-covalent (electrostatic or hydrophobic) interactions between
macromolecules of an established biofilm (16). Agr-positive S. aureus
strains are capable of forming a film of amphipathic surfactant δ-toxin
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molecules expressed at the biofilm/fluid interface. This δ-toxin film inhibits
the hydrophobic interactions between bacterial cell surfaces, thus lowering
surface tension and causing cell detachment from the biofilm matrix (240).
Upregulated Agr activity and dispersal from established biofilms is
important for acute infections (241, 242) whereas reduced Agr activity and
psm expression have been implicated in the development of thick and dense
biofilms (243). Thus, reduced agr expression favours the formation of
localised chronic biofilm-associated infections (244) and indeed agrnegative strains of S. aureus and S. epidermidis are frequently isolated from
such infections (240, 245).
1.5.2

The staphylococcal accessory regulator, SarA

The SarA gene was first identified in S. aureus and is known to regulate the
expression of over 100 genes (246, 247). The SarA proteins of S. aureus and
S. epidermidis share 84% homology (248). SarA is a DNA binding protein
that is preferentially transcribed during the early log phase of growth. It is a
key global regulator of S. aureus and S. epidermidis virulence, upregulating
synthesis of a variety of cell wall and extracellular proteins and down
regulating expression of proteases. SarA can control virulence gene
regulation through agr-dependent and agr-independent mechanisms (249).
The sarA locus encodes for the SarA protein and consists of three
overlapping transcripts driven by three distinct promoters, P1, P2 and P3.
SarA can directly regulate expression of virulence genes by binding to target
gene promoters or indirectly via downstream effects on other regulators
such as agr or by stabilising mRNA during the log phase of growth (250).
SarA is a known regulator of ica-dependent and ica-independent biofilm
formation by S. aureus and S. epidermidis. SarA regulates ica-dependent
biofilm formation in a manner independent of the Agr system (251, 252)
and the icaR regulator (253). SarA binds with high affinity to the IcaA
promoter, thereby upregulating transcription of the icaADBC locus and
promoting biofilm formation. SarA also promotes ica-independent biofilm
formation by downregulating extracellular protease production and
promoting expression of surface adhesins to mediate primary attachment
and intercellular accumulation (28, 254). In a sarA mutant the expression of
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the extracellular proteases aureolysin, SspA, SspB, and ScpA is upregulated
and surface adhesin expression is impaired (255, 256). The upregulation of
proteases, and subsequent degradation of putative protein adhesins, has been
shown to negatively impact on ica-independent biofilm formation and
elimination of the production of all proteases fully restores virulence and
biofilm formation by a S. aureus sarA mutant (256, 257). SarA has been
shown to be required for S. aureus virulence in murine models of implantassociated biofilm infection and of S. aureus bacteraemia through
upregulated protease activity and decreased production of virulence factors
such as ClfA, ClfB and Hla in the absence of SarA (258). Moreover,
mutation of sarA renders S. aureus biofilms more susceptible to daptomcyin
treatment in a murine model of catheter-associated infection (259) and SarA
has been shown to be required for attenuating the host’s inflammatory
response during staphylococcal biofilm infection of the central nervous
system, although the exact mechanism remains to be determined (260).
1.5.3

Sigma B

The alternative sigma factors sigma B (σB) of S. aureus and S. epidermidis
function as stress response regulators. σB controls a large regulon that is
involved in a number of cellular processes including protein secretion,
oxidative stress response, signalling pathways, cell wall biosynthesis and
turnover and biofilm formation (261, 262). σB is an important modulator of
virulence gene expression, controlling expression of over 250 genes of S.
aureus, and acts conversely to the Agr system (261). The σB operon consists
of four genes rsbUVW and sigB (263). RsbW is an anti-sigma factor that
represses transcription of σB in the absence of a stress condition. When an
environmental

stress

is

encountered,

the

phosphatase

RsbU

dephosphorylates the anti-anti-sigma factor RsbV which subsequently binds
to RsbW and enables disassociation of σB from the RsbW protein. σB is then
free to interact with RNA polymerase and initiate a stress response.
As mentioned, σB has a role in both S. aureus and S. epidermidis biofilm
formation. σB regulates ica-dependent biofilm formation by S. epidermidis
in response to osmotic stress and anaerobic conditions (264, 265). σBregulation of S. epidermidis biofilm formation occurs through indirect
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repression of the negative regulator icaR. σB was first implicated in S.
aureus biofilm formation in 2000 (266). This study showed that a σB
mutation impaired osmotic stress-induced biofilm formation by S. aureus,
which are the conditions used to trigger ica-dependent biofilm formation. σB
is a positive regulator of icaR transcription in S. aureus (267). However, σB
also has a role in regulating ica-independent biofilm formation by S. aureus
and does so indirectly through regulation of agr and extracellular protease
levels (239). Mutation of σB upregulates agr-regulated expression of
proteases which degrades putative protein adhesins required for icaindependent biofilm formation.
1.5.4

Biofilm formation under iron-limited conditions, the global
regulators Fur and Sae

Iron depletion is a common stress that is encountered by staphylococci
during infection. The ferric uptake regulator, Fur, is a global regulator of
expression of virulence genes in low iron conditions in S. epidermidis and S.
aureus (268). Originally, Fur was identified as an iron-dependent repressor
of genes involved in iron acquisition during infection (269). However, Fur
also has roles in regulation of virulence genes under high and low iron
conditions (107, 268). Fur regulates S. aureus biofilm formation in an icaindependent manner (270) through upregulation of the secreted proteins Eap
and Emp during iron-limited conditions (141). Interestingly, iron-dependent
repression of Eap and Emp is Fur-independent. It has not been fully
revealed exactly how Fur activates transcription under low iron. M.
Johnson, et al. (271) propose several possible mechanisms for Fur-regulated
transcription. It is possible that Fur mediates transcription through direct
binding to target promoters although no Fur box consensus sequences have
been identified to date in any of the positively regulated Fur-regulated
promoters. Another possibility is that Fur is indirectly regulating
transcription by repression of another protein regulator or is involved in
post-transcriptional regulation, possibly mediated by small, non-coding
regulatory RNAs.
Fur is involved in a complex regulatory network under iron-depleted
conditions and is required for full expression of the S. aureus exoprotein
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expression (Sae) two component system (TCS) (271). Sae, along with Fur,
is required for full induction of Eap and Emp to aid S. aureus biofilm
formation under iron depleted conditions (141). When induced under low
iron conditions, Sae and Fur act cooperatively to induce not just biofilm
formation but also expression of multiple exoproteins including hemolysins,
lipases, nucleases and the surface IgG-binding protein SBI (271). The Sae
TCS is involved in the regulation of not just biofilm formation under ironlimited conditions but also in the expression of toxins and immune evasion
proteins, and is required during oxidative stress conditions (271). The sae
operon is autoregulated and consists of four open reading frames, saeP,
saeQ, and saeR and saeS which encode for the response regulator (SaeR)
and the receptor kinase (SaeS) of the two component system (272). The Sae
TCS regulates biofilm-associated infections in a protease-dependent manner
(273) and acts synergistically with SarA to regulate extracellular protease
production (274). Sae-regulated protease activity and production of key
virulence factors can reverse the attenuation of sarA mutants in a murine
model of catheter-associated infection (275). The SaeRS TCS also partially
regulates biofilm formation through direct regulation of nuclease (275, 276).
The role for the Sae TCS is S. epidermidis biofilm formation differs from
that of S. aureus Sae-dependent biofilm formation. A saeRS deletion mutant
displayed increased levels of biofilm formation in the S. epidermidis strain
1457 which was mediated by increased expression of the AAP protein and
the autolysins AtlE and Aae (277). This increase in autolysins and autolytic
activity correlated with increased concentrations of eDNA in the biofilm
matrix. The Sae TCS was shown to have no impact on icaA expression,
revealing that saeRS is regulating S. epidermidis biofilm formation in an
ica-independent manner.
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1.6 Methicillin resistance

Methicillin resistance is one of the most challenging problems facing
staphylococcal researchers. Methicillin-resistant S. aureus (MRSA) was first
isolated in 1961, just two years after methicillin was first introduced into
clinical practice (278). Since the 1970s, methicillin resistance has become a
worldwide epidemic and hospital-acquired and community-associated
strains of MRSA (HA-MRSA and CA-MRSA) have been characterised.
HA-MRSA are confined to the hospital environment where they are
associated with infections in immunocompromised individuals and carry
resistance to multiple antibiotics (279). In contrast, CA-MRSA have
enhanced virulence compared to HA-MRSA and can cause infections in
healthy people that have no contact with the hospital environment (279).
Additionally, methicillin resistance rates among S. epidermidis strains
associated with hospital-acquired infections are extremely high and often
exceed those of MRSA (280). Incidents of methicillin-resistant S.
epidermidis (MRSE) do not prompt the same level of infection control
measures as incidents of MRSA infections (281). However, recent studies
have highlighted the importance of controlling and preventing MRSE
infection rates as a measure for controlling MRSA outbreaks. There is
strong evidence that MRSE is a reservoir for drug resistance elements
acquired by methicillin-sensitive S. aureus (MSSA) and that MRSE
populations facilitate ongoing evolution of novel SCCmec elements (282285).
Methicillin resistance is mediated by acquisition of the mecA gene encoded
for on the unique molecular vector called the staphylococcal chromosome
cassette (SCCmec) (286). SCCmec elements share similar structural
homology. Each element consists of inverted repeats, direct repeats (DR),
joining regions (J1, J2 and J3), the mecA gene and the cassette chromosome
recombinase (ccr) gene complex (287). The ccr complex encodes for one or
two recombinases that are responsible for site- and orientation-specific
excision and integration of SCCmec into a site close to the origin of
replication called open reading frame X (orfX) (286). The DRs flank either
side of the SCCmec element and contain integration site sequences that are
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recognised by the ccr-complex to mediate correct integration of the
SCCmec element into the chromosome. The joining regions consist of
apparently useless pseudogenes and truncated copies of transposons and
insertion sequences. These regions are used for subtyping SCCmec
elements.
The mecA gene encodes for a foreign penicillin-binding protein called
PBP2a. PBP2a is characterised by a low affinity for β-lactam antibiotics
(288). β-lactam antibiotics such as methicillin and oxacillin, the clinically
used derivative of methicillin, bind to the transpeptidase domain of native
PBPs and prevent peptide cross-linking at the last stage of peptidoglycan
synthesis (289). Cell death then occurs as autolytic enzymes puncture the
cell wall while normal cell division continues in the presence of β-lactams
(290, 291). PBP2a can maintain its transpeptidase action and facilitate
normal cell wall turnover in the presence of β-lactams. However, PBP2a is a
poor transpeptidase and requires the transglycosylase activity of native
PBPs to confer resistance (292). There are two distinct sets of regulatory
genes that control transcription of mecA, mecRI-mecI and blaRI-blaI (293).
The mecRI-mecI regulatory element is located upstream and is divergently
transcribed from mecA. The blaRI-blaI regulatory element is responsible
for production of the β-lactamase blaZ. MecI and BlaI are repressors
capable of repressing mecA as well as blaZ transcription (293). Activation
of mecA and blaZ transcription occurs when the transmembrane receptors
MecRI and BlaRI are activated by binding of an inducer to their
extracellular domain which triggers metalloprotease cleavage of the
repressors (294, 295). Resistance levels to β-lactams are affected by each
regulatory system. The mecRI-mecI regulatory element has a much slower
rate of induction in the presence of β-lactams than the blaRI-blaI regulatory
element (296, 297).
To date, there are eleven identified SCCmec types but more are expected to
be discovered (298). Classification of SCCmec types is based on the
combination of ccr-gene complex and the class of mec-gene complex
encoded for on the cassette (287). HA and CA-MRSA differ in their
SCCmec types. The older and larger SCCmec types I-III are associated with
HA-MRSA strains (299). These elements carry resistance to multiple
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antibiotics and incur a fitness cost upon the strains. In contrast, the smaller
SCCmec types IV and V are found in CA-MRSA strains (300-302). These
new elements typically only carry the mec-gene complex and no other
resistance genes, rendering less of a fitness burden on CA-MRSA than the
larger SCCmec types of HA-MRSA (303, 304). These new elements are
widely distributed among MRSE strains, further implicating S. epidermidis
as a reservoir for horizontal gene transfer of resistance genes to S. aureus
(283, 287).
1.6.1

Heterogeneous and homogeneous methicillin resistance

Heterogeneity is a feature of S. aureus resistance to methicillin (305-307).
Heterogeneous resistance (HeR) occurs when the majority of a population
(≥99.9%) of cells are susceptible to low levels of β-lactams and express an
MIC from 1-10 μg/ml (307). Within this HeR population a subpopulation of
cells (≥1%) express homogeneous resistance (HoR) that facilitates growth at
high concentrations of β-lactams (307). Clinical MRSA strains often express
HeR resistance and selection of HoR resistant strains in the laboratory is
achieved by growth on high levels of oxacillin (≥100 μg/ml oxacillin),
osmotic stress and growth at 30oC or in the presence of sucrose (308).
The mechanisms governing the transition from a HeR to a HoR phenotype
of resistance is not yet completely understood and levels of resistance do not
necessarily correlate with the amount of PBP2a expressed (309). Mutations
in the chromosome of MRSA and not within the SCCmec element are
associated with the transition from HeR to HoR resistance (309). HoR
resistance arises from numerous different mechanisms and includes
mutations in regulatory factors, genes involved in cell wall turnover and
peptidoglycan synthesis and mutations in housekeeping genes such as the
fem genes (factor essential for methicillin resistance) and the aux genes
(auxiliary genes) (288, 310-315). Recently, the HoR phenotype has also
been associated with non-synonymous single nucleotide polymorphisms
(SNPs)

in

gdpP

(316). The

gdpP

gene

encodes

a

c-di-AMP

phosphodiesterase implicating c-di-AMP with increased resistance to betalactam antibiotics (317, 318). Further implicating a role for gdpP in the
phenotype of HoR strains was the finding that mutation of dacA, the
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diadenylate cyclase gene which reduces c-di-AMP levels, resulted in the
conversion of a HoR to a heterogeneously resistant (HeR) strain (319).
1.6.2

Methicillin resistance and biofilm formation

Over the last decade, research in our laboratory has established a
relationship between methicillin resistance and biofilm phenotypes (38, 90,
254, 320). MSSA strains were commonly found to produce biofilm
dependent on PIA production (Fig. 1.3) whereas MRSA strains formed
biofilms independent of PIA as illustrated in figure 1.4 (254). An initial
study characterising ica-independent biofilm formation in four clinical
MRSA isolates (320) was followed up with a larger study on a collection of
32 intensive care unit isolates (15 MSSA and 17 MRSA strains) which
provided further evidence for ica-independent biofilm formation by MRSA
(321). Finally, a comprehensive study of 212 clinical isolates (114 MRSA
and 98 MSSA) representing five clonal complexes (CC5, CC8, CC22, CC30
and CC45) provided compelling evidence for ica-dependent biofilm
formation by MSSA and ica-independent biofilm formation by MRSA
(254). MSSA strains form biofilms induced by the addition of salt to the
growth media, a known inducer of the ica operon. The biofilms formed by
MSSA are susceptible to degradation by sodium metaperiodate (SM), which
oxidises polysaccharide bonds, but are resistant to degradation by proteinase
K, DNaseI and polyanethole sodium sulfanate (PAS), which inhibits
autolytic activity without impairing growth (Fig. 1.3). In contrast, SM has
no effect on glucose-induced MRSA biofilms whereas these biofilms are
readily degraded by proteinase K, DNaseI and PAS, implicating roles for
protein adhesins, autolysis and eDNA in the MRSA biofilm matrix (Fig.
1.4).
How methicillin resistance alters the biofilm phenotype of S. aureus is still
under investigation but recent work from our laboratory has given insights
into some of the mechanisms behind this phenomenon (316). Construction
of a homogeneous (HoR), high level resistant MRSA from the laboratory
MSSA strain 8325-4 implicated mecA in the switch in biofilm phenotype
from a polysaccharide type to a proteinaceous type. Acquisition of the mecA
gene was directly associated with a >300-fold repression of the ica operon.
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High level expression of PBP2a was shown to be important for the
proteinaceous biofilm of MRSA strains as a mutant expressing a
catalytically inactive mecA was impaired in biofilm formation. Moreover,
antibodies to PBP2a could inhibit MRSA biofilm formation. Further
implicating a direct role for PBP2a in the HoR biofilm phenotype was the
unexpected finding that atl, srtA and fnbpAB mutations had no effect on the
HoR biofilm formation. Repression of agr was associated with high levels
of PBP2a expression and this downregulation of agr is a contributory factor
for promoting the proteinaceous biofilm formed by HoR MRSA strains
(226, 316).
The switch in biofilm formation from a PIA-based to a proteinaceous type
did not impair the ability of S. aureus to colonise implanted catheters in a
mouse model of device-related infection (316). However, the switch from
methicillin-sensitive to highly methicillin-resistant did impair overall
virulence of the HoR strain. The HoR strain disseminated at significantly
lower levels to organs than the parent MSSA strain and didn’t induce as
strong a pro-inflammatory response as the parent strain. This attenuation in
virulence of an MRSA strain has been reported in other publications (226,
322, 323) and is supported by clinical reports that MSSA are significantly
more associated with higher rates of endocarditis and higher illness severity
scores than MRSA strains (324, 325). Based on the findings of C. Pozzi, et
al. (316) and J. K. Rudkin, et al. (226) the attenuation in virulence of MRSA
strains can be attributed to the reduction in agr activity via PBP2a
expression.
Another mechanism for attenuated virulence in MRSA strains and
downregulation in agr has recently been attributed to carriage of the psmmec locus which is found on type II SCCmec elements commonly carried by
highly resistant HA-MRSA (326-329). The psm-mec locus is located
adjacent to the mec locus on type II elements. Transcription of this locus
supresses expression of the cytolytic phenol-soluble modulin α (PSMα) via
downregulation of agrA, a positive transcription factor for PSMα. Carriage
of the psm-mec locus attenuates virulence of HA-MRSA in murine infection
models (327-329) and promotes biofilm formation, indicating the relevance
of biofilm formation for HA-MRSA (326, 329). The psm-mec locus has
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been implicated as a source of differences in virulence between HA and
CA-MRSA as carriage of the locus is absent on the smaller SCCmec
elements of CA-MRSA and mutation or deletion of the locus was found to
increase the virulence of HA-MRSA in murine skin and systemic infection
models (326). Therefore, both carriage of the psm-mec locus and high level
expression of PBP2a can be directly correlated with attenuated virulence of
HA-MRSA compared to their MSSA counterparts or CA-MRSA.
Recent research from our laboratory has investigated a way of exploiting
this attenuation in virulence for therapeutic potential. The work by J. K.
Rudkin, et al. (330) has demonstrated that by increasing PBP2a expression
with oxacillin pressure, CA-MRSA exhibit reduced expression of agr and
secretion of the cytolytic PSMα. Although counterintuitive, treating MRSA
with β-lactams to attenuate virulence may improve prognoses for patients
and increase the efficacy of other antibiotics such as glycoproteins, the last
resort antibiotics used to treat MRSA infection, for which there is now
rising resistance. Despite this promising work further investigations are
required as oxacillin pressure increased expression of alpha toxin and
Panton-Valentine leukocidin (330) and, given the role of PBP2a in
promoting biofilm formation, this too may be problematic for using βlactams to treat MRSA infections.
1.7 Animal models of DRIs

Despite advances in the designs of flow cell models for studying in vitro
biofilm formation and DRIs, the use of animal models of DRIs remains an
invaluable tool for elucidating the relevant mechanisms of staphylococcal
biofilm formation and for the discovery of novel therapeutics to treat DRIs.
A variety of models have been designed that mimic human DRIs. Some of
the commonly used models of DRIs are discussed below.
One of the earliest models designed for studying staphylococcal DRIs was
the tissue cage guinea pig model which was designed by W. Zimmerli, et al.
(331). This model has since been adapted for use in mice (176, 332) and is
a useful tool for examining the mechanisms of staphylococcal biofilm, the
inflammatory response to DRIs and for assessing the efficacy of antibiotics
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and novel therapeutics against staphylococcal DRIs (176, 333, 334). The
model involves the implantation of the tissue cage into the subcutaneous
space of the flank of the animals. Rigid polymethacrylate and
polytetrafluoroethylene tubes perforated with approximately 250 holes, each
1 mm in diameter are used as the cages. Perforations in the cage allow for
an influx of inflammatory cells into the tissue cage fluid, particularly
polymorphonuclear neutrophils and monocytes. After implantation of the
tissue cage, the animals are allowed to recover and heal fully for several
weeks after which infections are established by injecting a pre-determined
inoculum of bacteria into the tissue cages within the subcutaneous space.
Tissue cage fluid can then be assessed for colony forming units as well as
inflammatory markers.
The mouse peritoneal cavity model is used to mimic DRIs associated with
continuous ambulatory peritoneal dialysis (CAPD) and was designed by B.
Gallimore, et al. (335). To ensure the development of confluent catheterassociated infections, catheter segments are incubated in a defined inoculum
of bacteria for 72 hours, followed by multiple washes with sterile medium
prior

to

implantation.

Infected

catheter

segments

are

implanted

intraperitoneally and secured to the lateral abdominal wall. After the
infection course the animals are sacrificed and assessment of the DRI is
carried out by peritoneal washing. This involves retracting the abdominal
skin of the mice and gently injecting and withdrawing a volume of MEM
(Eagle’s modified, containing 10% heat-inactivated foetal calf serum and 20
mM HEPES buffer) into the peritoneal cavity. Total cell counts of the
peritoneal washing can then be assessed, along with total cell counts from
the parietal peritoneum, the surrounding peri-catheter tissue, the spleen and
the catheter segment. Several studies have proved the effectiveness of this
model for investigating staphylococcal DRIs and novel treatments
associated with CAPD infections (335-337).
The mouse foreign body infection model is the in vivo model used for
studies conducted as part of this thesis. This model is designed to mimic the
subcutaneous space of humans and has been utilised previously for studying
S. epidermidis and S. aureus DRIs (164, 166, 316, 338, 339). Segments of
biomaterial, usually catheters, are aseptically implanted into the
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subcutaneous space on the flank of the mouse. A pre-determined inoculum
of bacterial is then injected into the lumen of the biomaterial once the
wound is sealed or alternatively the biomaterial is immersed in a culture of
bacteria prior to surgical implantation. After mice are sacrificed, the
biomaterial is harvested along with the surrounding tissue and assessed for
colonisation by plating and counting colony forming units (CFUs).
Dissemination from the site of infection can also be assessed by harvesting
organs and blood from the mice, including the peri-catheter tissue, kidneys,
liver, heart and spleen. The immune response of the animals can be assessed
by ELISA assays on the harvested organs. BALB/c mice are one species of
mice commonly used but they produce a T-helper 2 (Th2) immune response
to S. aureus infections. Th2 immunity is characterised as “humoral
immunity” and involves the upregulation of antibody production upon
infection (340).Th2 immunity is quite an effective mechanism for clearing
S. aureus infections and can lead to spontaneous clearance of infection
during experiments conducted with BALB/c mice (341, 342). An alternative
strain of mice used is C57BL/6 mice which predominantly produce a Thelper 1 (Th1) immune response to S. aureus infection. The Th1 response
characteristic of these mice is more likely to lead to development of chronic
infection commonly associated with DRIs (341, 342). Th1 immunity is
characterised as “cellular immunity” (340) and C57BL/6 mice are the strain
of choice for this study.
The rat CVC model is an alternative model for investigating staphylococcal
DRIs. This model was designed by M. E. Rupp, et al. (343) and is more
complicated to set up compared to the mouse foreign body infection model.
The model requires a surgeon to implant the central venous catheter into the
rats via the jugular vein and advance it to the superior vena cava. However,
the model has advantages over the mouse foreign body infection model
inasmuch as the rat CVC model incorporates the contribution of blood flow,
blood products and humoral immunity to staphylococcal infections (344).
After surgery the CVC is left in place for 24 hours prior to infection set-up
and restraint jackets are used to secure the catheters and prevent disruption
of the surgical site by the animals. Bacterial strains are injected directly into
the catheter and infections are allowed to establish. After the animals are
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sacrificed, the catheter can be harvested along with blood from the catheter
and tissue surrounding the catheter. As with the mouse foreign body
infection model, the heart, lungs, liver, and kidneys can be harvested for
examining metastatic infection. This model has been successfully utilised to
assess the molecular factors contributing to staphylococcal DRIs and is ideal
for studying the efficacy of novel catheter antilock solutions (66, 345, 346).
1.8 The Nebraska transposon mutant library
In 2012, the team at the Nebraska Centre for Staphylococcal Research
developed a sequence-defined transposon mutant library of 1,952 strains
(347). The library was created in the USA300 genetic background, an
epidemic CA-MRSA isolate. Most non-essential genes in the USA300
genome were mutated to create the 1,952 strains. The mariner-based
transposon bursa aurealis, which is known to create random transposon
mutations in S. aureus, was utilised to create the library (348-350). To
assess the value of the library for phenotypic screening purposes, the
authors screened the collection for haemolysis activity, protease production,
pigmentation and mannitol utilization. This method validated the use of the
library for such purposes and helped to identify previously undiscovered
genes related to these phenotypes. Construction of the library identified 579
open reading frames that are vital for S. aureus viability. Thus this library
should prove important for the discovery of novel antibacterial drugs. This
library is an invaluable tool for the staphylococcal research community and
strains from the NTML have been used for screening experiments and
research which are presented in this thesis.
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1.9 Aims of this thesis

2. To expand on previous research from our laboratory and investigate
further the contribution of Atl to biofilm formation by both MRSA and
MSSA and the contribution of Atl to MRSA cytotoxin production under
in vitro conditions.
3. To assess the potential of Atl as a novel therapeutic target against S.
aureus DRIs.
4. To assess the contribution of Atl to S. aureus pathogenesis in vivo using
a mouse foreign body infection model.
5. To investigate the effect of oxacillin growth pressure and heterogeneous
and homogeneous methicillin resistance phenotypes on Atl-dependent
phenotypes.
6. To expand on previous research from our laboratory investigating PIAindependent mechanisms of biofilm formation by S. epidermidis
mediated by AtlE and Aap.
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Chapter 2:
Materials and Methods
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2.1 S. aureus strains
In collaboration with Dr. Jeffrey Bose and Professor Kenneth Bayles of the
University of Nebraska Medical Centre (UNMC), two strains each carrying
a point mutation in one of the two enzymatic regions of Atl were generated,
namely strains KB4057 (AMH265A) and KB4056 (GLE1128A). Strain KB4057
was generated by mutating the histidine at amino acid 256 to alanine
rendering the amidase region enzymatically inactive and strain KB4056 was
generated by mutating the glutamic acid at amino acid 1128 to alanine
rendering the glucosaminidase region enzymatically inactive. These point
mutations rendered both the AM and GL regions enzymatically inactive as
confirmed by zymograph analysis at UNMC with expression of the Atl
protein unaffected by both mutations (zymograph image presented in Fig.
3.6).
The Nebraska Transposon Mutant Library (NTML) was purchased from the
Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA)
and strains from this collection were utilised for screening experiments
during the course of this project. This library was created at UNMC in the
USA300-derivative strain JE2 and contains a collection of 1,952 mutants of
most non-essential genes in S. aureus. The mariner-based transposon (Tn)
bursa aurealis was used to generate random Tn insertion mutations in S.
aureus as described by P. D. Fey, et al. (347).
The S. aureus strains used in this study are listed in Table 2.1, S.
epidermidis strains used in this study are listed in Table 2.2 and plasmids
used in this study are listed in table 2.3.
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Table 2.1 Bacterial strains used in this study
Strain

Relevant details

8325-4

8325 derivative cured of known

Reference or
source
(262)

prophages with 11-bp deletion in rsbU.
MSSA.
Isogenic 8325-4 ∆icaADBC::Tcr mutant.

(38)

8325-4 ∆atl::Cmr

Isogenic 8325-4∆atl::Cmr mutant.

(38)

8325-4 pmecA HeR

8325-4 carrying pmecA expressing

(226)

8325-4
∆icaADBC::Tcr

heterogeneous resistance to oxacillin.
8325-4 pmecA HoR

8325-4 carrying pmecA expressing

(316)

homogeneous resistance to oxacillin.
RN4220

Restriction-deficient derivative of 8325-

(351)

4. MSSA.
JT1392

Isogenic RN4220 ∆atl::Cmr mutant.

(45)

RN4220

Isogenic RN4220 ∆icaADBC::Tcr

(320)

∆icaADBC::Tc

r

SH1000

mutant.
Functional rsbU derivative of 8325-4.

(262)

+

rsbU . MSSA.
SH1000 ∆atl:cmr

Isogenic SH1000 ∆atl:cmr mutant.

This study.

SH1000 ∆atl:: emr

Isogenic SH1000 ∆atl:: emr mutant.

(352)

SH1000

Isogenic SH1000 ∆icaADBC::Tcr

This study.

∆icaADBC::Tcr

mutant.

BH1CC

HA-MRSA. Biofilm positive. SCCmec

(254)

type II. MLST type 8. CC8.
BH1CC ∆atl::Cmr

Isogenic BH1CC ∆atl::Cmr mutant.
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(38)

BH1CC ∆atlR::Tcr

Isogenic BH1CC ∆atlR::Tcr mutant.

(38)

Isogenic BH1CC∆ fnbpAB::Tcr mutant.

(90)

BH1CC ∆SCCmec

Isogenic BH1CC ∆SCCmec mutant

(323)

BH1CC ∆mecA::

Isogenic BH1CC ∆mecA mutant

(226)

USA300 LAC derivative cured of

(347)

BH1CC
∆fnbpAB::Tcr

Tcr
USA300 JE2

plasmids p01 and p03. CA-MRSA,
SCCmec type IV. Parent strain of
NTML.
USA3000 JE2
∆atl::φΝΣ

Strain NE460 from NTML. bursa

(347)

r

aurealis atl mutation. Erm . CA-MRSA
isogenic USA3000 JE2.

USA3000 JE2

Strain NE1066 from NTML. bursa

∆atlR::φΝΣ

aurealis atlR mutation. Ermr. CA-MRS

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain KB4057 (AMH265A). CA-MRSA

This study (gift

∆AM

USA300 isogenic JE2 with an active site

from Dr Jeffery

mutation in the amidase of Atl.

Bose)

Strain KB4056 (GLE1128A). CA-MRSA

This study (gift

isogenic USA300 JE2 strain with an

from Dr Jeffery

active site mutation in the

Bose)

USA3000 JE2 ∆GL

glucosaminidase of Atl.
USA3000 JE2

Strain NE37 from NTML. bursa aurealis

∆icaA::φΝΣ

icaA mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE186 from NTML. bursa

∆fnbpA::φΝΣ

aurealis fnbpA mutation. Ermr. CA-

(347)

MRSA isogenic USA3000 JE2.
USA3000 JE2
∆fnbpB::φΝΣ

Strain NE728 from NTML. bursa
r

aurealis fnbpB mutation. Erm . CA-
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(347)

MRSA isogenic USA3000 JE2.
USA3000 JE2

Strain NE543 from NTML. bursa

∆clfA::φΝΣ

aurealis clfA mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2
∆clfB::φΝΣ

Strain NE391 from NTML. bursa

(347)

r

aurealis clfB mutation. Erm . CA-MRSA
isogenic USA3000 JE2.

USA3000 JE2

Strain NE111 from NTML. bursa

∆eap::φΝΣ

aurealis eap mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE1558 from NTML. bursa

∆emp::φΝΣ

aurealis emp mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE1787 from NTML. bursa

∆srtA::φΝΣ

aurealis srtA mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE1363 from NTML. bursa

∆srtB::φΝΣ

aurealis srtB mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE286 from NTML. bursa

∆spa::φΝΣ

aurealis spa mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2

Strain NE1241 from NTML. bursa

∆nuc::φΝΣ

aurealis nuc mutation. Ermr. CA-MRSA

(347)

isogenic USA3000 JE2.
USA3000 JE2
∆sarA::φΝΣ

Strain NE1193 from NTML. bursa

(347)

r

aurealis sarA mutation. Erm . CAMRSA isogenic USA3000 JE2.

USA3000 JE2

Strain NE723 from NTML. bursa

∆fur::φΝΣ

aurealis fur mutation. Ermr. CA-MRSA
isogenic USA3000 JE2.
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(347)

USA3000 JE2
∆saeS::φΝΣ

Strain NE1296 from NTML. bursa

(347)

r

aurealis saeS mutation. Erm . CAMRSA isogenic USA3000 JE2.

USA3000 JE2

Strain NE873 from NTML. bursa

∆agrC::φΝΣ

aurealis agrC mutation. Ermr. CA-

(347)

MRSA isogenic USA3000 JE2.
USA3000 JE2

Strain NE1181 from NTML. bursa

∆vwbp::φΝΣ

aurealis vwbp mutation. Ermr. CA-

(347)

MRSA isogenic USA3000 JE2.
USA3000 JE2

Strain NE26 from NTML. bursa aurealis

∆coa::φΝΣ

coa mutation. Ermr. CA-MRSA isogenic

(347)

USA3000 JE2.
USA3000 JE2

Double ∆atl::Cmr ∆srtA::Tcr CA-MRSA

∆atl::Cm

isogenic USA3000 JE2 mutant.

r

This study.

∆srtA::Tcr
USA300 LAC

Erms. CA-MRSA expressing

(239)

heterogeneous resistance to oxacillin.
USA300 LAC HoR

Erms. CA-MRSA expressing

(316)

homogeneous resistance to oxacillin.
USA300

Isogenic saePQRS CA-MRSA USA300

(353)

ΔsaePQRS

mutant.

MW2

CA-MRSA, USA400 SCCmec type IV.

(354)

MW2

Isogenic saeQRS MW2 mutant.

(354)

MW2

Isogenic saeQRS MW2 mutant

(354)

ΔsaeQRS::spc

complemented with pRB473saeRS.

ΔsaeQRS::spc

pRB473saeRS
UAMS-1

Low-passage methicillin-susceptible
USA200 strain isolated from an
osteomyelitis infection. MSSA.
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(355)

UAMS-1 ΔsaeRS

Isogenic UAMS-1 saeRS mutant.

(274)

Table 2.2. S. epidermidis strains used in this study
Strain

Relevant details

CSF 41498

Biofilm positive, cerebrospinal fluid

Reference
(356)

isolate from Beaumont Hospital, Dublin.
ica+, aap+.
1457

Biofilm positive central venous catheter
infection isolate. ica+, aap+.

(357)

RP62A

Biofilm positive blood culture isolate. ica+,

(358)

aap+.
CSF41498 Δaap::Tcr

CSF41498 derivative, Δaap::Tcr.

(115)

1457 Δaap::Tcr

1457 derivative, Δaap::Tcr

(346)

1457

1457 derivative, ΔicaADBC::Tmpr

(359)

CSF41498 derivative, ΔicaC::IS256Δtnp

(360)

ΔicaADBC::Tmp

r

CSF414898
ΔicaC::IS256Δtnp
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Table 2.3 Plasmids used in this study
Plasmid
pLI50-tet

Relevant details
2,413-bp XbaI-HindIII fragment containing the tetA

Reference
(38)

gene from pBlue-tet cloned into XbaI-HindIII-digested
pLI50
patl

4,330-bp EcoRI fragment containing the atl gene from

(38)

patlTOPO cloned into the EcoRI site of pLI50-tet
patlH265A patl with an amidase H265A mutation
pLI50

E. coli-Staphylococcus shuttle vector; Ampr (E. coli),

(38)
(361)

Cmr (Staphylococcus)
pLI50atlR

985-bp EcoRI fragment containing the atlR gene from

(38)

patlRTOPO cloned into the EcoRI site of pLI50

2.2 Sterilisation techniques
All agar and broth solutions were autoclaved at 121oC and 1 bar of pressure
for 20 minutes before use. Sucrose solutions for electroporations were
autoclaved separately at the same conditions. NaCl and glucose solutions
were made up to a 20% w/v concentration, filter sterilized using 0.22 µm
filters (Millipore) and stored at 4oC. After autoclaving, agar and broth media
were cooled to 50°C and room temperature, respectively, prior to the
addition of sucrose, glucose, NaCl or antibiotics.
2.3 Media and Growth Conditions
Bacterial strains were grown at 37oC on either brain heart infusion (BHI)
(Oxoid) or tryptic soy agar (TSA) (Sigma) with chloramphenicol (5-10
µg/ml), tetracycline (5-10 µg/ml) or erythromycin (5-10 µg/ml) where
indicated. Strains were grown where indicated in liquid media in either BHI
broth (Oxoid), tryptic soy broth (TSB) or RPMI-1640 (Gibco) (362)
medium with vigorous shaking (200 rpm). Where indicated, BHI broth, TSB
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and RPMI-1640 broth were supplemented with chloramphenicol (5-10
µg/ml), tetracycline (5-10 µg/ml) or erythromycin (5-10 µg/ml).
2.4 Genetic Techniques

Genomic and plasmid DNA were prepared using Wizard genomic DNA and
plasmid purification kits (Promega). Prior to DNA extraction, cells were
pre-treated with 2 µl of 1 mg/ml lysostaphin (Ambi Products, New York) to
facilitate subsequent lysis. Restriction enzymes (Roche, UK and New
England Biolabs, MA) were used according to the manufacturer’s
instructions. The enzyme buffers were supplied in a 10X concentration and
used at a final 1X concentration. Restriction digests were performed at a
volume ranging from 20 µl – 50 µl. Oligonucleotide primers used for PCR
were supplied by Sigma and are listed in Table 2.4. Primers were supplied
in a dried form and the volume of DNase-free water in which to resuspend
the primers was indicated. Once resuspended, primers were diluted to a
working concentration of 25 pmol/µl. 0.5 µl of this working concentration
solution was added to a 25 µl PCR reaction to give a final concentration of
0.5 pmol/µl per reaction. PCR analysis was carried out using GoTaq DNA
polymerase (Promega) by following the manufacturer’s instructions. PCR
reactions were carried out with 1 µl of DNA per reaction using the
following programme:
1. Initial denaturation at 98oC for 30sec,
2. 30 cycles of –
o Denaturation at 98oC for 30 seconds,
o Annealing for 30 seconds,
o Extension at 72oC for 1 min per kb of pcr product.
3. Final extension at 72oC for 10 minutes.
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Table 2.4. PCR primers used in this study
Target
gene
atl

atlR

Primer Sequence (5’-3’)

Primer Name

Atl_Big_Fwd

AAGCAGCTGAGACGACACAA

Atl_Big_Rev

GTGTCCCAACCAGCTTGTTT

AtlR_Fwd

TCGCGAAATAACCAGATATAAA
CA

fnbpA

fnbpB

icaADBC

srtA

esp

esp

AtlR_Rev

AGATGGAATCCTGCACATCC

FnBPA_USA300_Fwd

TGGCGACAGGTGAAGTTTTA

FnBPA_USA300_Rev

ATAGCGAAGCAGGTCACGTT

FnBPB_USA300_Fwd

TGGTCAAGTTATGGCGACAG

FnBPB_USA300_Rev

GTGCAGAAGGTCATGCAGAA

icaAB_USA300_Fwd

TGTTGGATGTTGGTTCCAGA

icaAB_USA300_Rev

GAAACTATGGGCATTTTCGC

srtAerm_USA300_Fwd

TGACAATGCCTGCAACTAGC

srtAerm_USA300_Rev

TGCTGTCGCTCCAAGTAATG

EspFor1

TGGCTAATGGTTTGTCACCA

EspRev1

CATTCCTCACTTGGCACAGA

EspFor2

TGGCTAATGGTTTGTCACCA

EspRev2

GGCAAATTTGTGGGTCAAGA
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2.6 RNA extraction

Bacteria cells were grown to the desired density, washed in RNA Later
(Ambion), pelleted and immediately stored at –20°C to ensure maintenance
of RNA integrity prior to purification. RNA extraction was carried out using
the RNeasy Mini Kit (Qiagen) by following the manufacturer’s instructions
with the following adaptions. Cells in RNA Later were washed in Tris
buffer at pH 8.5 after thawing. Cells were lysed in 50 mM EDTA with 4 µl
of 1 mg/ml lysostaphin at 37°C for 20 minutes. Purified RNA was eluted in
50 µl of RNA Secure (Ambion). Twenty microliters of RNA was treated
with Turbo DNaseI (Ambion) for 20 minutes at 37°C. After deactivation of
DNaseI, 2 µl purified RNA was run on a 1% agarose gel to assess efficiency
of the prep. Purified RNA was converted to cDNA using the Transcriptor
First Strand cDNA Synthesis Kit (Roche) following the manufacturer’s
instructions.
2.5 RT-PCR

RT-PCR was performed using the LightCycler 480 instrument (Roche) and
the LightCycler 480 Sybr Green Kit (Roche) following the manufacturer’s
instructions. The following programme was used for each RT-PCR reaction:
denaturation was conducted at 95oC for 5 minutes and followed by 45
cycles of 95oC for 10 seconds, 58oC for 20 seconds and 72 oC for 20 seconds
at which point the readings were taken. Melt curve analysis was conducted
at 95oC for 5 seconds followed by 65oC for one minute up to 97oC at a ramp
rate of 0.11c/sec with five readings taken for every degree of temperature
increase. The gyrB gene was used as an internal standard for all reactions.
Each experiment was performed three times and average data and standard
deviations are presented. The RT-PCR primers used in this study are listed
in table 2.5.
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Table 2.5. RT-PCR primers used in this study
Target gene
atl

hla

fmt

lytS

lytR

murZ

walK

walR

gyrB

Primer Sequence (5’-3’)

Primer Name
Atl_Fwd

AATGGTGTCGCACAAATCAA

Atl_Rev

CCACATCGCCTTCTTTAACC

Hla_Fwd

TGGCCTTCAGCATTTAAGGT

Hla_Rev

CAATCAAACCGCCAATTTTT

Fmt_Fwd

AATGTCGGTACGATGCATGA

Fmt_Rev

ACTGGCCATGGTGATAATCC

LytS_Fwd

TGCATTTGTTGGGAGAAACA

LytS_Rev

AAAAGTGGTACCGCTCGATG

LytR_Fwd

ACTGCACATGACCAATACGC

LytR_Rev

CGCACGCACTTTATTGACTG

MurZ_Fwd

GGGTTACCGCAAATCTCTGA

MurZ_Rev

ATCCTCCCGGTAAACCAATC

WalK_Fwd

AGCGTCGTGAATTTGTTGCC

WalK_Rev

TCGTTCTGTTTCTTCACGGGT

WalR_Fwd

AGTATGTCGTGAAGTGCGCA

WalR_Rev

CAGTGTCTTGTGCTGGTTGTG

GyrB_Fwd

CCAGGTAAATTAGCCGATTGC

GyrB_Rev

AAATCGCCTGCGTTCTAGAG
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2.6 Bacteriophage transduction
Phage 80α was used during all bacterial phage transductions carried out in
this study. Transductions were carried out in three stages.
Propagation: For the propagation of phage in their corresponding
propagating strain, 1 ml of tryptic soya broth with TSB 5 X 10-3 M CaCl2
was used to resuspend propagating strains grown for 24 hours at 37oC on a
BHI agar slant. Phage 80α solution was diluted to 10-9 in TSB 5 X 10-3 M
CaCl2 broth. Selected dilutions of phage were then added to 50 µl of
resuspended propagating cells and 10 ml of cooled 0.5% agar was added to
the cells and phage solution. This was inverted three times and poured onto
a TSB 5 X 10-3 M CaCl2 agar plate. Plates were incubated at 37oC and were
examined for plaque forming units (PFU) after 24 hours. Propagation was
continued until a desired PFU/ml of 1010 or higher was achieved to ensure
efficient transductions.
Harvest: After each propagation, phage with the desired mutation were
harvested from the 0.5% agar. Soft agar harvested from the plates was
resuspended in either 2 ml of TSB 5 X 10-3 M CaCl2 broth or lysate solution
already containing the desired mutation from a previous propagation and
vortexed vigorously. The agar was then centrifuged and the lysate solution
produced was filter sterilised with 0.22 µm filters (Millipore) and stored at 4°C until use.
Transduction: Recipient cells were grown for 24 hours at 37oC on a BHI
agar slant and resuspended in 1ml of TSB 5 X 10-3 M CaCl2 broth.
Resuspended

cells

were

then

divided

between

a

‘transduction’

microcentrifuge tube and a ‘control’ microcentrifuge tube. In the
‘transduction’ tube, 1 ml of TSB 5 X 10-3 M CaCl2 broth, 0.5 ml of cells
and 0.5 ml of phage lysate was added. The ‘control’ tube received 0.75 ml
of TSB 5 X 10-3 M CaCl2 and 0.25 ml of cells and no lysate solution. The
two tubes were incubated for 20 minutes at 37oC and 200rpm. After this
period, 1 ml of solution from the ‘transduction’ tube was transferred to a
second microcentrifuge tube marked ‘transduction two’. One millilitre of
ice-cold 0.02 M sodium citrate solution was added to the ‘control’ tube and
each ‘transduction’ tube. Tubes were centrifuged for 1 minute at 14,000 rpm
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and the supernatants discarded. The pellets were resuspended in 1 ml of icecold 0.02 M sodium citrate and plated onto TSB agar plates containing 0.5
g/L sodium citrate and 5-10 µg/ml of the relevant antibiotic. The plates were
left for 24-48 hours at 37oC and any candidates that grew were confirmed by
PCR analysis.
2.7 Bacterial transformation
Transformation of S. aureus strains was carried out by electroporation with
the MicroPulser (BioRad, CA). Twenty millilitre cultures of S. aureus were
grown at 37oC and 200 rpm to approximatey A600 = 0.2. The cultures were
centrifuged for 10 minutes and washed twice in 10 ml of ice-cold sterile
water. The resulting pellets were then resuspended in 100 µl of plasmid
DNA and the mixture was subjected to one pulse of 1.8 kV for 2.5 msec on
the MicroPulser (BioRad, CA). The electroporation mixture was then
resuspended in 1 ml of BHI 0.5 M sucrose solution and incubated at 37 oC
shaking at 200 rpm for 2-4 hours. Transformed cells were plated out on BHI
agar plates containing 0.5 M sucrose and supplemented with inhibitory
concentrations of the desired antibiotic (5–10 µg/ml). Plates were left at
37oC for 24-48 hours and colonies that grew were selected for plasmid prep
and restriction digest analysis.

2.9 Static biofilm assays
Static biofilm assays were carried out based on the procedure described by
G. D. Christensen, et al. (363) with the following modifications described
by E. Waters, et al. (364). Ninety-six-well tissue culture treated plates
(Nunc∆TM, Denmark) and 96-well untreated polystyrene plates (Sarstedt,
USA) were used for the semi-quantitative determinations of biofilm
formation under static conditions. Cultures of bacteria were grown for 24
hours in 5 ml of BHI broth at 37oC. These overnight cultures were diluted
1:200 into freshly prepared media (BHI, BHI 4% NaCl or BHI 1% glucose).
The samples were vortexed for five seconds and each well of a 96-well plate
was inoculated with 100 µl of this solution.

Microtitre plates were

incubated at 37oC for 24 hours. After 24 hours plates were dunk washed
three times in water and left at 65oC for one hour to allow any remaining
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biofilms to fix to the bottom of the wells. Plates were then stained with
0.4% crystal violet for five minutes and plates were washed three times in
water to remove any unbound crystal violet. Crystal violet stained biofilms
were solubilised with 5% acetic acid and absorbance values were read at
A490 using the Multiskan plate reader (Flow Laboratories, UK). Each
experiment was carried out in triplicate and at least eight wells were
inoculated per strain during each experiment. Average absorbance values
and standard deviations for each experiment were calculated using
Microsoft Excel (2010). Strains were regarded as biofilm positive if they
had an average A490 of more than 0.17.
2.8 Biofilm inhibition and dispersal assays

To examine the components of biofilm matrices biofilm assays were set up
as described previously and BHI, BHI 4% NaCl and BHI 1% glucose were
supplemented, where indicated, with Deoxyribonuclease I (DNaseI; Sigma)
at 0.5 mg/ml, proteinase K (ProK; Sigma) at 0.1 mg/ml and polyanethole
sodium sulfanate (PAS; Sigma) at 0.5 mg/ml. Components of mature
biofilms (24 hours old) were examined by removal of the growth media
from the wells of the microtitre plate and replaced where indicated with 100
µl of DNaseI at 0.5 mg/ml, 100 µl of ProK at 0.1 mg/ml and 100 µl of 10
mM sodium metaperiodate (SM; Fluka). Treatments of biofilms were
performed at 37oC for 2 hours. After incubation, plates were washed and
stained as described above. Biofilm inhibition assays were carried out with
polyclonal Atl antibodies, a kind gift from Prof Simon Foster. Antibodies
were added as indicated to BHI, BHI 4% NaCl or BHI 1% glucose at a
concentration of 1:100 with cells diluted 1:200 in the media. After set-up on
the microtitre plate as described above, plates were incubated for one hour
at 4oC prior to incubation at 37oC for 24 hours. After incubation plates were
washed and stained as described above.
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2.9 Preparation of platelet-poor plasma (PPP)

Platelet-poor plasma (PPP) was prepared by drawing human blood into a
syringe containing heparin at 16 I.E. per ml. PPP was obtained by
centrifugation of the whole blood at 500 × g (ca. 2000 rpm) for 10 minutes.
The resulting supernatant was designated PPP, which was immediately
transferred into clean polypropylene tubes using a Pasteur pipette and
maintained at 2-8°C while handling. If the PPP was not used immediately it
was aliquoted and stored at –20°C, avoiding freeze-thaw cycles. Thawing
was performed in a water bath at 37oC. Any clots that formed during the
thawing process were removed by filter-sterilising the plasma with a 0.22
µm filter (Millipore) before use.
2.10

Plasma-coated biofilm assays

Plasma (PPP)-coated biofilm assays were performed as described above
with the following modifications. Prior to inoculation with bacterial
solutions, the wells of microtitre plates were coated for 2 hours at 37˚C
with100 μl of 20% human PPP (v/v) diluted in 50 mM carbonate buffer, pH
9.6. After incubation, excess plasma was removed before inoculating the
wells with bacterial suspensions. To form biofilm in RPMI-1640, overnight
cultures of S. aureus grown in RPMI-1640 were diluted 1:1 (v/v) in fresh
RPMI-1640 and inoculated in microtitre wells at 100 μl per well allowing
attachment for 1 hour at 37oC. Unattached bacteria were then removed and
replaced with 100 μl of fresh RPMI-1640 per well. To form biofilm in rich
media, overnight cultures of S. aureus were diluted 1:200 into either TSB or
BHI and inoculated into wells pre-coated with human plasma. Bacteria were
incubated in the wells for 1 hour at 37oC allowing attachment. Excess
bacteria were then replaced with 100 μl of fresh media per well. All biofilms
were grown for 24 hours at 37oC and washed and stained as described
above. For all experiments, control wells with plasma coating and no
bacterial solutions were set up and the absorbance values for these wells
were subtracted from the absorbance values for the wells with bacterial
samples.
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2.11 Biofilm formation under shear-flow conditions in the BioFlux
1000Z

Fig. 2.1. Photograph and illustration of the 48-well plate used in the BioFlux
1000Z microfluidic system. Illustration demonstrates the input (left side,
labelled “I”) and output (right side, labelled “O”) wells in each of the columns
with the microfluidic channels (labelled 1-24) connecting the input and output
wells. Images adapted from the BioFlux website http://fluxionbio.com/bioflux/.

The BioFlux 1000z microfluidic system (Fluxion Biosciences Inc., San
Francisco, CA) was used to assess biofilm formation under shear flow
conditions using a modification of the protocol of D. Moormeier and K.
Bayles (365). To grow biofilms in the BioFlux system, 200 µl of BHI 1%
glucose was added to the output wells of a 48-well plate and the channels
were primed for 5 minutes at 5.0 dynes/cm2. After priming, the media was
aspirated from the output wells and replaced with a 50 µl BHI 1% glucose
suspension of cells grown to early exponential growth phase and adjusted to
an A600 = 0.8. A further 50 µl of BHI 1% glucose was added to the input
wells and the channels were seeded by pumping from the output wells to the
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input wells for 3-5 seconds at a speed of 3 dynes/cm2. Bacterial cells were
allowed to attach to the surface of the plate for 1 hour at 37°C. Excess
inoculum solution was aspirated from the output wells and a further 1.2 ml
of BHI 1% glucose was added to the input wells. The flow rate was set
where indicated at 0.6 dyne/cm2 for 18 hours (equivalent to 64 µl/hour) or at
0.4 dyne/cm2 for 24 hours (equivalent to 42 µl/hour). Brightfield images
were captured every 5 minutes at 10X magnification. A total of 217 images
were captured over 18 hours and 289 images were captured over 24 hours.
The gain and exposure settings remained constant over the 18/24 hour
period for all images.
2.12 Biofilm formation on human plasma under shear-flow
conditions using the BioFlux 1000Z

The BioFlux 1000z microfluidic system (Fluxion Biosciences Inc., San
Francisco, CA) was used to assess biofilm formation under shear flow
conditions. Each channel of a 48-well plate was coated from the output well
with 50 μl of platelet-poor human plasma for 30 minutes at 37oC.
Inoculation was repeated once for a total of one hour of coating at 37oC.
Overnight cultures of S. aureus grown in RPMI-1640 were diluted 1:1 in
fresh RPMI-1640. Excess plasma was removed from the output and input
wells of the plate after coating. RPMI-1640 was used to prime the plasmacoated channels by adding 200 μl of media to the output wells and priming
for 5 minutes at 5.0 dynes/cm2 at 37oC. Excess priming media was aspirated
from the output wells and replaced with 50 μl of S. aureus diluted 1:1 in
fresh RPMI-1640. A further 50 μl of fresh RPMI-1640 was added to the
input wells and the channels were seeded with bacteria by pumping from the
output wells to the input wells for 3-5 seconds at a speed of 3 dynes/cm2.
Bacterial cells were allowed to attach to the plasma-coated surface of the
plate for one hour at 37°C. Excess inoculum solution was aspirated from the
output wells and 1.2 ml of fresh RPMI-1640 was added to the input wells.
The flow rate was set at 0.6 dynes/cm2 for 18 hours (64 µl/hour) and
brightfield images were captured every 5 minutes at 10X magnification. A
total of 217 images were captured and the gain and exposure settings
remained constant over the 18 hour period for all images.
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2.13

Protein purification and Western blot analysis

Western blot analysis

was carried out with

monoclonal mouse

Staphylococcus alpha haemolysin (Hla) antibody (Sunny Labs), polyclonal
anti-AM serum or anti-GL serum (kind gift from Prof Simon Foster). Cells
were prepared for Western blot analysis by the following procedure.
Cultures were centrifuged for 10 minutes at 7,800 rpm. Pellets obtained
were resuspended in the same volume of PBS and samples were centrifuged
again. Pellets were resuspended in 1ml of PBS, the A600 was measured and
cultures were readjusted in PBS to an A600 = 10. Readjusted cultures were
centrifuged at 14,000 rpm for 1 minute. Different extraction buffers were
used for covalently and non-covalently bound proteins.
Covalently bound proteins were prepared with the following method: Pellets
were resuspended in 200 μl of an extraction buffer containing 30% raffinose
with 200 μl of Tris/MgCl2 stock solution/ml, 50 μl of protease inhibitor
(Roche) and 10 μl of 10 mg/ml lysostaphin. Pellets were incubated in 200 μl
of this solution for 10 mins at 37oC with occasional mixing.
Non-covalently bound proteins were prepared with the following method:
Pellets were resuspended in 200 μl of a 1% SDS extraction buffer solution.
Samples were incubated at 95oC for 5mins and 50 μl of protease inhibitor
per ml (Roche) was added to each sample.
After addition of the appropriate extraction buffer and incubation, samples
were centrifuged again for 10 minutes at 14,000 rpm and 50 μl of the
supernatant was transferred to a clean microcentrifuge tube.
Total protein samples were prepared by pelleting cultures and resuspending
pellets in 500 μl of distilled water with 1 μl of DNaseI, 5 μl of lysostaphin
and 50 μl of 10% SDS and incubating at 37oC for 30 minutes. After
incubation, samples were centrifuged at maximum speed for 15 minutes and
the resulting supernatant was retained for Western blot analysis.
Secreted proteins were purified by trichloroacetic acid (TCA; Sigma)
purification. One millilitre of supernatant was filter sterilised and incubated
at 4oC in TCA at a ratio of 1:4 to supernatant for 24 hours. After this period,
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cells were centrifuged at maximum speed for 10 minutes and pellets were
washed three times in ice-cold acetone. Pellets were dried at 50oC for 15
minutes and resuspended in 5 μl of Tris-HCl at pH 8.8 to which 35 μl of 2X
SDS-loading buffer was added.
After preparation of samples, protein concentration was assessed using the
BCA protein assay kit (Pierce; Thermo) and by following the
manufacturer’s instructions. Once protein concentration was quantified,
adjusted volumes of protein solution were added to 2X loading buffer
(Fisher Scientific) at a 1:1 ratio and boiled at 95oC for 5 minutes. Protein
samples were then centrifuged briefly before loading onto a 10% SDS gel
(Amersham). Gels were run for one hour at 60 v. Transfer was done using
the XCell Sure Lock semi-dry transfer tank (Invitrogen) or the TE 70 semidry transfer unit (Amersham) and nitrocellulose membranes (Thermo
Scientific). Transfer was carried out at 20 v or 400 mA for one hour.
Membranes were then blocked in 10% skimmed milk (Marvel) for one hour
at room temperature or overnight at 4oC. After blocking, membranes were
washed three times in phosphate buffer saline (PBS) and incubated at room
temperature for an hour or overnight at 4oC with primary antibody in PBS
solution with 100 μl of 10% tween-20 (Sigma) at 1:1500 concentration for
Atl antibodies and 1:500 for Hla antibody. Membranes were washed three
times for 10 minutes in PBS and membranes were incubated with the
secondary

antibody,

horse-radish

peroxidase-conjugated

protein

A

peroxidase diluted 1:200 in PBS with 100 μl of 10% tween-20 at room
temperature for half an hour. Membranes were washed a further three times
with PBS and developed using Lumi-Light Western Blotting developer
solution (Roche) and imaged on either the Fluro Chem® FC2 imager (Alpha
Innotech) or the Gbox imager (Syngene, Mason Technology).
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2.14

Triton X-100 induced autolytic assay

Triton X-100 induced autolytic assays were performed essentially as
described previously with the following modifications (57, 366). Cultures of
S. aureus were subcultured into 20 ml of fresh BHI broth and incubated at
37oC and 200 rpm until an approximate A600 of one was obtained. Cultures
were centrifuged for ten minutes at maximum speed. Pellets were washed in
the same volume of PBS and centrifuged for a further ten minutes. Pellets
were then resuspended in 1 ml of fresh PBS and the A600 was adjusted to one
in 1 ml of PBS containing 0.1% Triton X-100 (Sigma) in a cuvette. Cuvettes
were covered in parafilm and samples were vortexed for ten seconds and the
A600 of the culture at time zero was recorded. Cultures were then incubated
at 37oC and 200 rpm for four hours and the A600 was measured every fifteen
minutes. Triton X-100 induced autolysis was presented as a percentage of
the initial A600 at time zero. Each experiment was repeated three times.
2.15

Bacteriolytic assay

Assessment of lytic activity of culture supernatants were performed
essentially as described previously (367) with the following modifications.
Cultures of S. aureus were subcultured into 10 ml of fresh BHI broth and
incubated at 37oC and 200 rpm until an approximate A600 of one was
obtained. Cultures were filter-sterilised after incubation with a 0.22 µm
filter (Millipore). Nine hundred microlitres of filter-sterilised supernatant
was added to a cuvette. To this, 100 μl of heat-killed RN4220 cells were
added to give an approximate A600 of one. Initial A600 of the samples was
recorded and samples were incubated for four hours at 30oC and 200 rpm
and A600 values were recorded every 30 minutes. Filter-sterilised BHI broth
was used as a control. Bacteriolytic activity is expressed as % lysis relative
to initial A600 (A600i), where lysis at time t = [A600i – A600 at time t)/ A600i].
Each experiment was repeated three times.
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2.16

Skimmed milk agar

Protease activity of cultures was assessed by growth on 2% skimmed milk
agar plates. Skimmed milk agar was made by autoclaving skimmed milk
solutions (Sigma) separately to BHI agar and then mixing to a final
concentration of 2% once cooled to 50oC. The A600 of cell suspensions was
normalised prior to inoculation of plates. Plates were incubated for 24 hours
at 37oC and protease activity was assessed by zones of proteolysis on the
agar. Each experiment was repeated three times.
2.17

Blood agar

Haemolysis activity was assessed by growth of cultures on either horse or
sheep blood agar. Blood agar was prepared by autoclaving BHI agar and
adding either sheep or horse blood to a final concentration of 5% once the
agar was cooled to 40oC. Sheep blood was utilised to assess beta haemolysis
and plates were incubated overnight at 37oC and then for a further 24 hours
at 4oC. Alpha haemolysis was assessed using horse blood agar incubated at
37oC for 24 hours and delta haemolysis was assessed by growing cells on a
lawn of heat-killed RN4200 cells spread on a sheep blood agar plate and
incubated at 37oC for 24 hours. Haemolysis activity was assessed by zones
of haemolysis on the agar. Each experiment was repeated three times.
2.18

Haemolysis assay

Haemolysis activity of culture supernatants was assessed by using a 1%
horse or sheep’s blood solution. Cultures were grown for 20 hours, one ml
of cells was pelleted by centrifugation and 250 μl of supernatant was added
to 250 μl of PBS and 500 μl of 1% blood in a sterile microcentrifuge tube.
Mixtures were incubated statically at 37oC for two hours, after which
samples were centrifuged gently at 450 rpm and 4oC for 20 minutes.
Resulting supernatants were transferred to cuvettes and the A450 was
recorded. A solution of 450 μl PBS, 50 μl 10% SDS and 500 μl of 1% blood
was used as a positive control and a solution of 500 μl PBS and 500 μl 1%
blood served as a negative control. Each experiment was repeated three
times.
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2.19

Growth rate assay

A 100 ml solution of BHI was inoculated with 100 μl of overnight culture.
Flasks were incubated at 37oC and 200 rpm for 11 hours. The A600 of
growing cultures was recorded every 60 minutes and each experiment was
performed in duplicate.
2.20

Ethics statement

Animal experiments were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. All protocols were reviewed and
approved by the Institutional Animal Care and Use Committee at the
University of Nebraska Medical Centre. All mandatory training prior to
experimental set-up was undertaken. All surgery was performed under
anaesthesia and all efforts were made to minimise suffering.
2.21

Murine model of device-related infection

A murine model of device-related infections was used to assess the
contribution of atl to virulence as described previously (164, 166, 316, 344).
The flanks of anaesthetised 6-week old male C57BL/6 mice were shaved,
and the skin sterilised with povidone-iodine. Using aseptic technique, a one
cm segment of 14-gauge polyethylene intravenous catheter was implanted
into the subcutaneous space and closed with Vetbond (3M, Minneapolis,
MN). Once the wound was sealed, 5x105 S. aureus were injected into the
catheter lumen. A minimum of eight mice were used per strain of S. aureus
being tested. Experimental time course ranged from three to seven days.
Animals were monitored daily and their weights were recorded as an
indication of health status and any animals that showed excessive loss of
body weight (i.e. 20% or more) were euthanized immediately. Other indices
for evaluating whether a moribund state had been achieved and euthanasia
was required before experimental completion included: extreme lethargy,
failure to demonstrate typical avoidance behaviour when handled, ulceration
of the infection site through the skin and/or laboured breathing. Animals
were euthanized at the end of the experiment time course or before (if
80

required) by carbon dioxide inhalation followed by cervical dislocation. The
catheters, surrounding peri-catheter tissue, kidney, liver and spleen were all
retrieved from the animals for assessment. Catheters were aseptically
removed, placed in sterile microcentrifuge tubes with 1 ml of PBS and
protease inhibitor, vortexed for one minute, sonicated in a water bath at
approximately 33oC, sonicated for a further ten seconds on ice with a probe
and quantitatively cultured on TSA. All organs were aseptically harvested
and weighed in pre-weighed polyethylene tubes. After recording weights,
one ml of PBS and protease inhibitor solution was added to each organ
which was homogenised and sonicated in a water bath at approximately
33oC. Organ solutions were then quantitatively cultured on TSA. Results
were presented as colony forming units (CFU) per one cm catheter segment
or per gram of tissue/organ.
2.22

Cytokine analysis

Cytokine analysis of the peri-catheter tissue from the seven day infection
course experiment was conducted on samples from the wild type strain JE2
and the isogenic atl mutant. The Proteome Profiler™ Array Mouse
Cytokine Array Panel A (R&D Systems) was used to assess cytokine
response in the tissue by following the manufacturer’s instructions with
concentrations of tissue samples normalised prior to experimental set-up.
2.23

Statistical analysis

Two-tailed, two-sample equal variance Student’s t-Tests (Microsoft Excel
2010) were used to determine statistically significant differences in assays
performed during this study. Statistical significance is denoted as NS for P >
0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001. For the
animal experiments descriptive statistic values (including mean and
standard deviation) were calculated for each strain at each location i.e. the
catheter, peri-catheter tissue, liver, kidney and spleen. Log10 transformation
of CFU data from catheters and organs was used to ensure normal
distribution. One-way ANOVA analysis was used to compare CFU from the
catheters and organs of all strains and statistically significant differences
relative to CFUs of the parent JE2 strain are reported.
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Chapter 3:
Contribution of Atl to S.
aureus in vitro and in vivo
biofilm formation and
virulence
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3.1 Introduction

Previous research in our laboratory has revealed an important role for the
major autolysin, Atl, for both MRSA and MSSA in vitro biofilm formation
(38). As described in chapter one, MSSA strains commonly produce a
biofilm dependent on PIA production whereas MRSA strains produce
biofilm independent of PIA (254). MRSA strains require Atl to mediate
primary attachment to hydrophilic and hydrophobic polystyrene and the
LPXTG-anchored FnBPs to promote the accumulation phase of biofilm
formation (38, 90, 201). While MSSA strains predominantly require PIA for
biofilm formation, it was found that surface hydrophobicity can influence
the biofilm phenotype of the MSSA strain 8325-4 (38). When grown in
NaCl-supplemented growth medium on hydrophilic polystyrene 8325-4
requires the ica operon for biofilm formation and forms biofilm independent
of Atl (38). In contrast, when grown in BHI 1% glucose media and on a
hydrophobic polystyrene surface, 8325-4 produces a biofilm dependent on
both PIA and Atl. Therefore, Atl appears to have a role in both MRSA and
MSSA biofilm formation that is influenced by surface hydrophobicity. In
this chapter work was undertaken to further define the role for Atl in MSSA
biofilm formation. Experiments were also undertaken to investigate the
therapeutic potential of antiserum to Atl in the inhibition of Atl-dependent
biofilm formation by MRSA and MSSA.
Other factors beyond surface hydrophobicity influence Atl-mediated biofilm
formation and previous work from our laboratory has revealed a role for the
negative regulator AtlR in Atl-mediated biofilm formation by the HAMRSA strain BH1CC (38). Here experiments were carried out to further
elucidate the role of AtlR in Atl-dependent biofilm formation and virulence
of clinically relevant MRSA strains.
Atl mediates biofilm formation through tightly regulated autolysis and the
release of eDNA which forms a major component of the biofilm matrix (38,
57). Atl consists of two catalytically active proteins which serve different
roles in peptidoglycan synthesis. The amidase (AM) and glucosaminidase
(GL) regions of Atl become enzymatically activated after proteolytic
cleavage of the pro-protein (Fig. 1.2). It has been shown that both regions
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need to be enzymatically active for biofilm formation by the clinical MSSA
isolate UAMS-1 (57). In this chapter, investigations were undertaken to
assess the contribution of the AM and GL regions of Atl to MRSA lytic
activity and Atl-dependent biofilm formation.
Beyond contributing to biofilm formation, Atl is also required for the
regulated extracellular release of cytoplasmic proteins including some
virulence factors such as the alpha toxin, Hla (368). To this end, the
contribution of Atl and the AM and GL enzymes to virulence and toxin
production of clinically relevant MRSA strains was assessed. A S.
epidermidis ∆atlE mutant was attenuated in a rat central venous catheter
model (66), and here we investigated if Atl and, specifically, the AM and
GL regions contribute to S. aureus virulence in a mouse model of devicerelated infection.
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3.2 Results
3.2.1 Comparison of the influence of surface hydrophobicity on MRSA
and MSSA biofilm formation

The MSSA strain 8325-4 switches from producing a PIA-dependent biofilm
on hydrophilic polystyrene to a PIA and Atl-dependent biofilm when grown
on hydrophobic polystyrene (38). Biofilm formation by RN4220 and its
isogenic atl and icaADBC mutants was assessed on both hydrophilic and
hydrophobic polystyrene. As controls, biofilm formation by strains 8325-4
and BH1CC and their isogenic atl and icaADBC mutants were assessed in
the same experiments. In agreement with the findings of Houston et al
(2011) (38), the biofilm phenotype exhibited by RN4220, a chemically
mutagenized, restriction-deficient derivate of 8325-4, is similar to that
produced by the 8325-4 (Fig. 3.1). RN4220 produced a glucose-induced
biofilm on hydrophobic polystyrene that requires expression of both the ica
operon and Atl (Fig. 3.1B). Similar to 8325-4, RN4220 produces a PIAdependent biofilm on hydrophilic polystyrene in which Atl plays a less
important role (Fig. 3.1A). BH1CC produced an Atl-dependent biofilm on
both hydrophilic and hydrophobic as observed previously (Fig. 3.1). These
data support the idea that Atl can mediate both MRSA and MSSA biofilm
formation in a manner dependent on surface hydrophobicity.
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Fig. 3.1. Contribution of Atl to MRSA and MSSA biofilm formation. Biofilm
r
r
phenotypes of strains BH1CC, BH1CC ∆atl::Cm , BH1CC ∆icaADBC::Tc , RN4220,
r
r
RN4220 ∆atl::Cm , RN4220 ∆icaADBC::Tc , 8325-4, 8325-4 ∆atl::Cmr and 8325-4
r
∆icaADBC::Tc grown for 24 hrs at 37°C in BHI, BHI 4% NaCl and BHI 1% glucose on
(A) hydrophilic 96-well polystyrene plates and (B) hydrophobic 96-well polystyrene plates.
Results of at least three independent experiments are shown. Comparisons made between
wild type strains and isogenic atl and icaADBC mutants. Standard deviations are indicated.
Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and
as *** for P ≤ 0.001.
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3.2.2 Contribution of Atl to MSSA biofilm formation and lytic activity

SigB has been shown to influence Atl-mediated primary attachment in the
MRSA strain BH1CC in part through reduced atl transcription (38).
Therefore, to further investigate the contribution of Atl to MSSA biofilm
formation on hydrophobic polystyrene, SH1000 and its isogenic atl mutant
were assessed for biofilm formation under the same conditions employed
for the experiments in figure 3.1. SH1000 is an rsbU repaired derivative of
8325-4 (262). SH1000 exhibited a similar biofilm phenotype to that of
8325-4 and RN4220 (Fig. 3.1 and 3.2). SH1000 did not produce biofilm
dependent on Atl when grown in BHI 1% glucose on hydrophilic plates but
did require Atl for optimal glucose-induced biofilm formation on
hydrophobic plates (P ≤ 0.001, Fig. 3.2). The biofilm defect of SH1000 ∆atl
carrying the empty pLI50-tet vector was complemented by introducing
pLI50-tet expressing the atl gene (patl) into SH1000 ∆atl (Fig. 3.2B).
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Fig. 3.2. Contribution of Atl to SH1000 biofilm formation. Biofilm phenotypes of
r
r
strains SH1000 pLI50-tet, SH1000 ∆atl::em pLI50-tet, SH1000 ∆atl::em patl, , SH1000
patl H265A grown for 24 hrs at 37°C in (A) BHI 1% glucose on hydrophilic 96-well
polystyrene plates and (B) on hydrophobic 96-well polystyrene plates in BHI 1% glucose,
BHI 1% glucose supplemented with 0.5 mg/ml PAS and BHI 1% glucose supplemented
with 0.5 mg/ml DNaseI. Results of at least three independent experiments are shown.
Comparisons made between: 1) SH1000 pLI50-tet and untreated controls and 2) untreated
controls and treatments. Standard deviations are indicated. Statistical significance denoted
as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

To confirm a role for Atl-mediated lytic activity and eDNA release in the
SH1000 biofilm phenotype, SH1000 glucose-induced biofilms grown on
hydrophobic plates were treated with PAS and DNaseI as described in
chapter 2. Both PAS, which inhibits autolytic activity without impairing
growth, and DNaseI, which degrades eDNA, impaired SH1000 biofilm
formation on hydrophobic polystyrene (P ≤ 0.001) (Fig. 3.2B). To
determine if the activity of the AM region was required for MSSA biofilm
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formation the plasmid patlH265A was introduced into the SH1000 ∆atl
mutant and the biofilm forming capacity of this strain was assessed. The
histidine residue at position 256 is located within the active site of the AM
region of Atl and coordinates zinc ions to the active site for efficient activity
(38). The SH1000 ∆atl mutant carrying the plasmid expressing the inactive
AM enzyme exhibited significantly reduced glucose-induced biofilm levels
on hydrophobic surfaces (P ≤ 0.001) (Fig. 3.2B). In contrast, the active site
mutation in the AM region of Atl did not contribute to glucose-induced
biofilm formation by SH1000 on hydrophilic polystyrene, further
demonstrating that this biofilm phenotype does not require Atl-dependent
activity (Fig. 3.2A). While levels of biofilm formed by SH1000 ∆atl
patlH265A on hydrophobic polystyrene were significantly lower than the
wild type (WT) strain, the levels remained higher than those formed by
SH1000 ∆atl (Fig. 3.2B). This slight increase in biofilm formation
compared to SH1000 ∆atl may indicate a compensatory role for the GL
domain of Atl in the absence of the active AM region. Indeed, subsequent to
this work Bose et al., reported a significant role for the enzymatic activity of
both the AM and GL regions in biofilm formation by the MSSA
osteomyelitis isolate UAMS-1 (57).
Previous work from our laboratory revealed that a mutation in Atl
significantly impaired HA-MRSA autolysis which correlated with impaired
biofilm formation (38). Triton X-100 induced autolysis was reduced by 50%
in the SH1000 ∆atl mutant and over 25% activity was restored by
complementing the atl mutant with patl (Fig. 3.3). However, only 10% of
lytic activity was restored in the atl mutant when complimented with
patlH265A, indicating an important contribution for the AM region in
SH1000 autolysis (Fig 3.3). This result correlates with results observed for
the HA-MRSA strain BH1CC in which the patlH265A plasmid failed to
complement the autolytic defect of the atl mutant (38). The inability of the
active site mutation in the AM region of Atl to restore autolytic activity in
SH1000 also correlates with the biofilm defect observed on hydrophobic
polystyrene (Fig. 3.2B) and further confirms a role for Atl-mediated
autolysis in the biofilm phenotype of SH1000.
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Fig. 3.3. Contribution of Atl to SH1000 autolytic activity. Comparison of Triton Xr
100-induced autolysis of SH1000 pLI50-tet, SH1000 Δatl::Cm pLI50-tet, SH1000
r
r
Δatl::Cm patl and SH1000 Δatl::Cm patlH265A. Cells were grown to early exponential
phase in BHI at 37°C and washed in PBS and adjusted to A600= 1.0 in 0.01% TRX-100.
A600 was measured at 15 min intervals with shaking incubation at 37°C. Autolytic
activity was expressed as a percentage of the initial A600. Results are representative of
three independent experiments.

Experiments were undertaken to determine if antibodies raised against the
AM and GL regions of Atl could inhibit MSSA biofilm formation.
Polyclonal antibodies to AM and GL were donated as a gift by Prof Simon
Foster of Sheffield University. SH1000 was incubated with a 1:100
concentration of either antibody for AM or GL or with a 1:100 combination
of both AM and GL antibodies during set-up for semi-quantitative biofilm
assays as described in chapter 2. SH1000 was also incubated with 1:100
anti-IgG to determine that any biofilm inhibition achieved was not due to
non-specific interactions. Given the prominent role for PIA in MSSA
biofilm formation on both hydrophilic and hydrophobic polystyrene (Fig.
3.1), anti-PIA antibody was also tested for its ability to inhibit SH1000
biofilm formation on hydrophobic plates. Only antibodies to Atl AM and
GL regions significantly inhibited SH1000 glucose-induced biofilm
formation on hydrophobic polystyrene (P ≤ 0.001, Fig. 3.4). PIA antibody
reduced SH1000 biofilm formation by 19% but this was not a statistically
significant decrease compared to the IgG control (Fig. 3.4). In contrast,
antibodies to AM and GL reduced SH1000 biofilm levels by 88% and 86%
respectively and when used in combination the antibodies inhibited SH1000
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biofilm formation by 90%, similar to levels exhibited by the atl mutant (P ≤
0.001, Fig. 3.4). This data indicates therapeutic potential in device-related
infections (DRIs) caused by strains exhibiting an Atl-dependent biofilm
phenotype. The inability of anti-PIA antibodies to significantly impair
SH1000 biofilm formation on hydrophobic polystyrene indicates that the
Atl-mediated biofilm phenotype is more important for SH1000 biofilm
formation on hydrophobic surfaces.

↓ 19%

↓ 90%
***

↓ 88%
***

↓ 86%
***

↓ 90%
***

Fig. 3.4. Inhibition of SH1000 biofilm formation by Atl and PIA antibodies. Biofilm
r
phenotypes of strains SH1000 treated with 1:100 anti-IgG antibody, SH1000 ∆atl::em ,
SH1000 treated with 1:100 anti-AM antibody, SH1000 treated with 1:100 anti-GL antibody,
SH1000 treated with a combination of 1:100 anti-AM and anti-GL antibodies, and SH1000
treated with 1:100 PIA antibody grown for 24 hrs at 37°C on hydrophobic 96-well
polystyrene. Results of at least three independent experiments are shown. Percentage
decrease in biofilm formation relative to SH1000 treated with 1:100 IgG is shown. Standard
deviations are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤
0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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3.2.3 Contribution of Atl to CA-MRSA biofilm formation and lytic
activity

CA-MRSA infection rates in people with no pre-disposing risk factors are
an increasing concern. CA-MRSA strains are traditionally associated with
skin and soft tissue infections. However, CA-MRSA is emerging as a
causative agent of biofilm-associated infections (258, 369). The most
prominent CA-MRSA strain is USA300. For this work the strain USA300
JE2 was used, a strain that was cured of all plasmids and is the genetic
background for the Nebraska Transposon Mutant Library (NTML) (347).
To determine if Atl contributes to CA-MRSA biofilm formation as well as
biofilm formation by HA-MRSA strains, JE2 biofilm formation was
assessed by semi-quantitative biofilm assay. Optimal biofilm levels were
exhibited by JE2 when grown on hydrophilic polystyrene. The atl mutant
from the NTML exhibited a significant biofilm defect when grown in BHI
1% glucose on hydrophilic polystyrene (P ≤ 0.001), the same conditions
required to induce Atl-mediated biofilm formation by HA-MRSA strains
(Fig. 3.5A). The multicopy plasmid pLI50-tet expressing the atl gene was
introduced into the atl mutant. Possession of the empty vector pLI50-tet by
JE2 ∆atl did not significantly affect the reduced biofilm levels expressed by
the mutant. When the atl gene was introduced into the mutant, biofilm
levels were significantly restored to levels comparable to the parent JE2 (P ≤
0.001, Fig 3.5A). Overexpression of atl also significantly improved biofilm
formation by the parent strain (P ≤ 0.001). All of this data implicates an
important role for atl in CA-MRSA biofilm formation in vitro.
The JE2 ∆atlR mutant exhibited biofilm levels similar to the parent strain
(Fig. 3.5B). The effect of multicopy atlR was also examined in JE2 and the
JE2 atlR mutant. Control strains were also constructed carrying the empty
pLI50 vector. Overall the biofilm data with JE2 strains carrying patlR was
not consistent with AtlR acting as a negative regulator of biofilm in this
strain (Fig. 3.5B) in contrast to data obtained with the HA-MRSA strain
BH1CC (38). Perhaps AtlR regulates other factors influencing the biofilm
phenotype in JE2 and these would need to be clarified, although it is
interesting to note that biofilm production by JE2 under these growth
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conditions is significantly less than in BH1CC, which may mask the role of
negative biofilm regulators in general.

(A)

***

***

***

NS

***

(B)

**

***

NS

Fig. 3.5. Contribution of Atl and AtlR to JE2 biofilm formation. (A) Biofilm
r
r
r
phenotypes of strains JE2, JE2 ∆atl::em , JE2 ∆atl::em pLI50-tet, JE2 ∆atl::em patl and
JE2 patl grown for 24 hrs at 37°C in BHI 1% glucose on hydrophilic 96-well polystyrene
r
r
plates. (B) Biofilm phenotypes of strains JE2, JE2 ∆atlR::em , JE2 ∆atlR::em pLI50, JE2
r
∆atlR::em patlR and JE2 patlR grown for 24 hrs at 37°C in BHI 1% glucose on
hydrophilic 96-well polystyrene plates. Results of at least three independent experiments
are shown. Comparisons made between: 1) JE2 and the isogenic atl and atlR mutants
without plasmids, 2) the atl and atlR mutants and the atl and atlR mutants carrying
plasmids, 3) the atl and atlR mutants carrying plasmids and the complemented strains and
4) the atl and atlR mutants carrying the plasmids and JE2 overexpressing atl and atlR.
Standard deviations are indicated. Statistical significance denoted as NS for P > 0.05, as *
for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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To further examine the role for Atl in CA-MRSA biofilm formation, JE2
mutants expressing active site mutations in the AM and GL regions of Atl
were assessed for biofilm formation. These mutants were a kind gift from
Dr Jeffery Bose of the University of Nebraska Medical Centre who, as
discussed, had characterised the contribution of these mutations to biofilm
formation by the MSSA strain UAMS-1 (57). The mutations in the active
sties of the AM and GL regions rendered the proteins enzymatically inactive
as assessed by zymograph analysis but did not affect expression of the Atl
protein (Fig. 3.6). Mutation in the GL active site significantly reduced levels
of JE2 biofilm formation whereas mutation of the AM active site did not
significantly impact on JE2 biofilm (Fig. 3.7). This indicates that the GL
region may have a more significant role in the JE2 biofilm phenotype. Of
note, the GL mutation appears to partially reduce the AM activity of JE2 as
observed by zymograph analysis in figure 3.6. When the AM region is
catalytically inactive, the GL region may compensate to maintain biofilm
production.
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(A)

(B)

Fig. 3.6. Zymograph analysis of JE2 ∆AM and ∆GL mutants. Analysis of
murein hydrolase activity of 3µg total extracellular protein from wild type JE2,
three JE2 ∆GL (KB4056 GLE1128A) candidates and three JE2 ∆AM (KB4057
AMH265A) candidates. Protein samples were electrophoresed on a 12% SDS-PAGE
9

acrylamide gel containing (A) 2.5 x 10 CFU/ml heat-killed mid-exponential phase
S. aureus UAMS-1 cells to detect N-acetylmuramyl-L-alanine amidase activity and
(B) 1 mg/ml Micrococcus lysodeikticus ATCC No 4698 cells (Sigma Aldrich, St.
Louis, MO) to detect endo-β-N-acetylglucosaminidase activity. Electrophoresis was
conducted at 100 V for 2 hrs with a Mini-PROTEAN Tetra Electrophoresis System
(Bio-Rad). Following electrophoresis, the gels were washed with 25 mM Tris-HCl
(pH 8.0) with 1% Triton X-100 reaction buffer for 30 minutes followed by static
o

incubation in reaction buffer overnight at 37 C. Gels were rinsed three times with
water and stained with 1% methylene blue in 0.01% KOH to detect clear zones of
murein hydrolase activity. Molecular weight ladder is shown and arrows indicate
designated molecular weights for the AM enzyme (63.3 kDa) and the GL enzyme
(53.6 kDa). Image courtesy of Dr. Jeffrey Bose.
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Fig. 3.7. Contribution of Atl, protein adhesins, autolytic activity and eDNA to JE2
r
r
biofilm formation. Biofilm phenotypes of strains JE2, JE2 ∆atl::em , JE2 ∆atlR::em , JE2
patlR, JE2 ∆AM and JE2 ∆GL grown for 24 hrs at 37°C on hydrophilic 96-well
polystyrene plates in BHI 1% glucose, BHI 1% glucose with 0.1mg/ml ProK, BHI 1%
glucose with 0.5 mg/ml PAS, BHI 1% glucose with 0.5 mg/ml DNaseI and BHI 1%
glucose with 10 mM SM. Results of at least three independent experiments are shown.
Comparisons made between: 1) JE2 and the untreated isogenic mutants and 2) untreated
controls and each treatment. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

Correlating with the impact of the atl mutation on JE2 biofilm formation,
PAS, Proteinase K (ProK) and DNaseI, which impair autolysis, degrade
protein adhesins and degrade eDNA respectively, significantly impaired
biofilm formation by JE2 and the JE2 atl and atlR mutants (Fig. 3.7). While
sodium metaperiodate (SM) had some inhibitory effect on JE2 and JE2
∆AM biofilm formation, the effects were not as pronounced as those seen
with PAS, DNaseI and ProK (Fig. 3.7). Overall these data reveal that, as
with HA-MRSA, the CA-MRSA strain JE2 requires protein adhesins
(specifically Atl), autolytic activity and eDNA release mediated by the
major autolysin for biofilm formation.
The JE2 atl mutant exhibited an over 40% reduction in triton X-100 induced
autolysis compared to the parent strain (Fig. 3.8A). However, this defect in
autolysis was not complemented by re-introduction of the atl gene on
pLI50-tet (Fig. 3.8A). This plasmid was sufficient to restore some autolytic
activity in the SH1000 background (Fig. 3.3) but was unable to restore any
triton-induced autolysis by JE2 ∆atl (Fig. 3.8A). The reason for this failure
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to complement the autolytic defect of JE2 ∆atl remains to be determined but
perhaps expression of atl from the plasmid is not optimal in the JE2
background. The fact that the biofilm defect could be restored by
introduction of patl into JE2 ∆atl (Fig. 3.5A) but the defect in autolysis
could not be complemented may indicate that the biofilm of JE2 is mediated
more by non-specific interactions between the Atl protein and the
polystyrene surface than by autolytic activity.
The atlR mutant exhibited levels of triton X-100 induced autolysis
comparable to the parent JE2 (Fig. 3.8B). Complementation of the atlR
mutant with patlR had no impact on autolytic activity of this strain (Fig.
3.8B). Furthermore overexpression of atlR in the parent JE2 strain did not
reduce levels of autolysis (Fig. 3.8B), which correlates with the biofilm
phenotype of this strain illustrated in figures 3.5B and 3.7.
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Fig. 3.8. Contribution of Atl and AtlR to JE2 autolytic activity. Comparison of
r
Triton X-100-induced autolysis of (A) JE2 pLI50-tet, JE2 Δatl::em pLI50-tet, JE2
r
r
r
Δatl::em patl and JE2 patl, and (B) JE2 pLI50, JE2 ΔatlR::em pLI50, JE2 ΔatlR::em
patlR and JE2 patlR. Cells were grown to early exponential phase in BHI at 37°C and
washed in PBS and adjusted to A600 = 1.0 in 0.01% TRX-100. The A600 was measured
and for 15 min intervals thereafter with shaking incubation at 37°C. Autolytic activity
was expressed as a percentage of the initial A600. Standard deviations are indicated.
Results are representative of three independent experiments.
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The contribution of each enzymatic region of Atl to JE2 autolysis was also
assessed. The AM region significantly contributed to autolysis in JE2
compared to the GL region (Fig. 3.9). This data correlated with studies
conducted in the UAMS-1 background (57), but contrasted with the
significant contribution of the GL region to biofilm formation by JE2 (Fig.
3.7). This may be due to a more significant role for non-specific interactions
between regions of the Atl protein and the polystyrene surface in JE2
biofilm formation than autolytic activity mediated by the AM and GL
domains.

Fig. 3.9. Contribution of the amidase and glucosaminidase enzymatic regions to
r
r
JE2 autolytic activity. JE2, JE2 Δatl::em , JE2 ΔatlR::em , JE2 ΔAM and JE2 ΔGL.
Cells were grown to early exponential phase in BHI at 37°C and washed in PBS and
adjusted to A600 = 1.0 in 0.01% TRX-100. The A600 was measured and for 15 min
intervals thereafter with shaking incubation at 37°C. Autolytic activity was expressed as
a percentage of the initial A600. Standard deviations are indicated. Results are
representative of three independent experiments.

Next, AM and GL antibodies were assessed for their ability to inhibit triton
X-100 induced autolysis. Both antibodies had an inhibitory effect on JE2
autolysis compared to control IgG (Fig. 3.10).
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Fig. 3.10. Inhibition of autolysis of JE2 with Atl antibodies. Comparison of Triton X100-induced autolysis of (A) JE2 incubated with 1:100 IgG, JE2 incubated with 1:100
r
AM, JE2 incubated with 1:100 GL and JE2 Δatl::em . Cells were grown to early
exponential phase in BHI at 37°C and washed in PBS and adjusted to A600 = 1.0 in 0.01%
TRX-100. The A600 was measured and for 15 min intervals thereafter with shaking
incubation at 37°C. Autolytic activity was expressed as a percentage of the initial A600.
Standard deviations are indicated. Results are representative of three independent
experiments.

Atl antibodies were also assessed for inhibitory effects on JE2 biofilm
formation. Incubation of JE2 with each Atl antibody at 1:100 concentration
significantly reduced biofilm levels to those similar to the atl mutant (P ≤
0.01 for JE2 incubated with AM antibody and P ≤ 0.001 for JE2 incubated
with GL antibody, Fig. 3.11). Further reduction in biofilm formation beyond
those exhibited by the atl mutant could be achieved by incubation of JE2
with both the AM and GL antibodies in combination (P ≤ 0.001, Fig. 3.11).
The 76% reduction in biofilm formation achieved by incubation of JE2 with
both Atl antibodies attained levels that rendered the strain biofilm negative
as determined by the semi-quantitative biofilm assay protocol described in
chapter 2 (absorbance value below an A490 of 0.17). This data, combined
with the results for SH1000 above, indicate that Atl antibodies can
successfully inhibit Atl-mediated biofilm phenotypes in vitro and further
implicate Atl as an important factor for in vitro biofilm formation by JE2.

100

↓ 39%

↓ 35%
**
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↓ 38%
***

↓ 76%
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Fig. 3.11. Inhibition of biofilm formation by JE2 by Atl antibodies. Biofilm
r
phenotypes of strains JE2 treated with 1:100 anti-IgG antibody, JE2 ∆atl::em , JE2
treated with 1:100 anti-AM antibody, JE2 treated with 1:100 anti-GL antibody and JE2
treated with a combination of 1:100 anti-AM and anti-GL antibodies grown for 24 hrs at
37°C on hydrophobic 96-well polystyrene. Results of at least three independent
experiments are shown. Percentage decrease in biofilm formation relative to JE2 treated
with 1:100 IgG shown. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤
0.001.

3.2.4 Contribution of Atl to cytotoxin production by MRSA

Beyond a role in biofilm formation, Atl is involved in the secretion of
cytoplasmic proteins via a nonclassical protein secretion system (368).
Some of the cytoplasmic proteins known to be excreted via Atl-mediated
cell lysis include virulence factors such as the alpha haemolysin precursor
protein (Hla) and the Spa protein. In this section, experiments were
conducted to determine how an atl mutations impact on MRSA cytotoxin
production in vitro. Hla, β-toxin and δ-toxin are all reported to contribute to
S. aureus biofilm formation under different conditions (370). Therefore, any
impact of an atl mutation on the production of cytolytic toxins could
potentially be an additional mechanism by which mutation of atl contributes
to the biofilm negative phenotype of S. aureus. Cytolytic toxin production
by the HA-MRSA strain BH1CC and its isogenic atl and atlR mutants was
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examined by growth on horse and sheep blood plates. Zones of haemolysis
on horse blood which indicates α-toxin activity were evident for the parent
BH1CC strain and the isogenic atlR mutant (Fig. 3.12A). Consistent with
the data from L. Pasztor, et al. (368), BH1CC ∆atl exhibited a smaller zone
of haemolysis than the parent strain (Fig. 3.12A). Overexpression of atlR on
pLI50 also reduced the α-haemolysis levels produced by BH1CC, indicating
that Atl-mediated production of α-toxin is in part regulated by AtlR (Fig.
3.12A). A similar result was obtained when the strains were grown on sheep
blood agar with a lawn of RN4220 cells which induces production of the
phenol-soluble modulin delta toxin (245). A reduction in δ-toxin production
was associated with the atl mutation and overexpression of atlR in BH1CC
(Fig. 3.12B). This defect in δ-toxin production exhibited by BH1CC ∆atl
could be restored with the atlR mutation (Fig. 3.12B). To further confirm
that atl is involved in production of α-toxin, Western blot analysis of α-toxin
expression by BH1CC and the isogenic atl mutant was assessed. As
illustrated in figure 3.12C the atl mutation decreased the level of α-toxin
production by BH1CC.
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Fig. 3.12. Contribution of Atl and AtlR to cytotoxin release by BH1CC. (A)
Contribution of atl and atlR to alpha haemolysin production. Adjusted cell suspensions of
r
r
BH1CC, BH1CC ∆atl::Cm , BH1CC ∆atlR::Tc and BH1CC patlR were spotted onto a
o
horse blood plate and incubated overnight at 37 C. (B) Contribution of atl and atlR to
r
delta haemolysin production. Adjusted cell suspensions of BH1CC, BH1CC ∆atl::Cm ,
r
BH1CC ∆atlR::Tc and BH1CC patlR were spotted onto a sheep blood plate with 100µl
o
of RN4220 spread on the plate and incubated overnight at 37 C. (C) Contribution of atl
r
to alpha haemolysin release by BH1CC and BH1CC ∆atl::Cm as determined by Western
blot analysis with anti-alpha haemolysin antibody. Results shown are representative of at
least three independent experiments.

Liquid haemolysis assays were used to further evaluate the roles of Atl and
AtlR in alpha and beta haemolysin activity as described in chapter 2. Alpha
haemolysis was significantly reduced in the BH1CC ∆atl strain and similar
levels of reduced α-toxin activity were observed for the BH1CC patlR strain
(P ≤ 0.01, Fig. 3.13A). Mutation of atlR also significantly reduced α-toxin
activity but levels of α-haemolysis remained higher than those of BH1CC
∆atl or BH1CC patlR (P ≤ 0.01, Fig. 3.13A). In contrast to this data, the atl
and atlR mutations did not significantly impair beta haemolysin activity by
BH1CC (Fig. 3.13B).
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Fig. 3.13. Contribution of Atl and AtlR to haemolysin activity of BH1CC. (A)
r
Alpha haemolysin activity of supernatants of BH1CC, BH1CC ∆atl::Cm , BH1CC
r
∆atlR::Tc and BH1CC patlR. (B) Beta haemolysin activity of supernatants of BH1CC,
r
r
BH1CC ∆atl::Cm , BH1CC ∆atlR::Tc and BH1CC patlR. Supernatants from strains
grown to 18hrs (stationary phase) were incubated with 1% sheep (beta haemolysis) or
o
horse (alpha haemolysis) blood for 2 hours at 37 C and A450 of the blood was
measured. Results shown are representative of at least three independent experiments.
Comparisons made between parent BH1CC strain and the isogenic atl and atlR
mutants. Standard deviations are indicated. Statistical significance denoted as NS for P
> 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

The effect of an atl mutation on haemolysin activity was also assessed for
the CA-MRSA strain JE2. CA-MRSA strains carry smaller SCCmec
elements than HA-MRSA strains associated with high level production of
virulence factors while maintaining resistance to β-lactam antibiotics (279).
Indeed the high level toxin production by JE2 made it difficult to visualise
any differences in haemolysin production by growth on blood agar (data not
shown). Using liquid haemolysis assays, a significant reduction in βhaemolysis was observed for the atl mutant, a defect that was
complemented by introduction of the atl gene into the atl mutant (P ≤ 0.01,
Fig. 3.14A). Overexpression of atl on the pLI50-tet plasmid restored high
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levels of β-haemolysin activity. In contrast to the trend observed in the
BH1CC background, the atlR mutation significantly reduced the level of βhaemolysin activity by JE2, although not to levels as low as the atl mutant
(P ≤ 0.01). Some of the β-haemolysin activity of JE2 ∆atlR could be
restored by complementation of the mutation with patlR. Overexpression of
atlR in the JE2 background reduced levels of β-haemolysin activity although
this reduction did not reach statistical significance. An increase in βhaemolysin activity was observed for the JE2 ∆AM and JE2 ∆GL strains
with only the JE2 ∆AM reaching a statistically significant increase in
activity. This may indicate compensatory roles for each enzymatic region of
Atl in controlling β-haemolysin activity. A similar trend toward reduced
activity for the atl mutant was observed for α-haemolysin activity by JE2
which could be complemented (Fig. 3.14B). Some differences were
observed for α-haemolysin activity compared to β-haemolysin activity. The
atlR mutation did not impair α-haemolysis and levels of α-haemolysis for
JE2 ∆atlR remained at levels similar to wild type JE2. Overexpression of
atlR was found to reduce α-haemolysis by JE2, a trend that matched the
observations for the BH1CC strains grown on horse blood agar (Fig.
3.12A). Unlike the results for the β-haemolysin assay, the JE2 ∆GL mutant
exhibited a reduction in α-haemolysis (Fig. 3.14B). The level of αhaemolysis exhibited by JE2 ∆AM was just above the wild type level of αhaemolysis. This indicates that the GL region of Atl may be more important
for CA-MRSA virulence with respect to levels of α-toxin production.
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Fig. 3.14. Contribution of Atl, AtlR and the enzymatic regions of alt to haemolysin
r
activity of JE2. (A) Beta haemolysin activity of supernatants of JE2, JE2 ∆atl::em
r
r
r
pLI50-tet, JE2 ∆atl::em patl, JE2 patl, JE2 ∆atlR::em pLI50, JE2 ∆atlR::em patlR,
JE2 patlR, JE2 ∆AM, JE2 ∆GL (B) Alpha haemolysin activity of supernatants of JE2,
r
r
r
JE2 ∆atl::em pLI50-tet, JE2 ∆atl::em patl, JE2 patl, JE2 ∆atlR::em pLI50, JE2
r
∆atlR::em patlR, JE2 patlR, JE2 ∆AM, JE2 ∆GL. Supernatants from strains grown to
18hrs (stationary phase) were incubated with 1% sheep (beta haemolysis) or horse
o
(alpha haemolysis) blood for 2 hrs at 37 C and A450 of the blood was measured.
Results are representative of at least two independent experiments. Comparisons made
between parent JE2 and the isogenic atl and atlR mutants. Standard deviations are
indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as **
for P ≤ 0.01 and as *** for P ≤ 0.001.
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Despite observing trends of reduced haemolysis for the JE2 atl mutants with
the liquid assays, the high level of toxin production by JE2 made the assays
challenging. In an effort to obtain more conclusive data on the role of Atl in
CA-MRSA toxin production expression of atl and hla was assessed in the
JE2 ∆atl and ∆atlR strains by RT-PCR as described in chapter 2. Strains
were grown to 20 hours at which point RNA was extracted and processed.
As anticipated, there was a significant 17.35-fold decrease in atl
transcription by JE2 ∆atl (P ≤ 0.05), a defect that could be complemented by
the patl plasmid (Fig. 3.15A). Introduction of atl into JE2 ∆atl significantly
increased expression of atl by over 15-fold (P ≤ 0.001) and overexpression
of atl in the parent strain increased atl transcription by nearly 11-fold (P ≤
0.05, Fig. 3.15A). The JE2 ∆atl strain exhibited a significant 3.21-fold
reduction in hla transcription (P ≤ 0.05) compared to JE2, a phenotype that
was complemented by patl (Fig. 3.15B). Expression of atl was not
significantly different between any of the atlR mutants (Fig. 3.16A).
However, significant increases in hla transcription were observed when JE2
∆atlR and JE2 carried the patlR plasmid (P ≤ 0.001), a finding which
contradicted the liquid haemolysis data for JE2 and the blood plate data for
BH1CC (Fig. 3.16B). Correlating with the findings of Dr Bose during the
construction of the JE2 AM and GL mutations, the active site mutations in
the AM and GL regions did not significantly impact on atl transcription by
JE2 (Fig. 3.17A). Correlating with the observed trend for the liquid
haemolysis assays (Fig. 3.14B), a significant reduction in hla expression
was seen for the GL mutant which exhibited a 4.66-fold decrease in hla
expression (P ≤ 0.01, Fig. 3.17B). The transcription of hla was not affected
by the AM mutation, a finding that also correlated with the liquid
haemolysis assays (Fig 3.14B). Overall this data shows that hla expression
is regulated by Atl at the transcriptional level in JE2, with a predominant
role for the GL domain of Atl. The downregulation of Hla activity by atlR
expression appears to be a strain dependent phenotype that is observed in
BH1CC and not in JE2, whereas the correlation between reduced Hla
activity and mutation of atl is observed in both strains. Therefore, atl
appears to be an important modulator of hla expression, a phenotype which
could contribute to S. aureus virulence in vivo.
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Fig. 3.15. Contribution of atl mutations to JE2 atl and hla transcription. (A)
r
Comparison of relative atl transcription by RT-PCR by JE2 pLI50-tet, JE2 ∆atl::em
r

pLI50-tet, JE2 ∆atl::em patl, JE2 patl. (B) Comparison of relative hla transcription by JE2
r

r

pLI50-tet, JE2 ∆atl::em pLI50-tet, JE2 ∆atl::em patl, JE2 patl. Total RNA was extracted
o

from cells grown at 37 C for 20 hrs (stationary phase) in BHI. Results shown are
representative of at least three independent experiments. Fold increase/decrease in atl and
hla expression relative to parent strain indicated by arrows. Standard deviations are
indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P
≤ 0.01 and as *** for P ≤ 0.001.
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Fig. 3.16. Contribution of atlR mutations to JE2 atl and hla transcription. (A)
r
Comparison of relative atl transcription by RT-PCR by JE2 pLI50, JE2 ∆atlR::em
r

pLI50, JE2 ∆atlR::em patlR, JE2 patlR. (B) Comparison of relative hla transcription by
r

r

JE2 pLI50, JE2 ∆atlR::em pLI50, JE2 ∆atlR::em patlR, JE2 patlR. Total RNA was
o

extracted from cells grown at 37 C for 20 hrs (stationary phase) in BHI. Results shown
are representative of at least three independent experiments. Fold increase/decrease in
atl and hla expression relative to parent strain indicated by arrows. Standard deviations
are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as **
for P ≤ 0.01 and as *** for P ≤ 0.001.
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Fig. 3.17. Contribution of AM and GL mutations to JE2 atl and hla transcription.
(A) Comparison of relative atl transcription by RT-PCR by JE2, JE2 ∆AM and JE2
∆GL. (B) Comparison of relative hla transcription by JE2, JE2 ∆AM and JE2 ∆GL.
o
Total RNA was extracted from cells grown at 37 C for 20 hrs (stationary phase) in BHI.
Results shown are representative of at least three independent experiments. Fold
increase/decrease in atl and hla expression relative to parent strain indicated by arrows.
Standard deviations are indicated. Statistical significance denoted as NS for P > 0.05, as
* for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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3.2.5 Investigation into the in vivo relevance of Atl for DRIs

A mouse model of device-related infections was used to assess the
contribution of Atl to biofilm formation and virulence as described in
chapter 2. These experiments were carried out in the laboratory of Prof Paul
Fey. An inoculum of 5x105 CFU/ml was used to infect 1 cm catheter
segments surgically implanted into the flank of the mice. Two experiments
were set up, a three day infection to determine any contribution of Atl to the
early stages of infection and a seven day infection to examine how Atl
contributes to the later stages of device-related infections (DRIs). After the
experimental time course was finished, the animals were sacrificed and the
catheter, surrounding peri-catheter tissue, liver, spleen and one kidney were
harvested and assessed for CFU counts. The following strains were tested in
the infection model, JE2, JE2 ∆atl, JE2 ∆atlR, JE2 patlR, JE2 ∆AM and JE2
∆GL. After the three day infection course, no significant differences were
observed in colonisation of any of the organs by any of the six strains (Fig.
3.18). Bacterial burdens remained high for all organs showing that all
mutants were capable of colonising the implanted catheters and
disseminating well from the site of infection up to day three.
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Fig. 3.18. Three day infection model. Catheter colonisation and dissemination of JE2
and JE2 atl and atlR mutants in a mouse device-related infection model. Implanted
5
r
catheter segments were infected with 5x10 CFU of JE2, JE2 ∆atl::em , JE2
r
∆atlR::em , JE2 patlR, JE2 ∆AM and JE2 ∆GL . Mice were sacrificed after three days
and CFU per centimetre segment of catheter (A), per gram of tissue (B), per gram of
kidney (C) per gram of liver (D) and per gram of spleen (E) were recovered and
counted. Comparisons made between JE2 and the isogenic atl and atlR mutants.
Statistical significance/not significant (NS) indicated. n ranges from 6-9 mice per
group.
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However, statistically significant differences in colonisation levels were
observed between the strains after seven days of infection. Colonisation of
the peri-catheter tissue by JE2 ∆atl, JE2 patlR and JE2 ∆GL was
significantly decreased compared to JE2 (P < 0.01, Fig. 3.19A).
Statistically significant differences were also obtained in the levels of
kidney colonisation (Fig. 3.19B). All mutants except JE2 ∆AM colonised
the kidney at significantly reduced rates compared to JE2 (P < 0.05, Fig.
3.19B). Only JE2 ∆atl colonised the spleen at a significantly reduced rate
compared to the parent strain (P < 0.05, Fig. 3.19C) and no significant
differences were observed between the six strains for colonisation of the
liver (Fig. 3.19D). Despite the significant differences observed, the bacterial
burden remained high in all organs for all strains (Fig. 3.19). Additionally,
by day seven all of the mice had developed severe abscesses at the sites of
infection that facilitated loss of the implanted catheters for almost all of the
animals by the end of the experimental time course. Consequently we were
unable to obtain enough data from the few remaining implanted catheters to
conclusively determine if there was a colonisation defect of the implanted
catheters associated with mutations in atl and if this might be contributing to
the significant decreases in colonisation of the peri-catheter tissue and
organs. These data indicate that S. aureus retains the capacity to cause
robust DRIs even in the absence of the major autolysin Atl.
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Fig. 3.19. Seven day infection model. Catheter colonisation and dissemination of JE2
and JE2 atl and atlR mutants in a mouse device-related infection model. Implanted
5
r
catheter segments were infected with 5x10 CFU of JE2 wild type (WT), JE2 ∆atl::em ,
r
JE2 ∆atlR::em , JE2 patlR, JE2 ∆AM and JE2 ∆GL . Mice were sacrificed after seven
days and CFU per centimetre segment of catheter (A), per gram of tissue (B), per gram of
kidney (C) per gram of liver (D) and per gram of spleen (E) were recovered and counted.
Comparisons made between JE2 and the isogenic atl and atlR mutants. Statistical
significance/not significant (NS) indicated. n ranges from 10-14 mice per group.

A significant reduction in colonisation of the kidney by the atlR mutant was
observed by day seven (P < 0.05, Fig. 3.19B). As shown in figure 3.20 there
was no difference in growth rates between the parent JE2 strain and JE2
∆atlR, perhaps suggesting that reduced colonisation by the atlR mutant may
be due to de-regulated autolytic activity.
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r

Fig. 3.20. Growth curve of JE2 and JE2 ∆atlR::em . Strains were grown in BHI at
37oC at 200rpm. A600 of cultures were measured every hour for eleven hours. Data
presented are representative of two independent experiments and standard deviations
are indicated.

In an effort to try to explain the mechanisms behind these observed
differences in CFU counts between the wild type and ∆atl mutant after
seven days of infection, the inflammatory response was examined using the
Proteome Profiler™ Array Mouse Cytokine Array Panel A kit (R&D
Systems). This assay enables rapid analysis of the relative expression of 40
different mouse cytokines in one experiment. Infection with the atl mutant
was associated with a somewhat reduced pro-inflammatory response in the
peri-catheter tissue than with the wild type strain (Fig. 3.21). Cytokines that
were upregulated in the peri-catheter tissue by infection with JE2 and JE2
∆atl are shown (Fig. 3.21). For example, tumor necrosis factor alpha levels
were 5.6-fold lower in tissue infected by the atl mutant compared to the
wild type and interleukins associated with the pro-inflammatory response
were also lower in tissue infected by the atl mutant (Table 3.1A). RANTES
was the only chemokine expressed at a 5-fold higher concentration in pericatheter tissue infected with the atl mutant than JE2 (Fig. 3.21, Table 3.1A),
perhaps indicating a higher level of leukocyte recruitment to tissue infected
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with JE2 ∆atl compared to JE2. Although these data may indicate that the
atl mutant is somewhat less virulent, overall cytokine levels in tissue
infected with JE2 and its isogenic atl mutant were not significantly different
and may reflect the similarities in virulence observed between the two
strains.
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Fig. 3.21. Cytokine response in peri-catheter tissue recovered from mice infected
r
for 7 days with JE2 and JE2 ∆atl::em . Immune response measured in four samples
r
from mice infected each with JE2 wild type (WT) and JE2 ∆atl::em with the Proteome
Profiler Array Mouse Cytokine Array Panel A by R&D Systems by following the
manufacturer's instructions. Statistical significance denoted as NS for P > 0.05, as * for
P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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Table 3.1A
Cytokines expressed at significantly different levels in peri-catheter tissue
infected with JE2 ∆atl compared to tissue infected with JE2

Cytokine

Fold Change
compared to JE2

Significance

BLC

↓ 3.188696

*

C5/C5a

↓ 2.506696917

***

G-CSF

↓ 2.170831

**

sICAM-1

↓ 1.679864633

**

IL-1α

↓ 1.41319

*

IL-1β

↓ 1.570301527

*

IL-16

↓ 1.859711

***

IP-10

↓ 2.164194

*

KC

↓ 1.512398

***

M-CSF

↓ 2.607979

***

RANTES

↑ 5.12971

**

TIMP-1

↓ 1.25868

*

TNF-α

↓ 5.601932

**

TREM-1

↓ 1.547691

***
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Table 3.1B
Cytokines not expressed at significantly different levels in peri-catheter
tissue infected with JE2 and JE2 ∆atl

Cytokine

r

∆atl::em

WT

Significance

Mean integrated pixel density

IL-1ra

52077.375

48568.5

NS

IL-2

5900.75

987.75

NS

IL-17

13567

10069.13

NS

JE

47223.88

43380.75

NS

MCP-5

2798.75

2627.375

NS

MIG

12862.25

4310.375

NS

MIP-1α

54041.13

56066.13

NS

MIP-1β

4798.875

7736.875

NS

MIP-2

50717.25

53434.38

NS

Table 3.1: Summary of results of cytokine analysis. (A) Cytokines that are
produced at significantly different levels in the surrounding peri-catheter tissue
r
infected with the JE2 wild type (WT) strain versus the atl::em mutant. Fold change
r
for cytokines produced in tissue infected with JE2 ∆atl::em compared to tissue from
strains infected with WT JE2. Red indicates a decrease level of cytokine production
r
from tissue infected with JE2 ∆atl::em compared to tissue infected with WT JE2 and
black indicates an increase level compared to the WT as indicated by the arrows.
Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤
0.01 and as *** for P ≤ 0.001. (B) Table summarising cytokines that do not reach
statistically significant differences in expression in tissue infected with WT versus
r
atl::em .
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3.3. Discussion

Our laboratory has previously characterised an essential role for Atl in
biofilm formation by a collection of clinical HA-MRSA isolates (38). Atl
was found to be essential for the primary attachment stage of biofilm
formation by HA-MRSA while the FnBPs were required for the
accumulation phase of biofilm formation. MRSA strains formed biofilm
independent of PIA production whereas clinical MSSA strains required PIA
for biofilm formation on hydrophilic polystyrene. It was reported that the
laboratory MSSA strain 8325-4 could form biofilm dependent on both PIA
and Atl on hydrophobic polystyrene, indicating that Atl has a role in MSSA
biofilm formation that is influenced by surface hydrophobicity. Data
presented in this chapter expands on this finding. The laboratory MSSA
strain RN4220 exhibited the same biofilm phenotype as that reported for
8325-4, namely a biofilm that was solely PIA dependent on hydrophilic
polystyrene and a biofilm on hydrophobic polystyrene that could be
mediated by both PIA and Atl. Additional experiments with the rsbU
repaired derivative of 8325-4, strain SH1000, provided further evidence for
a role for Atl in MSSA biofilm formation that was influenced by surface
hydrophobicity. SH1000 formed biofilm independent of Atl on hydrophilic
polystyrene but required Atl for biofilm formation on hydrophobic
polystyrene. Biofilm formation could be restored in the SH1000 ∆atl strain
by re-introduction of the atl gene on pLI50-tet thereby directly correlating
Atl with SH1000 biofilm formation on hydrophobic surfaces.
Atl can mediate biofilm formation through non-specific interactions with
inert surfaces but also mediates biofilm formation through tightly regulated
autolytic activity and eDNA release through the activity of the AM and GL
domains. Previous work from our laboratory demonstrated that the activity
of the AM region of Atl was vital for clinical HA-MRSA biofilm formation
(38). Data presented in this chapter demonstrates that the AM region also
needs to be enzymatically active for SH1000 to form biofilm on
hydrophobic surfaces. Furthermore, the SH1000 biofilm formed on
hydrophobic polystyrene was susceptible to treatment with PAS, ProK and
DNaseI. This data combined demonstrates that the SH1000 biofilm formed
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on hydrophobic polystyrene is dependent on expression of and the activity
of Atl, specifically the AM region, for eDNA release and mediating
interactions between the cells and the inert surface to initiate biofilm
formation. Further correlating a role for Atl-mediated autolytic activity in
biofilm formation was the finding that SH1000 ∆atl was impaired in triton
X-100 induced autolysis, a defect that could be complemented by the atl
gene. Additionally, the active site mutation of AM on plasmid patlH265A
could not substantially restore triton X-100 induced autolysis by SH1000
∆atl. This data suggests that the biofilm defect of this strain is due to the
reduced autolytic activity of the AM region. Further evidence for a
prominent role for Atl in SH1000 biofilm formation was demonstrated by
the ability of antibodies to the AM and GL regions of Atl and not PIA
antibodies

to

significantly inhibit

SH1000 biofilm

formation

on

hydrophobic polystyrene.
CA-MRSA strains are emerging as causative agents of DRIs and data
presented in this chapter demonstrates an essential role for Atl in CAMRSA in vitro biofilm formation. The CA-MRSA stain JE2 ∆atl exhibited
reduced biofilm forming capacity on hydrophilic polystyrene which could
be complemented by expression of atl on pLI50-tet. Mutation of the
negative regulator of atl, atlR, retained biofilm levels at those comparable to
JE2 wild type. Further implicating a role for Atl in CA-MRSA biofilm
formation was the finding that similar to the SH1000 biofilm phenotype,
PAS, ProK and DNaseI had inhibitory effects on JE2 biofilm formation. The
triton X-100 induced autolysis defect of JE2 ∆atl correlated with the defect
in biofilm formation exhibited by the strain. JE2 ∆atlR exhibited autolytic
activity at levels comparable to JE2, correlating with the similar levels of
biofilm formation by the two strains. However, overexpression of atlR on
the pLI50 plasmid could not impair biofilm formation or autolytic activity
by JE2. The reason for this might be associated with the observation by
Houston et al (2011) (38) that the activity of the atlR gene is upregulated at
30oC. The experiments presented in this chapter were all carried out at 37oC
for in vivo relevance. Therefore the atlR gene on pLI50 may not be
optimally expressed under the conditions used here. The upregulation of
atlR at the lower temperature of 30oC suggests that this regulator may have
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a limited role in vivo for regulating atl-dependent phenotypes. It may only
have a relevant role during colonisation of the skin or anterior nares which
are sites where S. aureus would encounter temperatures lower than 37oC.
Alternatively, when atlR is overexpressed, other surface proteins may be
contributing to biofilm formation. Further investigations are required to
determine if AtlR regulates any genes other than atl.
In an effort to expand on the work by Bose et al (2012) showing a role for
the AM and GL regions of Atl in MSSA biofilm formation, active site
mutations were constructed in the AM and GL regions of JE2 Atl by Dr
Bose. Analysis of biofilm formation by these strains demonstrated that only
the GL region significantly contributed to JE2 biofilm formation in vitro.
This was in contrast to the work conducted with these mutations in the
UAMS-1 background, in which both regions were found to significantly
contribute to biofilm formation. The AM region was found to contribute
more to the triton X-100 induced autolysis of JE2 with the GL mutant
exhibiting levels of autolysis comparable to wild type JE2. Similarly,
antibodies to the AM region had a more inhibitory effect on JE2 autolysis
than GL antibodies. This data indicates that the biofilm defect of the GL
mutant may not necessarily be attributed to a loss of GL-mediated autolysis
by this strain and may indicate a more important role for non-specific
interactions with the polystyrene surface mediated by the GL region in
contributing to the JE2 biofilm formation. However, the GL mutation did
appear to reduce the level of AM activity expressed by JE2 when assessed
by zymograph analysis which could also be a mechanism for the reduced
biofilm forming capacity of JE2 ∆GL. Atl antibodies were capable of
impairing JE2 biofilm formation, with GL antibodies having a great effect
than AM antibodies, further implicating a significant role for Atl in CAMRSA biofilm formation in vitro.
Atl also contributes to the secretion of cytolytic toxins by HA and CAMRSA strains. As described before by Pasztor et al (2010), α-toxin
production by BH1CC and JE2 was impaired by mutation in atl. Likewise,
secretion of δ and β-toxin was affected by mutation of atl. This Atldependent secretion of cytolytic toxins was found to be directly affected by
mutation in atlR and could be complemented by overexpression of patlR in
121

a strain-dependent manner. Atl was shown to affect hla expression at the
transcriptional level. All of this data combined indicate important roles for
Atl in in vitro biofilm formation and virulence by clinically relevant S.
aureus strains. The ability of antibodies to Atl to abolish biofilm formation
by both MSSA and CA-MRSA in vitro would indicate that targeting Atldependent biofilms may have therapeutic potential. However, when
assessed in vivo using a mouse model of DRIs, S. aureus was found to be
able to mount a successful infection in the absence of atl. A mutation in atl
did result in some significant differences in colonisation and dissemination
of JE2 in vivo with significantly reduced numbers of JE2 ∆atl able to
colonise the surrounding peri-catheter tissue and disseminate to the kidney
and the spleen by day seven. Additionally there were some significant
differences in the pro-inflammatory response to infection with JE2 ∆atl
compared to JE2 which most likely correlates with reduced cytolytic α-toxin
expression by the atl mutant. For example, α-toxin is known to induce
expression of the highly pro-inflammatory cytokine IL-1β (371) which was
one of the cytokines that was expressed at significantly reduced levels in
tissue infected with JE2 ∆atl (P ≤ 0.05, Fig. 3.21 and Table 3.1A). This
finding correlates with the downregulated hla expression associated with
mutation in atl. Additionally this result also suggests that altered autolytic
activity and rates of cell wall turnover due to the atl mutation are
contributing to the reduced levels of pro-inflammatory cytokine induction.
Cell wall degradation and upregulation of autolysis have previously been
shown to induce a pro-inflammatory cytokine response (372, 373).
However, some cytokines associated with the pro-inflammatory response
were not differentially upregulated between inflammatory responses to
infections with the atl mutant and JE2. Additionally, bacterial burdens
remained high in all organs harvested and by day three there were no
significant differences in colonisation and dissemination between any of the
atl mutants. The loss of the majority of the catheters from the animals by
day seven of the longer infection course highlighted the severity of the skin
abscesses that formed by infection with all strains. Combined, this data
demonstrates that S. aureus can develop severe skin abscesses and
disseminate and colonise organs at a high rate from the site of infection in
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the absence of atl. Therefore, despite the in vitro relevance for Atl in S.
aureus biofilm formation and virulence, the findings of the infection model
studies indicate that Atl does not contribute to the success of S. aureus
during a DRI.
The data presented in this chapter highlights the importance of animal
models for confirming in vitro phenotypes. The in vitro role for Atl in S.
aureus biofilm formation and virulence did not translate to a contributory
role during infection of the mice. Work presented in the next chapter was
undertaken to try to elucidate the contributory factors to S. aureus DRIs and
in vivo biofilm formation. Alternative protocols for in vitro studies of
biofilm formation that are more physiologically relevant are described in the
next chapter.
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Chapter 4:
Atl does not contribute to
biofilm formation under
physiologically relevant
conditions

124

4.1 Introduction

The findings presented in chapter three demonstrate how in vitro data may
not necessarily correlate with in vivo phenotypes. The in vitro findings of
chapter 3, and that of previous publications attribute an essential role to Atl
in S. aureus in vitro biofilm formation and virulence (38, 57, 368).
However, the results of the infection model presented in chapter 3
demonstrated that despite the in vitro data, S. aureus is capable of
developing a successful DRI in the absence of Atl.
Research into biofilm formation by staphylococci has generally involved
assessment of the phenotype on artificial surfaces such as glass, polystyrene
and other abiotic surfaces without the involvement of any host
glycoproteins. Implanted medical devices are rapidly coated with host
plasma components that act as receptors for a number of S. aureus surface
proteins (244). As described in chapter one, the MSCRAMM proteins
FnBPA and FnBPB can mediate attachment to surfaces coated with
fibronectin, elastin and fibrinogen (187, 189, 190, 192-194, 201), Spa has
binding affinity for von Willebrand factor and platelets (209, 210) and the
ClfA and B proteins mediate attachment to fibrinogen (85, 117, 120, 121).
Likewise, the secreted proteins Eap and Emp can mediate attachment to a
variety of host ligands (129, 136-139, 147). Moreover, in vitro biofilm
assays generally include the use of nutrient rich bacteriological growth
media which provides bacteria with nutrients that may otherwise be
depleted in the in vivo milieu. Recent advances in methodologies have led to
the development of sophisticated microfluidic flow cell systems that can add
shear stress conditions to in vitro biofilm assays, another important stress
factor encountered by invading staphylococci that is not generally
incorporated into the traditionally static semi-quantitative biofilm assay
(374).
To address the issues with conventional in vitro biofilm assays and to
determine what factors are likely to be critical for biofilm formation in vivo,
we re-evaluated the semi-quantitative biofilm assay protocol described in
chapter 2. Re-design of the biofilm assays was done in collaboration with Dr
Marta Zapotoczna and Dr Eoghan O’Neill at RCSI in Dublin. Human
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plasma from healthy volunteers was incorporated into the semi-quantitative
biofilm assays and the Bioflux 1000Z microfluidic system was used to add
biologically-relevant shear stress conditions to the assays as described
previously (374). Furthermore, nutrient rich media used for the biofilm
assays was replaced with the iron free tissue culture media RPMI-1640 to
reflect iron-limitation stress encountered by bacteria in vivo (375).
A collection of mutants from the NTML were assessed for biofilm
formation under the more physiologically relevant conditions described
above. This included mutants of regulators and secreted and surface proteins
known to contribute to in vitro and/or in vivo biofilm formation.
Experiments conducted by our collaborators at RCSI revealed that S. aureus
biofilm formation on surfaces conditioned with platelet-rich and plateletpoor plasma (PRP and PPP respectively) were similar (Zapotoczna,
McCarthy et al., submitted) (447) and all subsequent experiments were
conducted with PPP. Additionally, optimal biofilm levels in static assays
were achieved by growth on 20% v/v plasma in carbonate buffer
(Zapotoczna, McCarthy et al., submitted) (447).
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4.2 Results
4.2.1 Atl is not required for S. aureus biofilm formation on plasmacoated surfaces

When tested for biofilm formation on human plasma-conditioned surfaces
under static conditions in BHI, JE2 and the isogenic atl and atlR mutants
tested in the mouse infection model formed similar levels of biofilm (Fig.
4.1). The defects in biofilm formation exhibited by the atl and GL mutants
grown in BHI glucose on uncoated plates was restored by growth on 20%
v/v PPP and significant increases in biofilm formation were achieved by all
strains when grown on plasma (P < 0.001, Fig. 4.1). The data demonstrate
that JE2 is capable of forming biofilm on plasma in the absence of Atl.
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Fig. 4.1. Biofilm phenotypes of JE2 and JE2 atl mutants with and without 20%
plasma coating. Semi-quantitative measurements of biofilm formation under static
conditions were performed on hydrophilic 96-well polystyrene plates. Biofilms were
grown in BHI 1% glucose on uncoated surfaces and on a plate coated for 1 hr prior to
set-up with 20% v/v plasma in the presence of BHI only. Strains were grown for 24
hrs at 37°C in BHI. Results are shown of at least three independent experiments.
Comparisons made between: 1) JE2 grown on uncoated plates and the isogenic
mutants grown in the same conditions and 2) strains grown on uncoated plates and
the same strains grown on 20% plasma. Standard deviations are indicated. Statistical
significance denoted as NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as
*** for P < 0.001.
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Biofilm assays were also conducted with human serum. Undiluted serum
and serum diluted to 20% v/v in carbonate buffer were used to pre-condition
tissue-culture treated plates. As seen in figure 4.2 the six JE2 strains were
unable to form substantial levels of biofilm on either 100% or 20% v/v
serum-coated polystyrene whereas significant increases in biofilm formation
were achieved by all strains when grown on surfaces conditioned with 20%
v/v PPP (P < 0.001). This finding indicates that the increase in biofilm
formation observed on surfaces pre-treated with 20% v/v PPP is specifically
dependent on proteins present in plasma and not in serum.
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Fig. 4.2. Biofilm phenotypes of JE2 and JE2 atl mutants with 100% serum coating,
20% serum coating and 20% plasma coating. Semi-quantitative measurements of
biofilm formation under static conditions were performed in Nunclon tissue culture treated
96-well polystyrene plates. Biofilms were grown in BHI on a plate coated for 1 hr prior to
set up with either 10% serum, 20% serum or 20% v/v plasma in the presence of BHI only.
Strains were grown for 24 hrs at 37°C in BHI. Results are shown of at least three
independent experiments, except for those carried out with serum, which are from a single
data set. Comparisons made between strains grown on 20% serum and isogenic strains
grown on 20% plasma. Standard deviations are indicated. Statistical significance denoted
as NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as *** for P < 0.001.
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The findings of chapter 3 and those of P. Houston, et al. (38) demonstrate a
critical role for Atl in in vitro biofilm formation by the HA-MRSA strain
BH1CC. To determine if the restoration of biofilm formation by the JE2
∆atl strain is strain specific, the collection of BH1CC atl and atlR mutants
from chapter 3 were assessed for static biofilm formation on 20% v/v PPP.
Additionally, the fibronectin binding proteins have been shown to contribute
to the accumulation stage of BH1CC biofilm formation (38, 90). These
proteins are known to bind to the extracellular matrix proteins fibronectin,
elastin and fibrinogen (187, 189, 190, 192-194, 201). Therefore the BH1CC
∆fnbpAB mutant was also assessed for biofilm formation on 20% v/v PPP.
As seen in figure 4.3, and correlating with the data in figure 4.1, the defect
in biofilm formation by the BH1CC ∆atl strain grown on uncoated plates
was restored by growth on 20% v/v PPP. All BH1CC strains grown on 20%
v/v PPP exhibited a significant increase in biofilm formation. The biofilm
formed by BH1CC on 20% v/v PPP appears to be independent of the FnBPs
as biofilm formation by the double FnBP mutant is restored to significantly
increased levels by growth on plasma (Fig. 4.3).
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Fig. 4.3. Biofilm formation of BH1CC with and without 20% plasma coating. Semiquantitative measurements of biofilm formation under static conditions were performed in
Nunclon tissue culture treated 96-well polystyrene plates coated for 1 hr prior to set-up with
20% v/v plasma. Strains were grown for 24 hrs at 37°C in BHI. Results are shown of at
least three independent experiments. Comparisons made between: 1) BH1CC and isogenic
mutants grown on uncoated plates and 2) strains grown on uncoated plates and the strains
grown on 20% plasma. Standard deviations are indicated. Statistical significance denoted as
NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as *** for P < 0.001.

In order to determine what factors may be contributing to biofilm formation
on plasma, biofilm inhibition and dispersal assays were conducted as
described in chapter 2. DNaseI, ProK and PAS all inhibited JE2 biofilm
formation on 20% v/v PPP (Fig. 4.4). Because eDNA and autolysis were
found to significantly contribute (P<0.001), this data would indicate an
important role for autolytic activity in the JE2 biofilm phenotype on plasma.
However, the data from figure 4.1 shows that JE2 is capable of biofilm
formation on plasma in the absence of atl. Therefore, it appears that there
may be compensatory mechanisms of biofilm formation on plasmaconditioned surfaces and/or other factors that regulate autolysis beyond Atl
which could be vital for biofilm formation under these conditions. ProK also
dispersed JE2 biofilm formation on 20% v/v PPP indicating a vital role for
protein adhesins in this biofilm phenotype (Fig. 4.4). Impairment of biofilm
formation on plasma by ProK would not be specific to a role for Atl in the
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biofilm and may indicate a role for other proteins or the protein components
of the plasma. SM was unable to abolish biofilm formation by any of the
JE2 strains, suggesting that the biofilm formation on plasma is independent
of PIA production (Fig. 4.4).
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Fig. 4.4. Biofilm phenotypes of JE2 and JE2 atl mutants with 20% plasma coating.
Semi-quantitative measurements of biofilm formation under static conditions were
performed in Nunclon tissue culture treated 96-well polystyrene plates. Biofilms were
grown in BHI supplemented with 0.5 mg/ml DNaseI, 0.1 mg/ml ProK, 0.5 mg/ml PAS
and 10 mM SM where indicated on a plate coated for 1 hr prior to set-up with 20% v/v
plasma in the presence of BHI only. Strains were grown for 24 hrs at 37°C in BHI.
Results are shown of at least three independent experiments. Comparisons made
between: 1) untreated controls and the untreated parent JE2 strain and 2) untreated
controls and the different treatments. Standard deviations are indicated. Statistical
significance denoted as NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as ***
for P < 0.001.

Further evidence that the biofilm formed on plasma is independent of Atl
came from antibody inhibition assays. As noted in Chapter 3, JE2 biofilms
grown on uncoated plates were inhibited up to 76% using a combination of
both AM and GL antibodies (Fig. 3.10). However, Atl antibodies had no
inhibitory effect on JE2 biofilms grown on plates conditioned with 20% v/v
PPP (Fig. 4.5).
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NS

Fig. 4.5. Biofilm phenotypes of JE2 in the presence of Atl antibodies with 20% plasma
coating. Semi-quantitative measurements of biofilm formation under static conditions were
performed in Nunclon tissue culture treated 96-well polystyrene plates. Biofilms were
grown in BHI supplemented with 1:100 anti-AM and 1:100 anti-GL antibodies where
indicated on a plate coated for 1 hr prior to set-up with 20% v/v plasma in the presence of
BHI only. Strains were grown for 24 hrs at 37°C in BHI. Results are shown of at least three
independent experiments. Standard deviations are indicated. Statistical significance denoted
as NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as *** for P < 0.001.

4.2.2 A double atl srtA mutation reduces biofilm forming capacity of
JE2 on plasma under physiologically relevant conditions but does not
completely abolish biofilm formation

In an attempt to elucidate the critical factors for biofilm formation under
physiologically relevant conditions a double atl srtA mutant was constructed
in JE2 using phage 80α as described in chapter 2. Biofilm formation under
shear flow conditions was assessed using the BioFlux 1000Z microfluidic
system. A shear flow rate of 0.6 dy/cm2 was applied to the system which
enabled experimental run times of 18 hours. Plates were pre-treated with
undiluted human plasma and RPMI-1640 media was used as an alternative
to BHI to create iron limited conditions. Under these physiologically
relevant conditions JE2 ∆atl srtA exhibited reduced biofilm forming
capacity compared to JE2 wild type (Fig. 4.6). The mutant was not defective
in primary attachment to the plasma-coated BioFlux plate and could sustain
this attachment throughout the 18 hour run. However, cellular aggregation
and accumulation were visibly reduced in the double mutant compared to
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the wild type JE2. Attempts to create a triple atl srtA ica mutant by phage
transduction were unsuccessful, perhaps because phage infection of the atl
srtA mutant was affected.
r

WT

r

Accumulation

Initial attachment

∆atl::cm ∆srtA::tc

r

r

Fig. 4.6. Biofilm formation by JE2 and JE2 ∆atl::cm ∆srtA::tc under
physiologically relevant conditions. Strains were grown in RPMI-1640 media and
2
exposed to a shear flow rate of 0.6 dynes/cm for 18 hours (equivalent to 64µl/hour)
o
at 37 C in the BioFlux 1000Z instrument. Plates were coated with undiluted human
plasma. Brightfield images captured at 10X magnification are representative of at
least two independent experiments.

4.2.3 The two component regulatory system SaeRS is essential for
biofilm formation on plasma-coated surfaces

To reveal what factors may be critical for biofilm formation on plasmacoated surfaces, a collection of mutants from the NTML were assessed for
biofilm formation under physiologically relevant conditions. These mutants
are listed in table 4.1 and include mutants in global virulence regulators and
individual proteins that are known to be involved in biofilm formation.
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Table 4.1:
Transposon mutants from the NTML screened for biofilm formation under
physiologically relevant conditions
Gene name

Protein name

Reference

1.

atl

Major autolysin

(38, 57)

2.

icaA

Intercellular adhesin protein A of the

(154-156)

icaADBC operon
3.

fnbpA

Fibronectin binding protein A

(90)

4.

fnbpB

Fibronectin binding protein B

(90)

5.

clfA

Clumping factor A

(117, 126)

6.

clfB

Clumping factor B

(85)

7.

eap

Extracellular adherence protein

(136, 140, 141)

8.

emp

Extracellular matrix binding protein

(141)

9.

srtA

Sortase A

(90)

10.

srtB

Sortase B

(108, 110)

11.

spa

Protein A

(91)

12.

nuc

Thermonuclease

(59)

13.

sarA

Staphylococcal accessory regulator A

(28, 251, 254, 274)

14.

fur

Ferrick uptake regulator protein

(141, 270)

15.

saeS

S. aureus exoprotein expression histidine

(141)

kinase
16.

agrC

Accessory gene regulator sensor kinase
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(61, 148, 239)

As part of a collaboration with Dr Zapotoczna and Dr O’Neill of RCSI,
screening of the NTML mutants by static biofilm assays was conducted with
TSB media (as an alternative to BHI) and the iron-free RPMI-1640 media
on 20% v/v PPP. In TSB the factors found to most significantly contribute
to biofilm formation on plasma (P < 0.001) were ClfA, SrtA and SarA (Fig.
4.7A). These results support previous findings regarding roles for ClfA
(126), SrtA (90) and SarA (251, 252, 274) in biofilm formation in nutrient
rich media. However, as with the screens of various atl mutants in section
4.2.1, other factors that were previously reported as being critical for
biofilm were not found to be vital for JE2 biofilm formation on plasma
when grown in TSB (Fig. 4.7A). In contrast, growth in RPMI-1640 was
associated with lower levels of biofilm production by the NTML strains
compared to growth in TSB and no defect in biofilm formation under static
conditions was identified for the collection of mutants grown in RPMI-1640
(Fig. 4.7B). RPMI-1640 medium is commonly used during tissue culture
and is more representative than TSB or BHI for reflecting the in vivo
nutrient environment that is encountered by invading staphylococci. When
grown in RPMI-1640, all of the mutants produced higher levels of biofilm
than the parent JE2. This may indicate that there are multiple mechanisms of
biofilm formation operating under these growth conditions.
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Fig. 4.7. Biofilm phenotypes of JE2 transposon mutants on plasma-coated plate.
Strains were grown on hydrophilic polystyrene Nunc 96-well plates in (A) TSB and (B)
RPMI-1640 at 37°C for 24 hours. Plates were coated with 20% v/v/ plasma for 1 hour prior
to experimental set-up. Results are shown of at least three independent experiments.
Standard deviations indicated. Statistical significance denoted as NS for P > 0.05, as * for
P < 0.05, as ** for P < 0.01 and as *** for P < 0.001.

As mentioned in section 4.2.2, the BioFlux 1000Z microfluidic system was
used to incorporate shear flow conditions into the experimental design and
make the in vitro assays as physiologically relevant as possible. Screening
of the mutants listed in table 4.1 on plasma coated surfaces in RPMI-1640
media using the BioFlux system revealed some differences in the biofilm
phenotypes compared to nutrient rich media but none were biofilm negative
(Fig. 4.8). The atl mutant for example produced large clumps during biofilm
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formation under these conditions, a trait commonly reported for atl mutants
(45, 57).
∆atl

∆icaA

∆fnbpA

∆fnbpB

Accumulation
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attachment

WT

∆clfB
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∆emp
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∆srtA

∆srtB

∆spa

Accumulation
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Fig. 4.8. Attachment and accumulation of JE2 biofilm on human plasma under
physiologically relevant conditions. Strains from the Nebraska Transposon Mutant
Library were grown in RPMI-1640 media and exposed to a shear flow rate of 0.6
2
o
dynes/cm for 18 hrs (equivalent to 64µl/hr) at 37 C in the BioFlux 1000Z instrument.
Plates were coated with undiluted human plasma. Brightfield images captured at 10X
magnification are representative of at least two independent experiments.

A subsequent screen of the global virulence regulators known to be involved
in biofilm formation revealed the saeS mutant to be defective in biofilm
formation (Fig. 4.9). SaeS was found to be the only factor absolutely critical
for attachment and biofilm formation in RPMI-1640 media on plasmacoated surfaces under physiologically relevant shear. Only towards the end
of the 18 hour experiments was JE2 ∆saeS able to sustain a low level of
attachment to the edges of the chambers of the BioFlux plates. This may be
due to the plasma conditioning film deteriorating over the 18 hour period at
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37oC. All other regulator mutants were capable of biofilm formation under
these conditions (Fig. 4.9).
∆fur

∆agrC

Accumulation

Initial attachment

WT

∆saeS

Accumulation

Initial attachment

∆sarA

Fig. 4.9. Initial attachment and subsequent biofilm formation by JE2 transposon
mutants of global regulators under physiologically relevant conditions. Strains from
the Nebraska Transposon Mutant Library were grown in RPMI-1640 media and exposed
2
o
to a shear flow rate of 0.6 dynes/cm for 18 hrs (equivalent to 64µl/hr) at 37 C in the
BioFlux 1000Z instrument. Plates were coated with undiluted human plasma. Brightfield
images captured at 10X magnification are representative of at least two independent
experiments.

Next saePQRS mutants in various genetic backgrounds were tested for
biofilm formation on plasma-coated surfaces. No significant differences in
biofilm formation were observed between the clinical MSSA isolate
UAMS-1 and the CA-MRSA strains USA300 LAC and MW2 and their
isogenic saePQRS mutants grown statically in TSB on 20% v/v PPP (Fig.
4.10A). This was consistent with the initial screen of the NTML strains
under these conditions where ClfA, SrtA and SarA were found to be most
important for biofilm formation (Fig. 4.7A). Static growth in RPMI-1640
media on 20% v/v PPP did yield some significant differences between the
various saePQRS mutants (Fig. 4.10B). There was a significant decrease in
biofilm formation by the UAMS-1 ∆saePQRS strain compared to the parent
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Likewise, the MW2 ∆saePQRS strain

strain (P < 0.01, Fig. 4.10B).

produced significantly less biofilm in RPMI-1640 than the parent MW2
strain (P < 0.01, Fig. 4.10B). However, biofilm formation was not
completely impaired in these strains under these conditions and JE2 and
USA300 LAC had no statistically significant differences in biofilm forming
capacity with their isogenic saePQRS mutants, which was consistent with
the initial screen of the NTML strains (Fig. 4.10B and 4.7B). The
complemented strain of MW2 ∆saePQRS exhibited reduced levels of
biofilm formation that reached statistical significance in RPMI-1640 (P <
0.001, Fig. 4.10B), however this strain, as with the other saePQRS mutants
that showed reduced biofilm forming capacity, was not defective in biofilm
production and remained biofilm positive under these conditions.
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Fig. 4.10. Biofilm phenotypes of saePQRS mutants in various genetic backgrounds
on plasma-coated plate. Strains were grown on hydrophilic polystyrene Nunc 96-well
plates in (A) TSB and (B) RPMI-1640 at 37°C for 24 hrs. Plates were coated with 20%
v/v plasma for 1 hr prior to experimental set-up. Results are shown of at least two
independent experiments. Comparisons made between wild type strains and their
isogenic sae mutants. Standard deviations indicated. Statistical significance denoted as
NS for P > 0.05, as * for P < 0.05, as ** for P < 0.01 and as *** for P < 0.001.
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Next the UAMS-1, USA300 LAC and MW2 strains and their isogenic
saePQRS mutants were tested for biofilm formation under shear flow in the
BioFlux instrument on plasma-conditioned surfaces in RPMI-1640 media.
Consistent with the JE2 ∆saeS biofilm defect (Fig. 4.9), all of the saePQRS
mutants exhibited a biofilm defect and were found to be defective in
primary attachment and subsequent biofilm formation on the plasma-coated
surface (Fig. 4.11). Further evidence for a direct role for saePQRS in S.
aureus biofilm formation under these physiologically relevant conditions
was the successful complementation of the biofilm defect of the MW2
∆saePQRS strain with psae plasmid (Fig. 4.11C). As with the JE2 ∆saeS
phenotype (Fig. 4.9), all of the mutants were capable of attaching to the
edges of the chambers of the BioFlux plates at low levels by the end of the
18 hour-long experiments, which may be due to the plasma conditioning
film deteriorating towards the end of the experimental time course.
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Fig. 4.11. saePQRS contribution to biofilm formation in various S. aureus genetic
backgrounds under physiologically relevant conditions. Wild type and sae knock out
strains of (A) USA300 LAC (B), UAMS1 (C) and MW2 were grown in RPMI-1640
2
media and exposed to a shear flow rate of 0.6 dynes/cm for 18 hrs (equivalent to 64µl/hr)
o
at 37 C in the BioFlux 1000Z instrument. Plates were coated with undiluted human
plasma. Brightfield images captured at 10X magnification are representative of at least
two independent experiments.
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4.2.4 Coagulase is the critical factor regulated by Sae for biofilm
formation under physiologically relevant conditions

SaeRS is a two component system that is involved in global virulence gene
regulation. One factor regulated by SaeRS that was not incorporated into the
initial screen from the NTML was coagulase (Coa) (376). Coa is tightly
regulated by SaeRS and is required for formation of the staphylothrombin
complex which occurs through interaction between Coa and the host’s
prothrombin (377, 378). The staphylothrombin complex cleaves soluble
fibrinogen to insoluble fibrin which aids clot formation and cellular
aggregation during infection. Fibrinogen is a prominent factor present in
plasma so the JE2 ∆coa mutant from the NTML was screened for biofilm
formation under the physiologically relevant conditions. Another coagulase
mutant was pulled from the library for screening, namely JE2 ∆vwbp which
has a mutation in the von Willebrand factor-binding protein (vWbp). The
recently identified vWbp also activates clot formation by activating host
prothrombin and stimulating the formation of fibrin cables (377, 378). Both
the coa and the vwbp mutants were assessed for biofilm formation under the
physiologically relevant conditions of growth on plasma in RPMI-1640 and
under shear flow. Under the physiologically relevant conditions only the coa
mutant exhibited a biofilm defect similar to the sae mutants (Fig. 4.12). As
with the sae mutations, Coa was critical for primary attachment to the
plasma and JE2 ∆coa was unable to develop a biofilm under the
physiologically relevant conditions (Fig. 4.12). In contrast to the critical role
for Coa, the vwbp mutant was able to form biofilm under the physiologically
relevant conditions. Coa therefore appears to be the sole critical factor that
is regulated by SaeRS for biofilm formation under physiologically relevant
conditions. This data indicates that the conversion of soluble fibrinogen to
insoluble fibrin by Coa is essential for biofilm formation under the
physiologically relevant conditions. Experiments to validate this finding by
adding exogenous fibrin to the experiments conducted in the BioFlux
system were unsuccessful and require further technical optimisation.
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Fig. 4.12. Biofilm formation by JE2 and JE2 ∆vwbp::em and JE2 ∆coa::em under
physiologically relevant conditions. Strains were grown in RPMI-1640 media and
2
o
exposed to a shear flow rate of 0.6 dynes/cm for 18 hrs (equivalent to 64µl/hr) at 37 C in
the BioFlux 1000Z instrument. Plates were coated with undiluted human plasma.
Brightfield images captured at 10X magnification are representative of three independent
experiments.

4.3 Discussion

Biofilm-associated infections are influenced by characteristics of the
invading staphylococci and of the implanted biomaterial. Conventional in
vitro assays for assessing essential factors for S. aureus biofilm formation
typically involve inducing biofilm formation in nutrient rich broth with
glucose or sodium chloride supplementation (90, 254). Additionally, in vitro
biofilm assays are generally conducted on untreated or tissue-culture treated
polystyrene without the incorporation of any host ligands (244). Implanted
biomaterial is rapidly coated with host ligands with which S. aureus
interacts during infection to establish biofilms (244). Therefore the in vivo
relevance of these conventional in vitro assays is questionable. The findings
presented in chapter three highlight how phenotypes characterised by in
vitro biofilm assays may not always correlate with phenotypes from in vivo
experiments. In an effort to elucidate the relevant mechanisms of in vivo
biofilm formation by S. aureus, we re-designed the in vitro biofilm assay to
be as relevant to the in vivo situation as possible. Our first step towards
designing physiologically relevant in vitro assays involved coating 96-well
plates with 20% v/v human plasma. When JE2 and the isogenic atl and atlR
mutants examined in the mouse model of device-related infections in
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chapter three were assessed for biofilm formation on 20% v/v plasma, all of
the strains produced significantly increased levels of biofilm and the defects
in biofilm formation by the atl and GL mutants on uncoated plates were
restored. The data from this experiment and the experiment conducted with
the characterised BH1CC atl and atlR mutants (38) demonstrated that Atl is
not required for biofilm formation on plasma-coated surfaces. Additionally,
a previously characterised BH1CC ∆fnbpAB mutant (38) had its biofilm
forming capacity restored on 20% v/v plasma. This data questions the
relevance of previous in vitro data that characterised certain factors as
essential for S. aureus biofilm formation.
The biofilm phenotype on plasma was found to be specific to plasma
proteins as growth on serum could not promote biofilm formation by the
JE2 strains. Further characterisation of the JE2 biofilm phenotype on plasma
demonstrated roles for autolysis, eDNA and protein adhesins but not PIA in
the biofilm phenotype. The detrimental effects of DNaseI and PAS on JE2
biofilm formation and the restoration of biofilm formation by JE2 ∆atl on
plasma indicate that perhaps JE2 can use multiple mechanisms of biofilm
formation on plasma-coated surfaces that can compensate for each other
upon inhibition. Other peptidoglycan hydrolases may be upregulated during
growth on plasma in the absence of atl that could regulate autolysis and
eDNA release to aid biofilm formation. For example LytM is a glycineglycine endopeptidase that is overexpressed in an autolysis defective mutant
and has affinity for a cleavage site in peptidoglycan similar to lysostaphin
within the pentaglycine interpeptide bridge (43, 379). LytN is another
peptidoglycan hydrolase that possesses amidase and endopeptidase activities
(49). It is possible that LytM and/or LytN may be upregulated during
growth on plasma in the absence of atl and could be regulating autolysis and
eDNA release to mediate biofilm formation. Further experiments would be
required to determine if these possible compensatory mechanisms of
autolysis and eDNA release are employed by S. aureus when grown on
plasma in the absence of atl.
Optimisation of the physiologically relevant assay led to the design of an
assay that incorporated low-iron and shear stress conditions. RPMI-1640
was used as an alternative to nutrient rich BHI or TSB media. RPMI-1640 is
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free of iron but contains amino acids, vitamins, inorganic salts and glucose
at concentrations that are akin to in vivo conditions. Low iron conditions
created by growth in RPMI-1640 would induce upregulation of siderophores
and the Isd proteins which would be more reflective of the in vivo situation
encountered by invading staphylococci (380-382). Conducting experiments
in the BioFlux 1000Z microfluidic system enabled experiments to be carried
out under biologically relevant continuous-flow conditions (374). Coating of
the BioFlux plates with undiluted human plasma was the final modification
that made these assays physiologically relevant.
Initial attempts to clarify the mechanisms for biofilm formation on plasma
involved constructing a double atl srtA mutant in JE2. This mutant had
reduced biofilm forming capacity under physiologically relevant conditions
in RPMI-1640 media and under shear flow conditions. JE2 ∆atl srtA was
defective in the accumulation phase of biofilm formation but was capable of
attaching to the plasma-coated surface and maintaining this attachment
throughout the experiment. This finding, similar to the inhibitory effects of
PAS and DNaseI on the JE2 biofilm grown on plasma-coated plates
highlights the complexity of the biofilm phenotype on plasma-coated
surfaces and additional work is required to fully elucidate possible roles for
autolysis and extracellular DNA in this biofilm phenotype. To address the
concept that multiple mechanisms of biofilm formation may be employed
during growth on plasma, attempts were made to construct a triple atl srtA
icaADBC mutant. However, these transductions were unsuccessful, which
may be due to the altered cell wall structure of the double atl srtA mutant
that might render the cells less susceptible to infection by phage 80α. It
would be interesting to see if introduction of ∆icaADBC into the double
mutant would be sufficient to abolish attachment and accumulation under
the physiologically relevant conditions.
As part of a collaboration with Dr Zapotoczna and Dr O’Neill at RCSI, a
collection of transposon mutants from the NTML were assessed for biofilm
formation under the physiologically relevant conditions. Assessment of
biofilm formation by the collection of mutants with static assays performed
on plasma coating in TSB validated previous findings and attributed biofilm
formation to ClfA (126) and SrtA (90) with SarA (251, 252, 274) found to
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be essential for this biofilm phenotype. However, some previously described
factors essential for biofilm formation were not found to be required for
biofilm formation on plasma in TSB. Similarly, no defects in biofilm
formation were found when the collection of NTML strains was grown
statically in RPMI-1640 on plasma. Only when growth was performed in
RPMI-1640 media under shear flow was a critical factor for biofilm
formation found, namely the histidine kinase SaeS of the SaeRS two
component system (TCS). A possible explanation for the absence of a role
for Sae for biofilm formation on plasma-coated surfaces in the TSB medium
may be the inhibitory effect of glucose and mildly acidic conditions on sae
expression (383, 384). The role for the SaeRS TCS in S. aureus biofilm
formation on plasma was validated using saePQRS mutants in other strain
backgrounds under the same physiologically relevant conditions. The
saePQRS system is a global regulator of virulence in vivo and controls
expression of virulence factors such as of α and β-haemolysin, Spa, FnBPA
and Coa (385-387). The sae regulatory system consists of a histidine kinase
(SaeS), a response regulator (SaeR), a membrane protein (SaeQ) and a
lipoprotein (SaeP) (388). The Sae system has previously been shown to
positively regulate biofilm formation in vitro via upregulation of the
secreted proteins Eap and Emp under iron-restricted conditions (141, 271,
383). However, no critical role for Eap or Emp was found under the
conditions used in this study. Previous studies describing a Sae-dependent
role for Eap and Emp during biofilm formation were conducted in the
Newman background. Newman expresses truncated forms of both the FnBP
proteins that interfere with correct LPXTG-anchorage of the proteins to the
cell surface and disrupts FnPB-dependent functions by this strain (142).
Therefore, in our system a critical role for either Eap or Emp could be
masked by expression of either or both of the FnBPs. It would be interesting
to construct triple fnbpAB eap and fnbpAB emp mutants or a mutant in all
four proteins and assess biofilm forming capacity under the physiologically
relevant conditions. Alternatively, a triple srtA eap emp mutant could be
assessed for biofilm formation as the LPXTG-anchored FnBPs would not be
properly expressed in this strain.
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Coa was found to be the essential factor regulated by Sae involved in
biofilm formation under the physiologically relevant conditions. Coa
expression is tightly regulated by Sae (376). Coa binds to host prothrombin
in a 1:1 ratio which forms a staphylothrombin complex. This complex
formation promotes non-proteolytic activation of the host’s prothrombin and
the subsequent conversion of soluble fibrinogen into insoluble fibrin (377,
389). It appears that this Coa-mediated conversion of fibrinogen to fibrin is
the mechanism by which S. aureus is forming biofilm under the
physiologically relevant conditions. Experiments attempting to supplement
fibrin into the BioFlux experiments were unsuccessful and would require
further technical optimisation. However, complementary experiments
carried out by our collaborators demonstrated that biofilms grown on
plasma-coated surfaces were dispersed by plasmin, which degrades fibrin
clots, and coagulation of human plasma was found to be induced by
supernatants from wild type S. aureus strains but not the isogenic saePQRS
mutant (Zapotoczna, McCarthy et al., submitted) (447). Additionally, the
finding that biofilm formation was specific to plasma and not serum further
supports a role for Coa-mediated conversion of fibrinogen to fibrin as the
mechanisms for biofilm formation as serum lacks fibrinogen. Collectively
this data supports the finding of a critical role for Sae-regulated Coa in S.
aureus biofilm formation on plasma under physiologically relevant
conditions.
Recent studies support our finding of an essential role for Coa in S. aureus
biofilm formation. The work of T. Vanassche, et al. (390) demonstrates that
Coa is vital for in vitro biofilm formation on plates coated with human
plasma and that loss of coagulation and the formation of fibrin clots by a
coa mutant attenuates virulence of S. aureus in a murine subcutaneous
abscess model. Coa enables persistence and aggregation of S. aureus in vivo
within the fibrin network through clotting of plasma (391). Antibodies to
Coa have been shown to provide protective immunity to mice with a renal
abscess model (392). Recent publications on the therapeutic benefits of
dabigatran against S. aureus DRIs further support our finding of an essential
role for Coa in biofilm formation under the physiologically relevant
conditions (389, 390, 393, 394). Dabigatran is a small molecule
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anticoagulant that binds with high affinity to the catalytic site of thrombin
(390). This subsequently prevents interaction between the host thrombin and
Coa and the formation of the staphylothrombin complex. A very recent
study further supports a role for fibrin formation in mediating biofilmassociated infections and, similar to our findings, MRSA biofilms formed
on human synovial fluid were susceptible to plasmin treatment (395).
The vWbp is another coagulase that can promote fibrin formation through
formation of the staphylothrombin complex with host prothrombin and has
been shown to contribute to S. aureus virulence through the formation of
fibrin clots (377, 390, 392). However, mutation vWbp was not found to
abolish biofilm formation under our physiologically relevant assay. A
comparative study on coa and vwbp mutants has shown that Coa contributes
more to static biofilm formation on plasma-coated surfaces than vWbp
which may explain why we failed to observe a significant contribution for
the vwbp mutation in our experiment (390). vWbp has two mechanisms by
which it mediates vascular adhesion, namely through the formation of the
staphylothrombin complex and fibrin aggregates and through shearmediated binding to von Willebrand factor (396). In our model, vWbp may
also have a shear-dependent role for biofilm formation. Intriguingly, no
contribution for ClfA was observed in the static assays or during
experiments conducted at a shear flow rate of 0.6 dy/cm2 in the BioFlux
system. However, a role for ClfA in biofilm formation on plasma was
reported at a higher shear flow rate of 6.25 dy/cm2 (Zapotoczna, McCarthy
et al., submitted) (447). Therefore it is feasible that at a higher flow rate the
vWbp may also contribute to biofilm formation on plasma-coated surfaces.
Additionally, coa expression in the vwbp mutant may be sufficient to sustain
biofilm formation on plasma under the physiologically relevant conditions.
It is also interesting to note that only coa is significantly regulated by Sae
and vwbp is not, therefore the vwbp gene may not be upregulated under the
experimental conditions used (387). Further experiments are required to
determine if vWbp is being upregulated in our model and if it has sheardependent role for biofilm formation on plasma.
The findings presented in this chapter help to explain why the atl mutant
was not attenuated in the mouse infection model (chapter 3). By creating a
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more physiologically relevant in vitro biofilm assay we showed that Saeregulated Coa is the critical factor under these conditions for S. aureus
biofilm formation. The physiologically relevant assay demonstrated that
previously identified biofilm contributors, including Atl, are in fact
redundant for S. aureus biofilm formation in the physiologically relevant
assay. This highlights the important differences between in vitro and in vivo
experiments and warrants re-assessment of conclusions that are drawn from
conventional in vitro assays.
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Chapter 5:
Atl and high-level
homogeneous methicillin
resistance
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5.1 Introduction

Beyond its role in in vitro biofilm formation, Atl is involved in penicillininduced cell lysis (289, 291, 397). Penicillin and other β-lactams inhibit the
activity of the penicillin-binding proteins (PBPs) and prevent the PBPs from
producing sufficient cross wall during transpeptidation (289). Correctly
synthesised cross wall material normally protects the cells from murosomeinduced perforations of the peripheral wall. The fatal effect of β-lactams on
staphylococci is due to puncturing of the cell wall by autolysins within the
splitting system, which in the absence of a properly formed cross wall
results in a loss of cytoplasmic material from high internal turgor pressure.
As described in chapter one, methicillin resistance is acquired upon
acquisition of the mecA gene which encodes for PBP2A, an alternative
penicillin-binding protein that can maintain transpeptidase activity in the
presence of β-lactams due to its low affinity for β-lactam antibiotics. A
characteristic of methicillin resistance of clinical MRSA strains is
heterogeneity (305-307). The majority of cells within a clinical MRSA
population express low-level resistance (an MIC of 1-10 μg/ml) and are
classified as heterogeneously resistant (HeR) MRSA (306, 307). Within
HeR populations exists a small subpopulation that occurs at a frequency of
≥1% containing cells capable of expressing high level resistance called
homogeneous resistance (HoR) (306, 307). The mechanisms behind this
switch from HeR to HoR resistance have not yet been fully elucidated and
this is an intensely investigated area of staphylococcal biology.
Alterations in the activity of autolysins have been linked with the switch
from a HeR to a HoR phenotype (397). However, there are conflicting
reports on the influence of resistance levels on autolysis. Homogeneous
resistance and growth in the presence of β-lactams have been associated
with low levels of autolysis (398, 399). For example, growth of S. aureus in
the presence of sub-inhibitory concentrations (half the MIC) of various βlactam antibiotics provoked reduced transcription of multiple autolytic
enzyme genes, including the major autolysin (399). A. Antignac, et al. (399)
proposed that this reduction in autolysin gene transcription was a protective
measure taken to prevent damage to the cell wall by autolysis. In contrast to
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these findings, there are multiple reports that high-level methicillin
resistance and growth in the presence of β-lactams has the opposite effect
and upregulates autolysis (400-402). It has been proposed that an increased
rate of autolysis associated with high-level methicillin resistance could be a
repair mechanism employed by staphylococci, enabling excision and
disposal of abnormal and potentially lethal cell wall material produced
during growth in the presence of methicillin (400). It therefore appears that
regulation of autolysis and cell wall turnover influence methicillin resistance
via one or more mechanisms that remain to be elucidated.
Expression of mecA and HoR resistance by a HA-MRSA reduces the ability
of HA-MRSA to detect AIP, which impacts on Agr-mediated toxin
production and attenuates the virulence of HA-MRSA in a murine infection
model (226). The authors proposed that expression of mecA was either
directly or indirectly inducing changes in the cell wall which interfered with
Agr-mediated detection of AIP (226). CA-MRSA strains, on the other hand,
which generally express lower levels of mecA and a HeR phenotype,
typically produce higher levels of toxins (279). Alterations in cell wall
structure have further been implicated in decreased susceptibility to βlactams (318). An increase in peptidoglycan cross-linking was related to
increased resistance to β-lactams which correlated with increased autolysin
production (318). Based on these findings and the conflicting reports on the
influence of methicillin resistance on autolysis, experiments were
undertaken to further investigate the relationship between methicillin
resistance, cell wall biosynthesis and autolytic activity in the CA-MRSA
strain USA300 LAC. Oxacillin was used as a substitute for methicillin in the
following experiments as it is the clinically used derivative of methicillin.
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5.2 Results
5.2.1 High-level homogeneous oxacillin resistance and growth in subinhibitory oxacillin increase autolytic activity

Initial experiments assessing the influence of homogeneous oxacillin
resistance on autolysis were undertaken with a laboratory MSSA and its
isogenic heterogeneous and homogeneously oxacillin resistant derivatives,
namely 8325-4, 8325-4 pmecA HeR and 8325-4 pmecA HoR strains (316).
The 8325-4 HoR strain was created by introduction of pmecA into the
MSSA 8325-4 strain which produced a heterogeneously oxacillin resistant
8325-4 HeR strain. The 8325-4 HeR strain was grown on 100 μg/ml
oxacillin to isolate 8325-4 HoR (316). Introduction of pmecA into 8325-4
and the expression of heterogeneous oxacillin resistance were accompanied
by a modest increase in the rate of triton X-100-induced autolysis, while
high-level homogeneous oxacillin resistance correlated with substantially
increased autolytic activity (Fig. 5.1).

Fig. 5.1. Contribution of HeR and HoR methicillin resistance levels to autolytic
activity of 8325-4. Comparison of Triton X-100-induced autolysis of 8325-4, 8325-4
pmecA HeR and 8325-4 pmecA HoR. Cells were grown to early exponential phase in
BHI at 37°C and washed in PBS and adjusted to A600 = 1.0 in 0.01% Triton X-100.
The A600 was measured for 15 min intervals thereafter with shaking incubation at
37°C. Autolytic activity is expressed as a percentage of the initial A600.
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Based on these findings with 8325-4, further experiments examining the
influence of high-level methicillin resistance on autolysis were conducted in
the naturally HeR methicillin resistant USA300 LAC strain (403). Extensive
research is currently being conducted on USA300 LAC HeR strain and its
HoR derivatives in our laboratory. DNA and RNA genome sequencing is
under way to identify the mechanisms of the switch from heterogeneous to
homogeneous resistance in this genetic background. Therefore, these strains
were chosen for further experiments assessing the influence of the HoR
phenotype on autolysis as any significant findings could be subsequently
investigated through sequencing analysis. As with the 8325-4 strain set
described above, a homogeneously resistant derivative of USA300 LAC
was isolated on oxacillin 100 μg/ml plates (316).
Consistent with the 8325-4 strain set data, induction of high-level
homogeneous oxacillin resistance in LAC was also associated with a
substantial increase in the rate of autolysis (Fig. 5.2).

Fig. 5.2. Contribution of HeR and HoR methicillin resistance levels to autolytic
activity of USA300 LAC. Comparison of Triton X-100-induced autolysis of USA300
LAC HeR and USA300 LAC HoR. Cells were grown to early exponential phase in BHI
at 37°C and washed in PBS and adjusted to A600 = 1.0 in 0.01% Triton X-100. The A600
was measured for 15 min intervals thereafter with shaking incubation at 37°C. Autolytic
activity is expressed as a percentage of the initial A600. Results are representative of three
independent experiments and standard deviations are indicated.
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The triton X-100-induced autolytic assays from figure 5.2 were repeated
with the strains grown in BHI and BHI supplemented with 0.5 μg/ml Ox to
determine if growth in oxacillin could further increase the level of triton X100-induced autolysis of LAC HeR and LAC HoR. A sub-inhibitory
concentration of 0.5 μg/ml oxacillin (Ox) was chosen for these assays as
previous work from our laboratory had determined that growth by LAC at
this concentration of oxacillin was not affected (330). As Figure 5.3
illustrates, growth in sub-inhibitory oxacillin enhanced triton X-100-induced
autolysis of both LAC HeR and HoR. Growth in sub-inhibitory oxacillin
had the greatest impact on the autolytic activity of LAC HeR with growth in
0.5 μg/ml Ox resulting in a 62% higher level of autolysis at the final time
point compared to growth in BHI (Fig. 5.3A). Following this trend, growth
in sub-inhibitory oxacillin also increased the rate of autolysis by the LAC
HoR strain and on the final time point LAC HoR grown in 0.5 μg/ml Ox
exhibited an increase in autolysis of 12.8% compared to growth in BHI (Fig.
5.3B). This data confirms that growth in sub-inhibitory oxacillin can further
increase autolytic activity in of LAC HeR and HoR.
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(A)

(B)

Fig. 5.3. Contribution of sub-inhibitory oxacillin to autolytic activity of USA300
LAC HeR and HoR. (A) Comparison of Triton X-100-induced autolysis of USA300
LAC HeR grown in BHI and LAC HeR grown in 0.5 µg/ml oxacillin (Ox). (B)
Comparison of Triton X-100-induced autolysis of USA300 LAC HoR grown in BHI
and LAC HoR grown in 0.5 µg/ml Ox. Cells were grown to early exponential phase in
either BHI or BHI supplemented with 0.5 µg/ml Ox at 37°C, washed in PBS and
adjusted to A600 = 1.0 in 0.01% Triton X-100. The A600 was measured and for 15 min
intervals thereafter with shaking incubation at 37°C. Autolytic activity is expressed as
a percentage of the initial A600. Results are representative of three independent
experiments and standard deviations are indicated.

To determine the relative contributions of the amidase (AM) and
glucosaminidase (GL) regions of Atl to this phenotype, LAC HeR and HoR
cell suspensions were incubated in PBS and triton X-100 supplemented with
either 1:100 AM or 1:100 GL antibody. 1:100 IgG was used as a control.
Both Atl antibodies reduced LAC HeR autolytic activity, particularly the
AM antibody (Fig. 5.4A), perhaps suggesting a more important role for Nacetylmuramyl-L-alanine amidase activity in LAC HeR triton X-100155

induced autolysis than endo-β-N-acetylglucosaminidase activity and
possible upregulated biosynthesis of the stem pentapeptide of peptidoglycan
(404). However, neither Atl antibody had a significant inhibitory effect on
the already very high levels of autolytic activity of LAC HoR (Fig. 5.4B),
perhaps suggesting that the HoR phenotype may be associated with the
upregulation of other autolysins not inhibited by the AM or GL antibodies.
(A)

(B)

Fig. 5.4. Inhibition of triton X-100-induced autolysis of LAC HeR and LAC HoR by
Atl antibodies. (A) Comparison of Triton X-100-induced autolysis of USA300 LAC HeR
grown in BHI supplemented with either 1:100 IgG, 1:100 AM or 1:100 GL antibody. (B)
Comparison of Triton X-100-induced autolysis of USA300 LAC HoR grown in BHI
supplemented with either with 1:100 IgG, 1:100 AM or 1:100 GL antibody. Cells were
grown to early exponential phase in BHI at 37°C and washed in PBS and adjusted to A600
= 1.0 in 0.01% Triton X-100. The A600 was measured and for 15 min intervals thereafter
with shaking incubation at 37°C. Autolytic activity is expressed as a percentage of the
initial A600. Results are representative of three independent experiments and standard
deviations are indicated.
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RT-PCR analysis to examine the relationship between homogeneous
resistance and increased autolysis revealed a significant 5.4-fold increase in
atl expression in LAC HoR compared to LAC HeR grown in BHI (P ≤
0.001, Fig. 5.5). Interestingly even though growth in sub-inhibitory oxacillin
increased autolytic activity in LAC HeR, no significant difference in atl
expression was measured (Fig. 5.5 and 5.3). Similarly sub-inhibitory
oxacillin had no effect on atl transcription in LAC HoR (Fig. 5.5 and 5.3).
These findings indicate that significantly increased atl transcription may
directly correlate with increased autolytic activity in HoR strains. However,
because growth in sub-inhibitory oxacillin did not increase atl transcription,
it seems possible that other peptidoglycan hydrolases, which may influence
the cell wall structure, are responsible for increased triton X-100-induced
autolysis under these conditions.
NS

5.4
***

NS

Fig. 5.5. Contribution of heterogeneous and homogeneous oxacillin resistance and
growth in sub-inhibitory oxacillin to atl transcription. Comparison of relative atl
transcription in LAC HeR and LAC HoR grown in BHI and in BHI supplemented with 0.5
o

µg/ml Ox. Total RNA was extracted from cells grown at 37 C for 20 hrs in BHI. Results
shown are representative of at least three independent experiments. Fold increase/decrease
in atl expression relative to parent strains indicated by arrows. Standard deviations are
indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P
≤ 0.01 and as *** for P ≤ 0.001.
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5.2.2 Impact of homogeneous oxacillin resistance and growth in subinhibitory oxacillin on biofilm formation by LAC
Previous work has shown that growth in sub-inhibitory concentrations of βlactams can induce biofilm formation in S. aureus and other bacteria as a
global stress response is induced (405-407).

High-level homogeneous

methicillin resistance expressed by 8325-4 HoR has also been associated
with a switch from a PIA to a protein-dependent biofilm phenotype and
deletion of mecA in the HA-MRSA strain BH1CC resulted in a lower level
of biofilm formation (316). Therefore, experiments were undertaken to
examine if increased autolysis in LAC HoR was associated with altered
biofilm formation. Levels of biofilm formation by LAC HeR were
significantly increased by growth in sub-inhibitory oxacillin and by the
switch from the HeR to the HoR phenotype (P ≤ 0.001, Fig. 5.6) in BHI
supplemented with 1% glucose on both hydrophilic and hydrophobic plates
but not in BHI or BHI 4% NaCl media. This glucose-induced biofilm
phenotype expressed by LAC HeR and HoR is consistent with a
proteinaceous biofilm phenotype and correlates with the work of C. Pozzi,
et al. (316) and E. O'Neill, et al. (254). Furthermore, increased autolytic
activity and biofilm production exhibited by LAC HoR and HeR grown in
0.5 μg/ml Ox (Fig. 5.2 and 5.3A) correlate with previous work in our
laboratory reporting an association between autolytic activity and glucoseinduced biofilm formation by 8325-4 HoR (Pozzi et al., 2012).
Interestingly,

sub-inhibitory

oxacillin

significantly

reduced

biofilm

production by LAC HoR (Fig. 5.6) even though autolytic activity in this
strain was increased under these growth conditions (Fig. 5.3B). However,
atl transcription was not upregulated in LAC HoR grown in 0.5 μg/ml Ox
and in any event sub-inhibitory oxacillin may negatively influence the
activity of other biofilm mediators.
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Fig. 5.6. Impact of heterogeneous and homogeneous oxacillin resistance and growth in
sub-inhibitory oxacillin on biofilm phenotypes of LAC. Biofilm phenotypes of LAC
HeR and LAC HoR grown at 37oC for 24hrs in BHI and BHI supplemented with 0.5 µg/ml
Ox prior to experimental biofilm assay set-up in either BHI, BHI 4% NaCl or BHI 1%
glucose on (A) hydrophilic 96-well plates and (B) hydrophobic 96-well plates. Results
shown are representative of at least three independent experiments. Comparisons made
between strains grown in BHI 1% glucose. Standard deviations are indicated. Statistical
significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for
P ≤ 0.001.

ProK and DNaseI significantly inhibited biofilm formation by both LAC
HeR and HoR in the presence and absence of 0.5 μg/ml Ox on both
hydrophilic and hydrophobic polystyrene (Fig. 5.7A and B). This indicates
that protein adhesins are required for the early stages of this biofilm
phenotype and correlates with the reported biofilm phenotypes of other
clinical MRSA isolates (254, 316). Furthermore, the inhibitory effects of
DNaseI on all biofilms indicate that eDNA is a component of the biofilm
matrix of LAC that is required under all test conditions. Since autolytic
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activity is required for eDNA release, this correlates with the increase in
triton X-100-induced autolysis exhibited by LAC with the switch from the
HeR to the HoR phenotype and by growth in 0.5 μg/ml Ox (Fig. 5.2 and
5.3) (38, 57).
(A)

** **

*** ***

***
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***
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Fig. 5.7. Impact of heterogeneous and homogeneous oxacillin resistance and growth in
sub-inhibitory oxacillin on biofilm phenotypes of LAC. Biofilm phenotypes of LAC
HeR and LAC HoR grown in BHI and BHI supplemented with 0.5 µg/ml Ox prior to
experimental biofilm assay set up in BHI 1% glucose. Biofilm phenotype of strains grown
on (A) hydrophilic 96-well plates and (B) hydrophobic 96-well plates in BHI 1% glucose
supplemented with 0.5 mg/ml DNaseI and 0.1 mg/ml ProK at experimental set up (0 hr).
o
Biofilms are grown for 24 hrs at 37 C. Results shown are representative of at least three
independent experiments. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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Proteinase K, DNaseI and sodium metaperiodate significantly dispersed
mature LAC HeR and HoR biofilms grown with and without 0.5 μg/ml Ox
(P ≤ 0.001, Fig. 5.8A and B). The inhibitory effect of SM on the biofilms
suggests that LAC can use PIA as well as protein adhesins and eDNA to aid
biofilm formation.
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Fig. 5.8. Impact of heterogeneous and homogeneous oxacillin resistance and growth
in sub-inhibitory oxacillin on mature biofilm phenotypes of LAC. Mature biofilm
phenotypes of LAC HeR and LAC HoR grown in BHI and BHI supplemented with 0.5
µg/ml Ox prior to experimental biofilm assay set up in BHI 1% glucose. Phenotype of
o
mature biofilms of LAC HeR and HoR grown for 24 hrs at 37 C on (A) hydrophilic 96well plates and (B) hydrophobic 96-well plates in BHI 1% glucose and treated with 0.5
o
mg/ml DNaseI, 0.1 mg/ml ProK and 10 mM of SM for a further 2 hrs at 37 C. Results
shown are representative of at least three independent experiments. Standard deviations
are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as **
for P ≤ 0.01 and as *** for P ≤ 0.001.
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5.2.3. Assessment of the influence of the HoR phenotype and oxacillin
growth pressure on cell wall metabolism

Previous studies have reported that the association between increased
autolysis and increased levels of methicillin resistance is related to altered
cell wall structure (400, 408). Oxacillin can induce the cell wall stress
stimulon and in addition to expression of PBP2a, auxiliary genes involved
in cell wall metabolism and stress response are required for high level
homogeneous resistance to β-lactams (409, 410). Some of these auxiliary
factors are known to influence methicillin resistance levels through altered
cell wall metabolism which has a direct effect on autolysis (411). Here RTPCR analysis of some of the factors and regulators involved in cell wall
turnover and autolysis was undertaken to determine if cell wall metabolism
was affected by the switch from HeR to HoR resistance or growth in subinhibitory oxacillin.
Transcription of fmtA was assessed in LAC HeR and HoR grown with and
without sub-inhibitory oxacillin. FmtA was initially identified as a factor
contributing to methicillin resistance that influences autolysis by H.
Komatsuzawa, et al. (412). fmtA expression is associated with increased
methicillin resistance and the gene is a member of the core cell wall
stimulon responsible for increased peptidoglycan cross-linking in the
presence of β-lactam antibiotics (413, 414). Inactivation of fmtA is
accompanied by increased rates of triton X-100-induced autolysis (412).
However, low concentrations of exogenous FmtA has been shown to
enhance autolysis and biofilm formation by S. aureus

in a manner

dependent on WTA (413). fmtA expression has been shown to be dosedependently increased by growth in the presence of β-lactam antibiotics
(415). While no statistically significant differences were seen, there was a
trend towards increased fmtA expression in the HoR strains and by growth
in 0.5 µg/ml Ox (Fig. 5.9). This could indicate increased peptidoglycan
cross-linking in LAC upon acquisition of the HoR phenotype and growth in
oxacillin and may be a contributory factor to the observed increase in
autolysis.
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Fig. 5.9. Contribution of heterogeneous and homogeneous oxacillin resistance and
growth in sub-inhibitory oxacillin to fmtA transcription. Comparison of relative fmtA
transcription by LAC HeR and LAC HoR grown in BHI and in BHI supplemented with
o

0.5 µg/ml Ox. Total RNA was extracted from cells grown at 37 C for 20 hrs in BHI.
Results shown are representative of at least three independent experiments. Standard
deviations are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤
0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

Another factor examined was murZ, a UDP-N-acetylglucosamine-1carboxyvinyltransferase which catalyses the first step in peptidoglycan
precursor synthesis (410). murZ is reported to be upregulated in the
presence of oxacillin and this has been postulated to be in response to
increased rates of peptidoglycan biosynthesis (410). Transcription of murZ
was upregulated in LAC HoR compared to LAC HeR and in both the HeR
and HoR strains when grown in sub-inhibitory oxacillin (Fig. 5.10). As with
fmtA expression no statistically significant differences were seen. However,
the trend for increased murZ transcription would suggest that peptidoglycan
biosynthesis overall is upregulated following the induction of the HoR
phenotype or in HeR strains subjected to sub-inhibitory oxacillin stress.
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Fig. 5.10. Contribution of heterogeneous and homogeneous oxacillin resistance and
growth in sub-inhibitory oxacillin to murZ transcription. Comparison of relative murZ
transcription by LAC HeR and LAC HoR grown in BHI and in BHI supplemented with 0.5
o

µg/ml Ox. Total RNA was extracted from cells grown at 37 C for 20 hrs in BHI. Results
shown are representative of at least three independent experiments. Standard deviations are
indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P
≤ 0.01 and as *** for P ≤ 0.001.

The LytSR two component system (TCS) modulates autolysis and levels of
murein hydrolase activity in S. aureus (416). The LytSR system consists of
the sensor histidine kinase (LytS) and a response regulator (LytR) which
function in part via modulating expression of the antiholin encoded by the
lrgAB operon (417). Disruption of the LytSR TCS results in upregulated
autolysis and increased biofilm formation (417, 418). Expression of the
LytSR-regulated lrgAB operon is required to inhibit penicillin-induced
killing of S. aureus (419). As observed in figures 5.11A and B there was a
trend of upregulated transcription of the lytSR TCS upon transition by LAC
from a HeR to a HoR phenotype and during growth of both strains in subinhibitory oxacillin. Significantly, lytS was induced 5.4-fold in LAC HeR
grown in 0.5 µg/ml Ox and lytR was induced 6.9-fold (P ≤ 0.001, Fig. 5.11A
and B). Transcription levels of the TCS are highest in LAC HeR when
grown in sub-inhibitory oxacillin and levels of transcription are also
upregulated upon transition to a HoR phenotype. Upregulation of the LytSR
TCS may be acting as a survival mechanism for growth in sub-inhibitory
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oxacillin and suggests upregulated antiholin activity associated with the
switch from a HeR to a HoR phenotype (419).
3
***
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5.4
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Fig. 5.11. Contribution of heterogeneous and homogeneous oxacillin resistance and
growth in sub-inhibitory oxacillin to lytSR transcription. Comparison of relative
transcription by LAC HeR and LAC HoR grown in BHI and in BHI supplemented with
o
0.5 µg/ml Ox of (A) lytS and (B) lytR. Total RNA was extracted from cells grown at 37 C
for 20 hrs in BHI. Results shown are representative of at least three independent
experiments. Fold increase/decrease in atl expression relative to parent strains indicated
by arrows. Standard deviations are indicated. Statistical significance denoted as NS for P >
0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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The WalKR TCS is essential for viability of S. aureus and is a global
regulator of cell wall biosynthesis (420). WalKR, consisting of the WalR
response regulator and the WalK sensor histidine kinase, positively
regulates autolysis and biofilm formation (421). The TCS positively
regulates a total of 13 genes involved in cell wall metabolism, including the
two major autolysins atl and lytM (421, 422). fmtA and fmtB, which are both
required for high level methicillin resistance are also positively regulated by
WalKR (372). Correlating with the increased rates of autolysis and biofilm
formation observed, growth of LAC HeR in sub-inhibitory oxacillin resulted
in a significant 1.9-fold increase in expression of the sensor kinase gene
walK (P ≤ 0.001, Fig. 5.12A) and a 2.5-fold increase of the response
regulator gene walR (P ≤ 0.001, Fig. 5.12B). The switch from a HeR to a
HoR phenotype also significantly upregulated expression of the WalKR
TCS with walK upregulated 1.4-fold and walR upregulated 2-fold (P ≤
0.001, Fig. 5.12A and B). Intriguingly, there was no significant increase in
transcription of either walK or walR between LAC HoR grown in BHI or in
sub-inhibitory oxacillin. This does not correlate with the increase in
autolysis observed when LAC HoR is grown in 0.5 µg/ml Ox compared to
growth of the strain in BHI (Fig. 5.3B) and suggests that LAC HoR may
have adapted in other ways to the presence of sub-inhibitory oxacillin.
Table 5.1 below summarises all of the phenotypic and transcriptional
changes induced in LAC upon acquisition of the HoR phenotype and from
growth of both the HeR and HoR strains in sub-inhibitory oxacillin.
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Fig. 5.12. Contribution of heterogeneous and homogeneous oxacillin resistance and
growth in sub-inhibitory oxacillin to walKR transcription. Comparison of relative
transcription by LAC HeR and LAC HoR grown in BHI and in BHI supplemented with
0.5 µg/ml Ox of (A) walK and (B) walR. Total RNA was extracted from cells grown at
o
37 C for 20 hrs in BHI. Results shown are representative of at least three independent
experiments. Fold increase/decrease in atl expression relative to parent strains indicated
by arrows. Standard deviations are indicated. Statistical significance denoted as NS for
P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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Table 5.1:
Summary of phenotypic and transcriptional changes in LAC associated with the
HoR phenotype and with growth in sub-inhibitory oxacillin
Autolytic activity

Biofilm formation
in BHI 1% glucose
(hydrophilic)

Biofilm formation
in BHI 1% glucose
(hydrophobic)

HeR (BHI) < HoR (BHI) < HeR (Ox) < HoR (Ox)
HeR (Ox)

HoR (BHI)

HoR (Ox)

Vs

Vs

Vs

HeR (BHI)

HeR (BHI)

HoR (BHI)

↑ 1.5-fold

↑ 2.5-fold

↓ 1.3-fold

(P ≤ 0.001)

(P ≤ 0.001)

(P ≤ 0.01)

↑ 1.9-fold

↑ 2.9-fold

↓ 1.3-fold

(P ≤ 0.001)

(P ≤ 0.001)

(P ≤ 0.01)

↓ 0.9-fold

↑ 5.4-fold

↓ 0.7-fold

(P > 0.05)

(P ≤ 0.001)

(P > 0.05)

↑ 1.5-fold

↑ 2.3-fold

↑ 1.3-fold

(P > 0.05)

(P > 0.05)

(P > 0.05)

↑ 1.8-fold

↑ 1.5-fold

↑ 1.2-fold

(P > 0.05)

(P > 0.05)

(P > 0.05)

↑ 5.4-fold

↑ 3-fold

↑ 1.3-fold

(P ≤ 0.001)

(P ≤ 0.001)

(P ≤ 0.001)

↑ 6.9-fold

↑ 1.7-fold

↑ 2.6-fold

(P ≤ 0.001)

(P > 0.05)

(P ≤ 0.001)

↑ 1.9-fold

↑ 1.4-fold

↑ 1.1-fold

(P ≤ 0.001)

(P ≤ 0.001)

(P > 0.05)

↑ 2.5-fold

↑ 2-fold

↑ 1.1-fold

(P ≤ 0.001)

(P ≤ 0.001)

(P > 0.05)

Transcriptional changes
atl

fmt

murZ

lytS

lytR

walK

walR
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5.3 Discussion

Data presented in this chapter provides evidence for an association between
high level homogeneous oxacillin resistance and upregulated autolytic
activity. The HoR phenotype of USA300 LAC was found to significantly
upregulate atl transcription which correlates with increased rates of
autolysis. While atl transcription was not significantly upregulated in either
LAC HeR or HoR by growth in sub-inhibitory oxacillin, autolytic activity
was increased in these strains under these same conditions. These findings
are in agreement with other research on the influence of high level
methicillin resistance and growth in the presence of β-lactams on autolysis
(400-402) but also contradict some published work on the topic (398, 399).
The conflicting data on the influences of high level methicillin resistance
and growth in the presence of β-lactams on autolysis would suggest that
there are multiple mechanisms through which S. aureus can obtain a HoR
phenotype and cope with growth in the presence of β-lactams and that not
all of these mechanisms have the same influence on autolysis. Recent work
has shown that multiple mutations are acquired by S. aureus upon
expression of high level methicillin resistance (423). In the USA300 LAC
strain assessed here, there was a direct reproducible influence of the HoR
phenotype or growth in sub-inhibitory oxacillin on autolysis, which may
suggest that increased autolytic activity is a survival mechanism of LAC to
cope with oxacillin-induced stress (400). As suggested by B. L. de Jonge, et
al. (400), upregulated autolysis in LAC upon exposure to oxacillin may
enhance excision and removal of anomalous and potentially lethal segments
of the cell wall produced from altered rates of acylation by the different
PBPs in the presence of oxacillin. Additionally, the upregulated rate of
autolysis exhibited by LAC upon acquisition of the HoR phenotype could
indicate that the structure and/or synthesis of the cell wall has changed to
enable LAC to express HoR resistance to oxacillin (318). Alterations in cell
wall composition mediated by the femA locus, for example, have previously
been associated with reduced susceptibility to β-lactams and reduced rates
of autolysis (411, 424).
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The increased autolytic activity observed for LAC induced by sub-inhibitory
oxacillin or upon acquisition of the HoR phenotype may suggest increased
rates of peptidoglycan biosynthesis under these conditions. To investigate
this, transcription of both the fmtA and murZ genes was assessed under these
conditions. Expression of both of these genes is associated with increased
peptidoglycan biosynthesis and increased levels of methicillin resistance
(410, 413, 414). fmtA and murZ transcription were increased by acquisition
of HoR resistance and by growth in sub-inhibitory oxacillin, albeit not
significantly. This suggests that upregulated peptidoglycan biosynthesis is
likely induced by the HoR phenotype and by growth in sub-inhibitory
oxacillin. However, further work would be required to confirm if
upregulated peptidoglycan biosynthesis is indeed associated with the
observed increases in autolysis. HPLC analysis of mutanaolysin digested
peptidoglycan would be an appropriate method for determining how
peptidoglycan biosynthesis and composition are influenced in LAC upon
acquisition of HoR resistance and by growth in sub-inhibitory oxacillin
(318).
The striking upregulation of the LytSR TCS by LAC HeR grown in subinhibitory oxacillin indicates a stress response required for growth and
survival in the presence of the β-lactam, a response that is not required to
the same extent by the isogenic HoR which has adapted to antibiotic stress.
The LytSR TCS is a known negative regulator of autolysis (417), therefore
the increased expression of both lytS and lytR observed by transition of LAC
from HeR to HoR resistance and by growth in sub-inhibitory oxacillin does
not correlate with the observed increases in autolytic activity. However, it
has been suggested that the antiholin lrgAB, which is regulated by LytSR
may not play a major role in MRSA autolysis and only influences MSSA
autolysis (425). The lrgAB operon is known to protect S. aureus from
penicillin-induced killing in a manner independent of cell lysis (419).
Therefore, the predominant effect of upregulated lytSR activity in LAC from
oxacillin stress is likely to aid survival of LAC HeR in the presence of subinhibitory oxacillin and may not be acting directly on autolysis or biofilm
formation (419). It is probable that the WalKR TCS, for example, has a
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greater influence on the increased levels of autolysis and biofilm formation
reported here (421).
Levels of transcription of both walK and walR in LAC HoR grown either
with or without 0.5 µg/ml Ox were lower than the levels expressed by LAC
HeR grown in 0.5 µg/ml Ox. This suggests that greater cell wall stress is
exhibited in LAC HeR during growth in sub-inhibitory oxacillin than in the
HoR strain and that peptidoglycan biosynthesis and turnover are upregulated
in LAC HeR in response to the oxacillin pressure (421). This upregulation
of walK and walR correlates with the increases in autolysis and biofilm
formation (421). Increased walK and walR expression associated with the
oxacillin pressure however contradicts previous work demonstrating that
expression of the TCS is repressed by this antibiotic (420). It has been
proposed that the oxidative stress exerted on cells by oxacillin affects WalK
sensing and results in de-activation of WalR (420). It would be worth
investigating the oxidative stress response in LAC to sub-inhibitory
oxacillin to determine the reason for this observed difference.
While the HoR strain exhibited a significantly higher level of both walK and
walR expression compared to the HeR strain grown in BHI, there was no
significant difference in expression of the TCS between LAC HoR grown
with and without oxacillin. This suggests that increased transcription of the
WalKR TCS is a feature associated with the acquisition of HoR resistance
and that oxacillin pressure does not affect this elevated basal level of
expression in LAC HoR, which has successfully adapted to the pressure.
Whole genome DNA and RNA sequencing of LAC HeR and HoR currently
being conducted in our laboratory should reveal if there exists any SNP(s) in
the WalKR TCS or a promoter of the system that is responsible for the
increased basal level of expression exhibited by the HoR strain.
Production of the secondary messenger c-di-AMP has also been implicated
in multiple phenotypic changes, including increased high level oxacillin
resistance, upregulated autolysis and altered cell wall structure (318, 319).
Previous sequencing analysis of LAC HoR revealed a SNP in the gdpP gene
although levels of c-di-AMP have not been measured (316). It would be
interesting to investigate if c-di-AMP levels are altered in LAC upon
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acquisition of HoR resistance or during growth in sub-inhibitory oxacillin
and if this is connected with altered cell wall biosynthesis and the SNP in
gdpP associated with the HoR phenotype (316). The stringent response
alarmone, ppGpp, has also been implicated in increased resistance to βlactams and cell envelope stress and investigations into the effect of HoR
resistance and sub-inhibitory oxacillin on the stringent response by LAC
may also provide insights into the mechanisms of high level resistance (423,
426-428).
The increase in autolysis associated with the HoR phenotype and growth in
sub-inhibitory oxacillin may also be influenced by alterations to WTA
and/or LTA production. WTA and LTA are known to influence autolytic
activity (53, 77, 429) and recently it has been shown that β-O-N-acetyl-Dglucosamine modification of WTA by the glycosyltransferase gene tarS is
required for maintaining resistance to β-lactams (430). While deletion of
tarS does not affect autolytic activity of MRSA strains, this finding reveals
the importance of WTA for resistance to β-lactams. Additionally, inhibition
of tarO, the gene encoding the first step of WTA synthesis, was recently
shown to render MRSA sensitive to β-lactams (431). Compensatory
mutations in gdpP have been linked to a LTA-deficient phenotype and were
associated with expression of increased levels of β-lactam resistance (318).
Therefore, it would be intriguing to examine in further detail if WTA and/or
LTA synthesis and modification are altered in LAC upon acquisition of the
HoR phenotype and during growth in sub-inhibitory oxacillin and if this is
associated with the altered autolytic activities. Whole genome DNA and
RNA sequencing analysis currently being performed in our laboratory of
LAC HeR and HoR should yield insights into all of these proposed
hypotheses.
The influence of sub-inhibitory oxacillin on biofilm formation by LAC HeR
correlates with previous studies which demonstrated that sub-inhibitory
concentrations of β-lactams can upregulate biofilm formation (405-407).
Increased levels of biofilm formation by LAC HoR compared to LAC HeR
correlate with increased atl transcription and autolytic activity. However,
there was no significant difference in atl transcription between LAC HeR
and HoR when grown in BHI compared to growth in sub-inhibitory
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oxacillin and yet growth in sub-inhibitory oxacillin upregulated autolysis by
these strains. This may suggest that growth in sub-inhibitory oxacillin also
upregulates other peptidoglycan hydrolases which could induce autolysis in
the presence of triton X-100. Growth in sub-inhibitory oxacillin was
associated with upregulated expression of the walKR TCS in both LAC HeR
and HoR when compared to LAC HeR grown in BHI. The WalKR system is
known to positively regulate biofilm formation and expression of 13 genes
involved in cell wall metabolism, some of which could contribute to
upregulated autolytic activity (421, 422). Along with autolytic activity,
upregulated expression of PBP2a has also been implicated in biofilm
formation by 8325-4 HoR (316). Therefore, it would be interesting to
investigate if PBP2a is also contributing to the increased biofilm levels
exhibited by LAC HeR and HoR grown with and without sub-inhibitory
oxacillin. The in vivo relevance of upregulated biofilm formation by LAC
remains to be determined. In the 8325-4 background, in vivo biofilm
formation and colonisation rates of implanted biomaterial was the same for
both the MSSA and its isogenic HoR MRSA strain (316). However, it
would be interesting to investigate the in vivo relevance of the upregulated
in vitro biofilm formation of LAC upon acquisition of HoR resistance and
growth in sub-inhibitory oxacillin and if increased in vitro biofilm formation
correlates with greater colonisation rates in vivo. High level homogeneous
methicillin resistance was previously shown to be associated with a
downregulation of toxin production via repression of agr which is consistent
with increased biofilm formation in vitro (148, 226). Therefore it is
plausible that acquisition of HoR resistance and growth of MRSA in subinhibitory oxacillin could improve the ability of S. aureus to form biofilms
in vivo.
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Chapter 6:
Characterising the roles of
surface proteins in S.
epidermidis biofilm
formation
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6.1 Introduction

While PIA production is one of the best characterised mechanisms of S.
epidermidis biofilm formation (150-153), PIA-independent mechanisms of
biofilm formation are also important (37, 81, 87, 130, 432). Investigations
into the contributions of surface proteins to S. epidermidis biofilm formation
are important for the development of new therapeutics to combat biofilmassociated infection caused by this proficient opportunistic pathogen.
Work presented in this thesis describes discrepancies between in vitro and in
vivo biofilm phenotypes in S. aureus. AtlE, the S. epidermidis homologue
of Atl has previously been shown to contribute to S. epidermidis in vitro and
in vivo biofilm formation and a S. epidermidis O-47 ∆atlE mutant was
attenuated in a rat central venous catheter (CVC) model (37, 66). Previous
work from our laboratory has characterised the biofilm phenotype and the
contribution of AtlE to in vitro biofilm formation by the clinical isolate
CSF41498 (79, 161, 433, 434). Unlike in vitro Atl-dependent biofilm
formation by S. aureus, which requires Atl-mediated autolysis and eDNA
release (38, 57), autolytic activity and eDNA were not found to significantly
contribute to CSF41498 in vitro biofilm formation (433). In fact, growth of
CSF41498 in the presence of PAS upregulated biofilm formation via a > 4fold induction in expression of icaA (433). However, disruption of the atlE
gene was sufficient to impair biofilm formation by CSF41498 (433). Further
work demonstrated that a plasmid expressing an AtlE allele with an active
site mutation in the AM domain retained the capacity to complement the
biofilm defect of the CSF41498 ∆atlE mutant (433). Combined, these data
suggest that biofilm formation by CSF41498 does not require AtlEmediated peptidoglycan hydrolase/autolytic activity but is dependent on the
unprocessed AtlE pro-protein, which may function as a cell wall anchored
adhesin. The accumulation associated protein, Aap, has also been implicated
in S. epidermidis biofilm formation (87, 113, 435). Proteolytic processing of
this SrtA-anchored multidomain protein to expose the B domain is further
implicated in Aap-mediated biofilm accumulation (113, 183). Recent
research from our laboratory demonstrated that CSF41498 required Aap for
primary attachment and that, unlike previously characterised S. epidermidis
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strains, the CSF41498 Aap protein is not proteolytically processed and is
expressed as an unprocessed 220 kDa protein (115). Antibodies to the A
domain of Aap were able to inhibit CSF41498 in vitro primary attachment
but not primary attachment in S. epidermidis 1457, in which Aap is
proteolytically processed (115).
Taken together these studies suggest novel roles for unprocessed Atl and
Aap proteins in the S. epidermidis CSF41498 biofilm phenotype and further
suggest that extracellular protease activity in this strain may be different to
other

well

characterised

biofilm-forming

S.

epidermidis

isolates.

Investigations were undertaken to further elucidate the roles for AtlE, Aap
and protease activity in S. epidermidis biofilm formation and the results are
presented here.
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6.2 Results
6.2.1 Autolytic activity contributes to RP62A biofilm formation but not
to CSF41498 or 1457 biofilm formation

Previous work from our laboratory conducted by Dr Brian Conlon
demonstrated an essential role for the AtlE protein in CSF41498 biofilm
formation that was independent of autolytic activity (433). Biofilm assays
conducted with CSF41498 and the clinical isolates 1457 and RP62A
confirmed that the presence of PAS significantly increased levels of biofilm
formation by CSF41498 but also by strain 1457 (P ≤ 0.001, Fig. 6.1).
However, growth in the presence of PAS had the opposite effect on the
biofilm phenotype of RP62A and significantly reduced the levels of biofilm
formation (P ≤ 0.001, Fig. 6.1). This data reveals a strain dependent role for
autolytic activity in S. epidermidis biofilm formation and indicates that
RP62A employs different mechanisms of in vitro biofilm formation to
CSF41498 and 1457.

***

***

***

Fig. 6.1. Contribution of autolytic activity to S. epidermidis biofilm formation.
o
Biofilm phenotypes of CSF41498, 1457 and RP62A grown for 24 hrs at 37 C on
hydrophilic polystyrene in BHI 1% glucose and BHI 1% glucose supplemented with 0.5
mg/ml PAS. Results shown are of at least three independent experiments. Standard
deviations are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤
0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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ProteinaseK significantly inhibited biofilm formation by RP62A (P ≤ 0.001,
Fig. 6.2A) and dispersed mature RP62A biofilms (P ≤ 0.001, Fig. 6.2B).
Growth in the presence of DNaseI significantly inhibited biofilm formation
by RP62A and also dispersed the mature biofilm indicating that eDNA
release is an important component of the RP62A biofilm matrix (Fig. 6.2A
and B). These data are consistent with an important role for autolytic
activity in the RP62A biofilm phenotype (Fig. 6.1). Of note, RP62A
biofilms were also significantly dispersed by sodium metaperiodate (SM),
indicating that RP62A uses autolytic activity, eDNA and PIA for in vitro
biofilm formation (P ≤ 0.001, Fig. 6.2B and 6.1).
(A)

Early

***

***
***

(B)
Mature

***

***
***

Fig. 6.2. Characterisation of RP62A biofilm formation. Biofilm phenotypes of RP62A
o
grown for 24 hrs at 37 C on hydrophilic polystyrene in (A) BHI 1% glucose, BHI 1%
glucose supplemented with 0.5 mg/ml DNaseI at 0 hr, BHI 1% glucose supplemented
with 0.1 mg/ml ProK at 0 hr and BHI 1% glucose supplemented with 0.5 mg/ml PAS at
0 hr, and (B) 24 hr old biofilms grown in BHI 1% glucose and treated for 2 hrs with 0.5
mg/ml DNaseI, 0.1 mg/ml ProK and 10 mM SM. Results shown are of at least three
independent experiments. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤
0.001.
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6.2.2 Aap contributes to biofilm formation by CSF41498 but not by
1457

Previous work from our laboratory demonstrated that a srtA mutation
impaired CSF41498 biofilm formation (115). Subsequent investigations
found that the reduced biofilm formation was directly due to loss of
anchoring of Aap to the cell wall (115). Unlike previously characterised S.
epidermidis strains, Aap in CSF41498 was shown to be expressed as an
unprocessed protein > 220 kDa. Antibodies to the A-domain of Aap
inhibited CSF41498 primary attachment but were ineffective against 1457
primary attachment, in which the Aap protein is processed (115), suggesting
different roles for Aap in the CSF41498 and 1457 biofilm phenotypes.
Subsequent to this work, CSF41498 and 1457 aap mutants were constructed
(115). Here, the biofilm phenotypes of CSF41498 and 1457 and their
isogenic aap mutants were characterised in BHI, BHI 1% glucose and BHI
4% NaCl. Aap was found to be essential for CSF41498 biofilm formation in
BHI and BHI 1% glucose (P ≤ 0.001, Fig. 6.3). While there was a
significant decrease in the level of biofilm formation produced by
CSF41498 ∆aap in BHI 4% NaCl media, the strain still maintained a high
level of biofilm formation in this growth media (P ≤ 0.001, Fig. 6.3). Given
that NaCl is known to activate the icaADBC operon, this data is consistent
with a role for PIA in CSF41498 biofilm formation. In contrast to the
biofilm phenotype for CSF41498 ∆aap, 1457 ∆aap was not defective in
biofilm formation under any of the three growth conditions (Fig. 6.3). The
mutation in aap actually significantly increased the levels of 1457 biofilm
production in BHI 1% glucose (P ≤ 0.01) and BHI 4% NaCl (P ≤ 0.05),
suggesting that other mechanisms of biofilm formation may be upregulated
by 1457 in the absence of aap under these growth conditions.
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*

***

**

*

***
***

r

Fig. 6.3. Biofilm phenotypes of aap mutants. Strains CSF, CSF ∆aap::Tc , 1457,
r
1457 ∆aap::Tc were grown in BHI, BHI 1% glucose and BHI 4% NaCl for 24 hrs at
o
37 C on hydrophilic 96-well polystyrene plates. Results shown are of at least three
independent experiments. Standard deviations are indicated. Comparisons made
between parent strains and their isogenic aap mutants in the various growth conditions.
Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01
and as *** for P ≤ 0.001.

CSF41498 biofilms formed in BHI media were inhibited by DNaseI, ProK
and SM (P ≤ 0.001, Fig. 6.4). While the ∆aap mutation significantly
impaired CSF41498 biofilm, growth in BHI supplemented with DNaseI,
ProK and SM completely abolished the minimal levels of biofilm formation
by the mutant (P ≤ 0.001, Fig. 6.4). This indicates roles for both aap, eDNA
and PIA in the CSF41498 biofilm formed in BHI. 1457 formed higher levels
of biofilm in BHI compared to CSF41498 and, while DNaseI treatment did
result in a statistically significant reduction in biofilm levels, the 1457
biofilm was most susceptible to SM treatment (P ≤ 0.001, Fig. 6.4).
Treatment of 1457 ∆aap biofilms grown in BHI with SM completely
abolished biofilm formation (P ≤ 0.001, Fig. 6.4). While ProK and DNaseI
treatment significantly reduced the levels of 1457 ∆aap biofilm formation in
BHI, the strain was still capable of producing substantial levels of biofilm in
the presence of these enzymes (P ≤ 0.001, Fig. 6.4). Therefore, this data
would suggest that PIA production is the dominant mechanism by which
1457 produces biofilm in BHI whereas CSF41498 appears to be able to use
both PIA and Aap for biofilm formation in BHI. This would explain the
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findings of B. P. Conlon, et al. (115) who reported that antibodies to the A
domain of Aap could inhibit CSF41498 primary attachment but not 1457
primary attachment.

***

***
***

***

***

***

***
***

***
***
***

Fig. 6.4. Biofilm phenotypes of CSF41498 and 1457 wild type and aap mutants in BHI.
Biofilm phenotypes of CSF41498, 1457 and their isogenic aap mutants grown on
hydrophilic polystyrene in BHI. Biofilms treated at experimental set-up with BHI
o
supplemented with 0.5 mg/ml DNaseI and 0.1 mg/ml ProK and grown for 24 hrs at 37 C.
Mature 24 hr old biofilms treated with 10 mM SM for a further 2 hrs. Results shown are
representative of at least three independent experiments. Standard deviations are indicated.
Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and
as *** for P ≤ 0.001.

The biofilm phenotypes for CSF41498 and 1457 grown in BHI 1% glucose
were similar to the phenotypes exhibited by growth in BHI (Fig. 6.5).
CSF41498 appears to be able to use both protein adhesins and PIA for
biofilm formation with aap also contributing significantly to biofilm
formation in BHI 1% glucose (Fig. 6.5). In contrast, 1457 forms a biofilm in
BHI 1% glucose that predominantly consists of PIA as evidenced by
significant dispersal with SM (P ≤ 0.001, Fig. 6.5). Interestingly, the
residual biofilm produced by wild type 1457 in the presence of SM suggests
that this strain may use aap for biofilm formation in the absence of PIA.
However, in the absence of aap, PIA becomes the sole mechanism by which
1457 forms biofilm in BHI and BHI 1% glucose.
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Fig. 6.5. Biofilm phenotypes of CSF41498 and 1457 wild type and aap mutants in
BHI 1% glucose. Biofilm phenotypes of CSF41498, 1457 and their isogenic aap
mutants grown on hydrophilic polystyrene in BHI 1% glucose. Biofilms treated at
experimental set-up with BHI 1% glucose supplemented with 0.5 mg/ml DNaseI and
o
0.1 mg/ml ProK and grown for 24 hrs at 37 C. Mature 24 hr old biofilms treated with
10 mM SM for a further 2 hrs. Results shown are representative of at least three
independent experiments. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤
0.001.

Growth in BHI 4% NaCl alters the biofilm phenotype of CSF41498 and
Aap is no longer required for biofilm formation in this growth medium (Fig.
6.6). Treatment of the CSF414198 biofilm grown in BHI NaCl with ProK
and DNaseI demonstrated a minor role for protein adhesins and eDNA in
the biofilm phenotype (Fig. 6.6), and the greatest level of biofilm dispersal
was achieved by treatment with SM (P ≤ 0.001, Fig. 6.6). While a similar
level of reduction of the CSF41498 ∆aap biofilm is observed upon
treatment with SM as for the parent strain, ProK and DNaseI treatment have
a greater effect on the CSF41498 ∆aap biofilm (P ≤ 0.001, Fig. 6.6). This
finding suggests that in the absence of aap, PIA remains an important
biofilm adhesin but that other protein adhesins and eDNA also become more
important for CSF41498 biofilm production. In this context AtlE, which
contributes to CSF41498 biofilm formation in BHI NaCl (433), may be an
important biofilm mediator. In BHI 4% NaCl, the biofilm phenotype of
1457 remains similar to that induced by growth in BHI and BHI 1% glucose
(Fig. 6.4 and 6.5), with a dominant role for PIA as demonstrated by SM
dispersal of 1457 and 1457 ∆aap biofilms (P ≤ 0.001, Fig. 6.6).
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Fig. 6.6. Biofilm phenotypes of CSF41498 and 1457 wild type and aap mutants in
BHI 4% NaCl. Biofilm phenotypes of CSF41498, 1457 and their isogenic aap mutants
grown on hydrophilic polystyrene in BHI 4% NaCl. Biofilms treated at experimental setup with BHI 1% glucose supplemented with 0.5 mg/ml DNaseI and 0.1 mg/ml ProK and
o
grown for 24 hrs at 37 C. Mature 24 hr old biofilms treated with 10 mM SM for a further
2 hrs. Results shown are representative of at least three independent experiments.
Standard deviations are indicated. Statistical significance denoted as NS for P > 0.05, as *
for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

Biofilm formation by CSF41498 and 1457 and their isogenic aap mutants
was also assessed in the Bioflux 1000Z instrument to assess the contribution
of shear. When grown in BHI and BHI 1% glucose, similar biofilm
phenotypes were observed for all strains. Representative results in which the
strains were grown in BHI demonstrated that CSF41498 ∆aap is unable to
form biofilm under flow conditions whereas1457 and its isogenic ∆aap
mutant are both able to form biofilm (Fig. 6.7). These phenotypes are
consistent with data from the static assays (Fig. 6.3, 6.4 and 6.5). In BHI
and BHI 1% glucose, CSF41498 ∆aap mutant cells attached to the surface
of the flow chamber at the beginning of the experiments but were defective
in intercellular accumulation. In contrast, 1457 and its isogenic aap mutant
accumulate strongly throughout the experiment leading to the periodic
detachment of large cell aggregates. We conclude that mutation of aap is
not significantly affecting biofilm forming capacity of 1457 under shear
flow conditions but does impair CSF41498 biofilm formation. Unexpectedly
both CSF41498 and 1457 failed to form biofilm when grown in BHI 4%
NaCl in the Bioflux instrument. Further work will be required to investigate
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this observation, but it appears that excess PIA production induced by NaCl
interferes with S. epidermidis attachment to the BioFlux flow cells under
flow conditions

Initial attachment

Accumulation

CSF41498

CSF41498
∆aap

1457

1457
∆aap

Fig. 6.7. Attachment and accumulation of aap mutants under shear flow conditions.
r
r
Strains CSF41498, CSF ∆aap::Tc , 1457, 1457 ∆aap::Tc were grown in BHI and
2
o
exposed to a shear flow rate of 0.6 dynes/cm for 18 hrs (equivalent to 64µl/hr) at 37 C
in the Bioflux 1000Z instrument. Images shown here are of initial attachment and of
accumulation after 18 hours. Brightfield images captured at 10X magnification are
representative of at least two independent experiments.
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6.2.3 Protease activity differs between CSF41498 and 1457

The Aap protein consists of an N-terminal A domain that is predicted to fold
into an all β-structure and has previously been reported to contribute to skin
colonisation and adherence to desquamated epithelial cells (Fig. 6.8) (180,
181). Aap also consists of a B region which is composed of variable
numbers of G5 and E domains (Fig. 6.8) (183). Cleavage of the B region
from the A domain has been implicated in the accumulation phase of
biofilm formation by S. epidermidis (113, 183). Analysis of the expression
of Aap by CSF41498 and 1457 revealed that the proteins are processed
differently between the strains (115). Western blot analysis showed that the
220 kDa Aap is unprocessed in CSF41498 cell wall fractions (115). In
contrast, the protein is processed in 1457. This may account for the
differences in the contribution of Aap to biofilm formation by the two
strains.

S

A domain

G5

E

G5

E

G5

E

G5

W

M

Fig. 6.8. Schematic diagram of the domain arrangement of the unprocessed Aap
protein. The unprocessed Aap protein consists of a N-terminal signal sequence (S) and A
domain and C-terminal wall (W) and membrane (M) spanning domains. The B domain
consists of numbers of repeated G5 and E domains, the number of which differs between
strains. Adapted from Conlon et al., 2014 (114).

To determine why the Aap protein is processed differently in CSF41498
compared to 1457, protease activity by the two strains was assessed on
skimmed milk agar plates. As shown in figure 6.9, CSF41498 has a greater
level of protease activity on skimmed milk agar compared to 1457. This was
surprising given that Aap is processed by 1457 and not processed by
CSF41498 (115). However, the cleavage of Aap may be conducted by a
specific protease of 1457 which is absent or differentially expressed by
CSF41498, a subtle difference which may not be detectable by comparison
of growth on skimmed milk agar.
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CSF41498

1457
(A)

(B)

CSF41498

1457

Fig. 6.9. Protease activity of 1457 and CSF41498. Protease activity of 1457 and
o
CSF41498 cells grown on skimmed milk agar plates overnight at 37 C. (A)
Presence/absence of protease halo around colonies. (B) Zones/absence of protease
activity on skimmed milk agar after colonies are removed. Results shown are
representative of three independent experiments.

The S. epidermidis serine protease Esp contributes to promoting growth of
S. epidermidis in the presence of S. aureus by aiding inhibition of S. aureus
biofilm formation and nasal colonisation (436). Esp is known to degrade Atl
and other proteins involved in S. aureus biofilm formation and levels of
expression of Esp can vary among S. epidermidis isolates (437-439).
Therefore we set out to determine if carriage of the esp gene differed
between CSF41498 and 1457 and if this was perhaps the reason for the
different processing of Aap between the two strains. However PCR analysis
of genomic DNA from CSF41498 and 1457 revealed that esp is carried by
both strains (Fig. 6.10). S. aureus JE2 DNA was included as a control as the
gene is absent in S. aureus. This finding makes it difficult to attribute
differential esp expression to the differential processing of Aap between
CSF41498 and 1457. A recent communication from Alexander Horswill's
group reported that the SepA and Ecp proteases of S. epidermidis are
required for full Aap processing and Aap-dependent biofilm formation
(Paharik et al., Poster Presentation, International Symposium on
Staphylococci and Staphylococcal Infections, Chicago, August 2014). Using
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1457 in which Aap processing promotes biofilm, Paharik et al showed that
the activity of SepA and Ecp increased biofilm production. Future studies to
compare the activity of SepA and Ecp in CSF41498 and 1457 will be
important in elucidating the role of Aap in CSF41498 biofilm formation.
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Fig. 6.10. PCR to detect the presence of the ESP serine protease gene in CSF41498
and 1457. PCR of the Esp serine protease gene on DNA from CSF41498, 1457 and JE2
with Esp1 and Esp2 primer sets run with a 1kb ladder on a 2% agarose gel. Lane 1: 1kb
ladder, lane 2: negative control, lane 3: CSF DNA amplified with Esp1 primer set (200bp
product), lane 4: 1457 DNA amplified with Esp1 primer set (200bp product), lane 5: JE2
DNA amplified with Esp1 primer set (200bp product), lane 6: negative control, lane 7:
CSF DNA amplified with Esp2 primer set (500bp product), lane 8: 1457 DNA amplified
with Esp2 primer set (500bp product), lane 9: JE2 DNA DNA amplified with Esp2 primer
set (500bp product) and lane 10: 1kb ladder.

6.2.4 Incubation of CSF41498 in supernatant from 1457 cultures
improves biofilm formation

Next we investigated the possibility that proteases present in S. epidermidis
culture supernatants may influence biofilm by processing Aap. Biofilm
assays were performed on CSF41498 pre-incubated in filter-sterilised
culture supernatants from 1457, 1457 ∆aap and 1457 ∆ica (Fig. 6.11). Preincubation of CSF41498 with culture supernatants from all three 1457
strains for one hour at 37oC prior to the start of the biofilm assay
significantly increased biofilm forming capacity in BHI 1% glucose (P ≤
0.001, Fig. 6.11). In contrast, pre-incubation of the CSF41498 ∆aap mutant
with supernatants from the three 1457 strains failed to restore biofilm
forming capacity by this strain (Fig. 6.11) suggesting that a factor present in
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the 1457 supernatant (perhaps a protease that processes Aap) promotes
CSF41498 biofilm in a Aap-dependent manner. Incubation of the CSF41498
∆ica mutant with 1457 supernatants also significantly enhanced biofilm
formation by this strain (P ≤ 0.05, Fig. 6.11).

***
***
***

*
*

Fig. 6.11. Biofilm phenotypes of CSF41498 and isogenic aap and ica mutants grown in
culture supernatants from 1457 and isogenic aap and ica mutants. Strains CSF41498,
r
CSF ∆aap::Tc , CSF ∆icaC::IS256Δtnp incubated in filter-sterilised 1457 overnight
r
culture supernatant, filter-sterilised 1457 ∆aap::Tc overnight culture supernatant and 1457
r
o
ΔicaADBC::Tmp overnight culture supernatant for 1 hr at 37 C. Cell suspensions were
o
then diluted 1:200 in BHI 1% glucose and grown for 24 hrs at 37 C on hydrophilic 96-well
polystyrene plates. Results shown are of at least three independent experiments. Standard
deviations are indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤
0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.

To determine if the enhanced biofilm formation was specific to a component
of 1457 supernatant and not due to removal of an inhibitor of biofilm
formation, control experiments were performed in which CSF41498 cells
were pre-incubated in filter-sterilised BHI media or washed in PBS prior to
pre-incubation in filter-sterilised BHI media before the biofilm assays were
performed. CSF41498 cells washed in PBS followed by pre-incubation for
one hour at 37oC in BHI significantly enhanced biofilm formation (P ≤
0.001, Fig. 6.12). The enhanced biofilm forming capacity exhibited by
CSF41498 cells pre-washed in PBS did not correlate with increased cell
density (Fig. 6.12 and 6.13). Unlike CSF41498, incubation of 1457 in either
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CSF41498 supernatant, its own filter-sterilised supernatant or sterile BHI
did not enhance biofilm formation (Fig. 6.14). Taken together these data
suggest that the enhanced biofilm formation observed following preincubation of CSF41498 in 1457 supernatant or pre-washing with PBS may
be due to removal of an inhibitor of CSF41498 biofilm formation. However,
the mechanism(s) underlying this phenomenon are likely to be complex and
further experiments are needed.

***

***

Fig. 6.12. Effect of culture supernatants, fresh BHI and PBS washing of cells on
CSF41498 biofilm formation. Strain CSF41498 cells were incubated in BHI, filtersterilised 1457 overnight culture supernatant, filter-sterilised CSF overnight culture
o
supernatant, fresh BHI and fresh BHI after cells were washed in PBS for 1 hr at 37 C.
Cell suspensions were then diluted 1:200 in BHI 1% glucose and grown for 24 hrs at
o
37 C on hydrophilic 96-well polystyrene plates. Results shown are of at least three
independent experiments. Standard deviations are indicated. Statistical significance
denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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***

Fig. 6.13. Comparison of the effect of different treatments on the A600 values of
CSF41498 cultures recorded before and after one hour incubation in varied media.
o
A600 readings of CSF41498 cultures were taken prior to 1 hr incubation at 37 C.
CSF41498 cells were treated as follows prior to the 1 hr incubation and A600 values
recorded; 1) cells were washed in PBS and resuspended in BHI media, 2) cells were
resuspended in fresh BHI, 3) cells were resuspended in filter-sterilised CSF41498 culture
supernatant and 4) cells were resuspended in filter-sterilised 1457 culture supernatant.
o
After the 1 hr incubation at 37 C, the A600 value was recorded for all CSF41498 samples.
Results presented are average of three independent experiments. Standard deviations are
indicated. Statistical significance denoted as NS for P > 0.05, as * for P ≤ 0.05, as ** for
P ≤ 0.01 and as *** for P ≤ 0.001.

Fig. 6.14. Effect of culture supernatants on 1457 biofilm formation. Strain 1457
o
cells were incubated for 1 hr at 37 C in filter-sterilised CSF41498 overnight culture
supernatant, filter-sterilised 1457 overnight culture supernatant and fresh BHI. Cells
o
suspensions were diluted 1:200 in BHI 1% glucose and grown for 24 hrs at 37 C on
hydrophilic 96-well polystyrene plates. Results shown are of at least three independent
experiments. Standard deviations are indicated. Statistical significance denoted as NS
for P > 0.05, as * for P ≤ 0.05, as ** for P ≤ 0.01 and as *** for P ≤ 0.001.
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6.3 Discussion

Data presented in this chapter reveal roles for surface proteins in S.
epidermidis biofilm formation that function in a strain dependent manner.
The contributions of two surface proteins, AtlE and Aap to S. epidermidis in
vitro biofilm formation were assessed. Building on previous findings from
our laboratory (433), the relationship between autolytic activity and biofilm
formation varied between strains. CSF41498 and 1457 biofilm formation
was enhanced by inhibition of autolysis whereas RP62A biofilm formation
was dependent on autolytic activity. Increased biofilm formation by 1457
grown in the presence of PAS is due to upregulated icaADBC transcription
(433). Differential proteolytic processing of AtlE may account for the
different roles for autolysis in biofilm formation among the clinical isolates.
It is known that Atl and AtlE must undergo proteolytic processing to
generate the lytic enzymes AM and GL (37, 46). As with Aap, AtlE may not
be fully processed by CSF41498, whereas it may be fully processed by
RP62A, which could account for the different roles for autolysis in biofilm
formation by the two strains. It appears that PIA production plays a
dominant role in 1457 and surface protein adhesins are less important for in
vitro biofilm formation by 1457 than in CSF41498 and RP62A. Western
blot analysis of the AtlE protein from RP62A and CSF41498 should reveal
any differences in proteolytic processing that may be attributed to
alternating roles in biofilm formation. As Esp is known to cleave Atl of S.
aureus it would also be interesting to determine if this gene is differentially
expressed between CSF41498 and RP62A and if this serine protease can
process AtlE (437-439).
Further assessment revealed that the RP62A biofilm was susceptible to
ProK and DNaseI treatment as well as SM treatment. This suggests an
important role for AtlE-mediated autolysis and eDNA release in RP62A
biofilm formation and that RP62A can also use PIA for in vitro biofilm
formation. Previous research from our laboratory demonstrated that a srtA
mutation impaired CSF41498 biofilm formation due to loss of anchoring of
Aap to the cell wall (115). Antibodies to the A domain of Aap inhibited
CSF41498 but not 1457 primary attachment (115). Western blot analysis
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revealed that 1457 processed the protein whereas Aap remained
unprocessed and was expressed as a 220 kDa protein by CSF414198 (115).
Contrary to previous publications on a role for the B domain of Aap in
biofilm formation (113, 183), it appears that CSF41498 biofilm formation is
mediated by the A domain of unprocessed Aap (115). Here, the contribution
of Aap to both CSF41498 and 1457 biofilm formation was investigated and
it was found that Aap has a strain-dependent role in S. epidermidis biofilm
formation that varied depending on the growth conditions. Aap was found to
contribute to CSF41498 biofilm formation in BHI and BHI glucose under
static and flow conditions but was redundant for 1457 biofilm formation
under all growth conditions. In BHI NaCl however, CSF41498 ∆aap was
capable of wild type levels of biofilm formation. This finding, combined
with the susceptibility of CSF41498 biofilm to SM treatment, would suggest
that CSF4148 is capable of using both PIA and Aap for biofilm formation
and that under conditions of osmotic stress PIA becomes the main
mechanism for biofilm formation and Aap is not required. The findings
presented here show that CSF41498 can use multiple mechanisms for in
vitro biofilm formation, including AtlE, Aap and PIA; whereas 1457
appears to predominantly use PIA for in vitro biofilm formation.
It remains unclear why Aap is processed differently between CSF41498 and
1457. However, it appears that this difference in processing of Aap might
be the reason for different roles for the protein in biofilm formation. Aap
shares a high level of sequence homology with the SasG protein of S.
aureus (180) which mediates PIA-independent biofilm formation via the B
region following proteolytic processing (89). Investigations using inhibitors
and mutants failed to identify a protease that cleaves SasG and it has been
suggested that the protein may spontaneously cleave at labile peptide bonds
within the G5 and E domains (89). This could apply to Aap of S.
epidermidis. However, B. P. Conlon, et al. (115) have reported that the aap
gene sequences corresponding to the A domain and cleavage site in strains
1457 and CSF41498 are identical. Biofilm assays with CSF41498 pretreated with 1457 filter-sterilised supernatant suggest that a specific protease
in the supernatant of 1457 may cleave Aap of CSF41498 to promote biofilm
formation (113, 183). However pre-washing CSF41498 cells in PBS also
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promoted CSF41498 biofilm, suggesting that removal of a biofilm inhibitor
may also explain this phenotype. Such an inhibitor may affect the activity of
a protease active against Aap, and the corresponding protease in 1457 is not
sensitive to this inhibitor. Clearly this phenomenon is complex and further
investigations are required, particularly given that overall protease activity
as indicated on skimmed milk agar is higher in CSF41498 than
1457.Comparative analysis of the CSF41498 and 1457 genomes and in
particular protease genes will be helpful.
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Chapter 7:
Conclusions and future
directions
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Biofilm-associated infections caused by staphylococci are a serious medical
concern. Staphylococci encased within a biofilm are protected from factors
of the host’s immune system and from the actions of antibiotics, making
biofilm-associated infections notoriously difficult to treat and eradicate (17).
Device-related infections (DRIs) associated with biofilms formed by
staphylococci are life-threatening and are associated with high rates of
morbidity and metastatic infections (440). The failure of conventional
chemotherapeutics to eradicate biofilm-associated infections formed by
staphylococci often results in the surgical removal of the infected medical
devices being the only viable treatment option (440). This solution presents
risks to the patient and has a vast financial impact on the healthcare sector.
Antibiotic resistance is currently exacerbating staphylococcal biofilmassociated infections and complicating the treatment courses for such
infections (441). A greater understanding of how staphylococci cause
biofilm-associated infections and express varying levels of antibiotic
resistance is urgently needed to advance medical care and improve the
prognosis for patients infected by this opportunistic pathogen.
In this thesis, investigations were undertaken to advance recent findings
from our laboratory in which a key role was reported for the major autolysin
Atl in biofilm formation by S. aureus (38). The contribution of Atl to S.
aureus biofilm formation and virulence both in vitro and in vivo was
assessed and the therapeutic potential of Atl as a novel target for treating S.
aureus DRIs was investigated. The relationship between autolytic activity
and antibiotic resistance was also investigated in an attempt to elucidate the
mechanisms underpinning expression of high-level methicillin resistance.
Expanding on the theme of this thesis focusing on the role of surface
proteins in the staphylococcal biofilm phenotype, the contribution of AtlE
and Aap in S. epidermidis biofilm formation was also assessed. The
principal findings and conclusions of this work are discussed here.
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7.1 Atl does not contribute to S. aureus virulence in vivo

Previous research from our laboratory reported an essential role for Atl in
MRSA biofilm formation whereas MSSA Atl-dependent biofilm formation
was influenced by surface hydrophobicity (38). Here, using other MSSA
strains, the surface hydrophobicity-dependent role of Atl in MSSA biofilm
formation was verified. Atl-dependent biofilm formation was also shown to
be used by the CA-MRSA strain USA300 JE2. Antibodies raised against the
AM and GL domains of Atl inhibited both MRSA and MSSA biofilm
formation. Furthermore Atl was also shown to contribute to the secretion of
cytolytic toxins via a mechanism in part dependent on the negative regulator
AtlR. Point mutations in the AM and GL active sites revealed a more
important role for the GL domain of Atl for CA-MRSA biofilm formation
and cytolytic toxin release compared to the AM domain. It remains to be
determined why the GL region plays a more important role in in vitro
biofilm formation but a recent study raises the possibility that the GL
domain protein can bind DNA (442), which in turn may influence gene
regulation and cell physiology. Alternatively, following cell lysis induced
by Atl, the GL domain protein may bind to eDNA and augment the biofilm
matrix.
Based on the in vitro studies presented in this thesis, we proposed that Atl
and possibly the GL region alone would be important contributors to S.
aureus virulence in a murine model of device-related infections. However,
the in vitro data did not correlate with the phenotypes exhibited in vivo in
the mouse model of device-related infection. Despite some statistically
significant differences in colonisation rates and inflammatory response of
the mice to infections with the wild type and atl mutants, the bacterial
burdens in all organs remained high in mice infected with all strains.
Furthermore, the severity of the DRIs caused by all strains was similar, as
shown by the development of severe skin abscesses at the infection site in
almost all mice and the loss of the majority of the implanted catheters by the
end of the seven day infection course. On the basis of these in vivo data we
can conclude that the pathogenesis of S. aureus DRIs is largely independent
of Atl.
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The absence of an in vivo role for Atl in device-related infection prompted
us to re-evaluate the relevance of in vitro biofilm assays. In particular the
rapid coating of implanted biomaterials with host extracellular matrix
proteins is known to affect bacterial cell interactions in vivo (443).
However, interactions between the bacteria and host ligands would not
influence persistence of S. aureus within the environment. Given that our in
vitro data shows a prominent role for Atl in biofilm formation by MRSA
and MSSA on uncoated polystyrene, Atl may contribute to persistence and
transmission of S. aureus within the environment. MRSA is reported to
persist within hospital environments for up to a year when mixed with dust
particles (444), which are likely to be an important source of transmission
(445). Additional studies are needed to determine if Atl contributes to
persistence of S. aureus on inert surfaces. These findings highlight the
importance of in vivo models for validating in vitro phenotypes. They also
raise questions about the in vivo relevance of in vitro studies on Atl (38, 47,
57). Interestingly, the in vivo data presented in this thesis correlates with a
report from J. Takahashi, et al. (45) who reported that an atl mutation did
not significantly affect the ability of S. aureus to establish an acute infection
in a murine sepsis model.
7.2 sae-regulated coagulase activity is the critical factor required for
biofilm formation under in vivo-mimicking conditions.

Because of the discrepancies observed between our in vitro and in vivo data
on Atl, we re-designed our in vitro assays to be more physiologically
relevant. Our new conditions involved pre-coating polystyrene surfaces with
extracellular

matrix

proteins

(30),

growing

the

bacteria

under

physiologically relevant shear and using cell culture media to reflect in vivo
nutrient availability (375). The original in vitro 96-well plate biofilm assay
protocol designed by G. D. Christensen, et al. (363) does not evaluate the
contribution of shear stress, nutrient limitation or interaction with host
extracellular matrix proteins to biofilm formation by S. aureus. Our new
assays, developed in collaboration with Dr Zapotoczna and Dr O’Neill at
RCSI, involve coating 96-well plates with platelet-poor plasma from healthy
donors prior to experimental set-up, replacement of nutrient rich media with
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iron-limited RPMI-1640 tissue culture media and the application of shear
forces using BioFlux or Cellix microfluidics instruments. A screen of
previously characterised biofilm mutants (Table 4.1) using this new model
identified the saeRS two component system as a critical factor for biofilm
formation. In contrast, Atl, PIA and the FnBPs along with other previously
characterised biofilm factors were found to be less significant. The saeRS
two component system regulates a wide variety of biofilm and virulence
factors (383, 385-387), including coagulase gene expression, and the coa
gene was subsequently implicated in the biofilm phenotype. These data
highlight the shortcomings of conventional in vitro biofilm assays and
suggest redundancies between different mechanisms of biofilm formation
used by S. aureus. Future investigation of factors potentially critical for
biofilm formation should be assessed in similar physiologically relevant
models and followed up with relevant in vivo models of DRIs to avoid
discrepancies between in vitro and in vivo biofilm phenotypes.
The finding that coagulase was critical for biofilm formation on human
plasma-coated surfaces was consistent with reports from the laboratory of
Peter Verhamme and colleagues who reported a vital role for coagulase in S.
aureus catheter-related infections (389, 390, 446). Coa is required for clot
formation during infections, which results from the activity of coagulase on
prothrombin in the host (377, 389) leading to the formation of the
staphylothrombin complex and the conversion of soluble fibrinogen to
insoluble fibrin, which becomes a scaffold for bacterial cell aggregation.
Further experiments carried out by our collaborators at RCSI demonstrated
that plasmin, which degrades fibrin clots, inhibited Coa-mediated biofilm on
human plasma and support the conclusion that coagulase-mediated
conversion of fibrinogen to fibrin is the mechanism of S. aureus biofilm
formation on human plasma coated surfaces (447). Verhamme and
colleagues have shown that chemical inactivation of coagulase activity by
dabigatran has therapeutic potential in treating S. aureus DRIs in vivo (389,
390, 393). This finding that the conversion of fibrinogen to fibrin by Coa is
required for biofilm formation under physiologically relevant conditions
explains the observed inconsistencies between the in vitro and in vivo data
on Atl presented here. Based on this data, a role for Coa in biofilm
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formation would likely compensate for the atl defect in the murine model of
DRIs.
The only discrepancy between the findings presented in this thesis and those
of Verhamme and colleagues was our finding that the second S. aureus
coagulase enzyme, von Willibrand binding protein vWbp, does not
contribute to biofilm formation on human plasma-coated surfaces.
Verhamme and colleagues reported that both vWbp and Coa were required
for the pathogenesis of S. aureus catheter related infections (389). This
discrepancy may be explained by the relatively low flow rate used in our
BioFlux

microfluidics

experiments,

0.6

dynes/cm2,

compared

to

physiological shear forces in blood vessels which can be significantly higher
(448). vWbp-mediated adhesion of S. aureus to blood vessels is sheardependent (396), which may be masked under our experimental conditions.
Furthermore, it has also been shown that binding of S. aureus to von
Willebrand factor increases as shear force increases (449). Using a Cellix
microfluidics system our collaborators in RCSI also identified a role for clfA
in biofilm formation at 6.25 dynes/cm2 (Zapotoczna, McCarthy et al.,
submitted) (447) that was not identified at the lower flow rate (0.6
dynes/cm2) in the BioFlux system. Therefore, depending on the location of
the implanted biomaterial within a patient, different adhesins/enzymes
might contribute to S. aureus biofilm formation in a shear-dependent
manner. However, the finding that the sae-regulated Coa is the critical
factor for biofilm formation in both the BioFlux and the Cellix systems
underline its importance in the S. aureus biofilm phenotype. Future studies
are needed to further assess the contribution of vWbp to the biofilm
phenotype, including experiments in rodent device-related infection models
with clfA, coa and vwbp mutants. Further work should also be undertaken to
examine vwbp regulation (at the transcriptional and protein levels) in our
system. It is known that coa is tightly regulated by SaeRS but vwbp is not
(387). Given the critical role for saeRS and coa in our system and the
findings of Verhamme and co-workers, it will be important to determine if
vwbp is expressed in our strains under the growth conditions used in our
physiologically relevant biofilm assays.
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7.3 High-level homogeneous oxacillin resistance upregulates autolysis in
S. aureus

The primary physiological role for the major autolysin is to mediate
daughter cell separation and cell wall turnover during normal growth and
during growth in the presence of β-lactams (44, 45, 291). Conflicting reports
in the literature indicate that high-level homogeneous methicillin resistance
can be associated with down-regulation of Atl expression and autolysis
(398, 399) or the upregulation of Atl activity (400-402). It appears that there
may be multiple mechanisms for expression of HoR resistance and
adaptation to growth in the presence of β-lactams. Most hospital MRSA
strains express the HoR phenotype whereas CA-MRSA are typically
heterogeneously resistant (279). Therefore the HeR and HoR phenotypes are
clinically important. Recent studies show that high level homogeneous
methicillin resistance is associated with a down regulation of virulence gene
expression by S. aureus (226, 316, 323). It has now become important to
identify mutations associated with the HoR phenotype which contribute to
the balance between fitness, virulence and antibiotic resistance in MRSA
strains (427, 450-452). Current research in our laboratory has revealed that
some MRSA strains are able to maintain wild type levels of virulence gene
expression while expressing homogeneous methicillin resistance (Gallagher,
Black and O’Gara, unpublished data) and investigations into the
mechanisms underpinning the switch from HeR to HoR resistance are
underway. In this thesis a direct correlation is reported between the HoR
phenotype and increased autolytic activity. Increased autolytic activity did
not always correlate with increased atl mRNA levels as measured by RTqPCR implicating post-transcriptional regulation of Atl in this phenotype.
Alternatively, other peptidoglycan hydrolase genes may be upregulated in
HoR strains to increase autolytic activity, or the effect of sub-inhibitory
oxacillin on autolytic activity may be an artefact if the antibiotic is causing
pleiotropic cell wall changes that render S. aureus more susceptible to triton
X-100-induced autolysis.
Enhanced autolytic activity associated with HoR resistance and growth in
sub-inhibitory oxacillin may be indicative of increased rates of cell wall
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turnover and cell wall synthesis (410, 413, 414). Elevated expression of
murZ and fmtA under these conditions, albeit not to a significant level, is
also consistent with this possibility (410, 413, 414). Alterations in cell wall
structure and increased peptidoglycan crosslinking have been associated
with upregulated autolytic activity and increased resistance to β-lactams
(318). The finding that the WalKR and LytSR two component systems
(TCSs) are differentially regulated in the LAC HeR and HoR strains by subinhibitory oxacillin may indicate the existence of more than one mechanism
for adaptation to cell wall stress. Consistent with previous reports (416,
420), the higher level of activation of both TCSs in LAC HeR grown in subinhibitory oxacillin compared to LAC HoR further demonstrates the
presence of a distinct adaptive response to cell wall stress, possibly
facilitated by secondary mutations, in the HoR strain (416, 420). Further
experiments are required to determine if and how the cell wall composition
and peptidoglycan synthesis differ between LAC HeR and HoR and how
this impacts on virulence. Repression of the Agr system in HoR strains was
attributed to an inability of the MRSA cell wall to detect AIP (226).
Experiments to characterise cell wall differences in LAC HeR and HoR
could include muropeptide analysis by HPLC and microscopic analysis of
the cell wall by transmission electron microscopy. Further analysis could
also involve studies of the synthesis and structure of WTA and LTA in LAC
HeR and HoR. Both WTA and LTA are known to regulate Atl localisation
at the cell wall and autolytic activity (53, 77, 429), and alterations in LTA
and WTA production have been implicated in increased levels of autolytic
activity associated with increased resistance to β-lactams (318, 430). Ongoing research in our laboratory to elucidate the mechanism(s) of
homogeneous resistance includes whole genome DNA and RNA sequencing
of LAC HeR and HoR.
Our data correlating increased autolytic activity in HoR strains and HeR
strains grown in sub-inhibitory oxacillin with increased biofilm production
are consistent with previous reports of biofilm induction by sub-inhibitory
concentrations of antibiotics (405-407). However, the in vivo relevance of
this phenotype remains to be determined. Recent work from our laboratory
has shown therapeutic potential of using sub-inhibitory concentrations of
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oxacillin to repress toxin production by CA-MRSA strains through
induction of mecA expression (330). While sub-inhibitory oxacillin was
associated with increased production of alpha-toxin and PVL, expression of
agr and subsequent PSM production were repressed (330). This repression
of agr correlates with the observed increase in biofilm formation by LAC
when grown in sub-inhibitory oxacillin (148), a phenotype that needs to be
considered when further evaluating the therapeutic potential of subinhibitory oxacillin for attenuating CA-MRSA in vivo. Increased biofilm
formation induced by sub-inhibitory oxacillin may have the potential to
enhance persistence of MRSA in vivo and lead to the formation of chronic
infections. While repression of toxin production by sub-inhibitory oxacillin
would likely reduce the severity of MRSA infections, the induction of
biofilm formation would be a detrimental outcome and could complicate
treatment of infections. However, additional research from our laboratory
shows that the MSSA strain 8325-4 and its isogenic HoR strain are equally
capable of colonising implanted catheter segments in mice and that the HoR
strain is attenuated in overall virulence (316). Therefore, the increase in
biofilm formation by LAC observed during growth in sub-inhibitory
oxacillin and acquisition of HoR resistance may not enhance colonisation
rates. Moreover, the in vivo data presented in this thesis suggest that
upregulated atl expression and autolytic activity are unlikely to enhance
MRSA colonisation rates in vivo.
7.4 The role for surface proteins in S. epidermidis in vitro biofilm
formation is strain-dependent

The focus of this thesis on biofilm protein adhesins in S. aureus was
extended to three S. epidermidis strains. Previous work from our laboratory
revealed that AtlE was essential for CSF41498 in vitro biofilm formation
and yet PAS treatment, which chemically blocks autolytic activity,
upregulated biofilm production by this strain (433). In contrast, PAS
treatment impaired RP62A biofilm formation. Clearly, AtlE and autolytic
activity have different roles in the biofilm phenotype of these two strains.
Proteolytic cleavage of AtlE is required for activation of the AM and GL
cell wall hydrolysing enzymes (37). Different rates of AtlE processing in
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CSF41498 and RP62A may account for the differing contribution of
autolytic activity to in vitro biofilm formation. Further experiments with an
AtlE knockout mutant of RP62A and analysis of AtlE and protease
expression profiles between CSF41498 and RP62A are required to
investigate this possibility. Additional experiments to determine the
specificity and role of the extracellular serine protease (Esp) in AtlE
processing are also needed, given that recent data shows that this protease
cleaves Atl of S. aureus (438). Perhaps Esp is expressed differently in
CSF41498 and RP62A (437) and different proteolytic processing may also
be responsible for the different roles of Aap in CSF41498 and 1457 biofilm
formation. Aap is processed by strain 1457 but remains unprocessed in
CSF41498 (113, 115, 183). Data presented here revealed that CSF41498
biofilm formation was increased by incubation of CSF41498 cells in 1457
supernatant in an Aap-dependent manner. It is tempting to speculate that
this may be due to processing of CSF41498 Aap by a protease present in the
1457 supernatant. Plans are underway to sequence the genomes of 1457 and
CSF41498 which may provide clues to the identity of an Aap protease(s)
present in 1457 but absent in the CSF41498. Overall analysis of the biofilm
phenotypes of CSF41498, RP62A and 1457 suggest that extracellular
protease activity plays an important role in PIA-independent biofilm
formation by S. epidermidis. Further experiments using protease mutants are
now needed to further investigate this observation.
Interestingly, while our data on the role of coagulase in the S. aureus
biofilm phenotype on plasma coated surfaces help to explain why the atl
mutant was not attenuated in vivo, Coa is evidently not relevant to biofilm
formation by S. epidermidis and other coagulase-negative staphylococci. Atl
homolog proteins may have contributory roles towards in vivo biofilm
formation for coagulase-negative staphylococci. Recent work has shown
that AtlL of S. lugdunensis is required for in vitro biofilm formation,
mediates attachment to a range of host extracellular matrix and plasma
proteins and is required for internalisation by eukaryotic cells (453). AtlL
has also been shown to contribute to virulence in a Caenorhabditis elegans
model (454). Additionally, AtlE of S. epidermidis exhibits vitronectinbinding activity and contributes to virulence in a rat CVC model (37, 66).
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Therefore, while the findings presented in this thesis do not attribute a vital
role for Atl in in vivo biofilm formation and suggest a dominant role for Coa
in S. aureus biofilm formation under physiologically relevant conditions,
Atl homolog proteins may be vital for DRIs caused by coagulase-negative
staphylococci. S. epidermidis expresses multiple surface proteins in addition
to AtlE that interact with host extracellular matrix proteins to mediate
biofilm formation such as SdrG (128) and Embp (88, 130). It would be
worth conducting a similar screen for biofilm formation under the
physiologically relevant conditions described here with a collection of S.
epidermidis mutants lacking these biofilm factors. Work is currently under
way to develop a bursa aurealis transposon mutant library in the S.
epidermidis strain 1457 of all non-essential genes, similar to the NTML in
the USA300 JE2 background (455). Validation of previously characterised
biofilm factors and regulators in S. epidermidis could be carried out using
this model and the role of proteases and surface protein processing in S.
epidermidis examined.
7.5 Final thoughts

Data presented in this thesis reveals important discrepancies between in
vitro and in vivo biofilm phenotypes expressed by S. aureus. Multiple
groups have reported an essential role for the major autolysin Atl in S.
aureus biofilm formation (38, 47, 57) and yet overall a S. aureus atl mutant
was not significantly attenuated in a murine model of device-related
infection. Further experiments revealed that a number of previously
characterised S. aureus biofilm determinants were redundant in a novel
model for assessing biofilm formation under physiologically relevant
conditions. Whilst autolytic activity and upregulated atl expression appear
to be associated with the switch from heterogeneous to homogeneous
resistance in MRSA, the in vivo significance of this phenotype remains to be
determined. Additionally, the contribution of autolytic activity and surface
proteins to S. epidermidis biofilm formation needs to be assessed in our
plasma biofilm model.
The work presented here prompts a re-evaluation of S. aureus biofilm
mechanisms and the experimental methods used to investigate factors
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relevant for in vivo biofilm formation. Ultimately, in vitro assays that are
more physiologically relevant should be adopted to augment traditional in
vitro methods for studying biofilm formation and are likely to aid in the
discovery of novel therapeutic targets for treating DRIs caused by S. aureus.
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