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Abstract

Staphylococcal Responses to Antimicrobial SKkin Lipids
Josephine Moran

Antimicrobial lipids on skin are proposed to form a barrier against microbial
colonisation. Skin lipids, such as unsaturated fatty acids and sphingosines, cause
membrane permeabilisation and/or proton motive force disruption . These
lipids may be crucial in determining the diversity and degree of staphylococcal
skin colonisation. Specifically, antimicrobial lipids may inhibit skin colonisation
by Staphylococcus aureus while permitting the growth of Staphylococcus
epidermidis. Here it was shown that skin fatty acids sapienic acid and linoleic
acid are more active against S. aureus than S. epidermidis. This supports a role
for fatty acids in the prevention of S. aureus skin colonisation. The most anti-
staphylococcal skin lipid tested was D-sphingosine; no differences in resistance

levels between S. aureus and S. epidermidis to D-sphingosine were observed.

The genetic response and basis for resistance to skin antimicrobial lipids of S.
epidermidis and S. aureus was investigated using next generation sequencing.
The transcriptomic response of both species to sapienic acid was determined
using RNA-Seq. Additionally, S. epidermidis and S. aureus were passaged in
sapienic acid or D-sphingosine. Isolates with increased lipid resistance after
passaging were genome sequenced, and mutations associated with increased
resistance were characterised. From these approaches, several genes and
pathways potentially involved in the responses of both species to skin lipids
became apparent. These components included cell wall biosynthesis, transport
and production of small molecules, ammonia production, albumin binding
proteins and putative lipid efflux pumps. Cellular components identified as
specifically involved in S. aureus resistance to sapienic acid included capsule
and staphyloxanthin biosynthesis. Cellular components involved specifically in
S. epidermidis resistance to sapienic acid were also speculatively identified,

though the functions of these components were not resolved.

This study has increased our understanding of staphylococcal molecular
interactions with host antimicrobial lipids, which could lead to applications in

the design of novel antimicrobial compounds.
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Chapter 1 Introduction

1.1 Staphylococci

Staphylococci are dominant colonisers of the skin and mucosa of mammals and
birds (Cogen et al., 2008; Costello et al., 2009; Taylor et al., 2003; Nagase et al.,
2002). Though there are more than forty recognised species of staphylococci,
only a selection are regular colonisers of human skin. These include the
coagulase-negative staphylococci species: Staphylococcus epidermidis,
Staphylococcus capitus, Staphylococcus cohnii, Staphylococcus haemolyticus,
Staphylococcus hominis, Staphylococcus saprophyticus, Staphylococcus simulans,
Staphylococcus warneri and Staphylococcus xylosus (Kloos and Schleifer, 1975;
Kloos and Musselwhite, 1975; Coates et al., 2014). S. epidermidis is the best
characterised and most frequently isolated, having been found to colonise up to
100 % of healthy individuals (Foster, 2009; Roth and James, 1988). In contrast,
the coagulase-positive S. aureus is a transient skin coloniser, though it colonises
human anterior nares relatively frequently (Kluytmans and Wertheim, 2005;

Moss and Squire, 1948; Cho et al., 2010).

S. aureus, S. epidermidis and several other staphylococci cause nosocomial
infections in immuno-compromised and long-term catheterised patients,
however, those of S. aureus tend to be more severe (Vuong and Otto, 2002). S.
aureus also causes infections that other staphylococci usually do not, such as
toxic shock syndrome, pneumonia, meningitis, scalded skin syndrome, impetigo
and abscesses (Cogen et al., 2008). This greater pathogenicity has been widely
studied and is attributed to S. aureus’ greater repertoire of virulence

determinants (Massey et al., 2006; Christensen and Bruggemann, 2014).

1.2 The structure of human skin

Skin is a barrier, preventing excessive water loss and the entry of microbes into
sterile areas of the body. The skin consists of layers of cells that become
progressively differentiated as they migrate towards the outermost layer (Fig.

1.1). In order of least to most differentiated, these layers are classified as the



basal layer (stratum basale), the spinous layer (stratum spinosum), the granular
layer (stratum granulosum) and the stratified layer (stratum corneum) (Candi
etal., 2005; Proksch et al., 2008). In the basal layer are the proliferative
keratinocyte cells. The rate of proliferation in these cells is matched by the rate
of desquamation, with complete turnover occurring every 14 days (Candi et al,

2005; Roth and James, 1988).

Keratinocytes in the granular layer are typified by the presence of lamellar
granules, or Odland bodies. These small organelles contain stacks of lipid
lamellae consisting of phospholipids, cholesterol, glucosylceramides and

various enzymes such as acid hydrolases (Candi et al., 2005).

Lipid matrix

Cornified envelope

—— Corneocytes
e—— Corneodesmosome

¢ *— Granular cell
.

« =—— Lamellar body

Direction of

cell migration Spinous

keratinocyte

Basal keratinocyte

Basal lamina
Desmosome
Hemidesmosome

Future Microbiology © Future Science Group (2014)

Figure 1.1 Structure of the skin

(Coates et al,, 2014)



The majority of changes resulting in terminally differentiated keratinocytes
occur between the granular layer and the stratum corneum (Candi et al., 2005).
The lamellar granules are extruded during the transition between the granular
layer and the stratum corneum. Many of the phospholipids and
glucosylceramides released from the lamellar granules are hydrolysed to
ceramides and free fatty acids (Madison, 2003; Drake et al., 2008). Keratin is
bound by fillagrin into tight bundles, resulting in flattening of the keratinocytes
(Candi et al., 2005). Beneath the plasma membrane the cornified envelope
forms; the cornified envelope is a protein layer cross-linked by isopeptide
bonds making it extremely resistant to common proteolytic enzymes (Proksch
etal., 2008). A lipid envelope, consisting of w-hydroxyceramides, is covalently
attached to involucrin, envoplakin and periplakin of the cornified envelope by
ester linkage (Proksch et al., 2008; Candi et al., 2005; Madison, 2003). The
plasma membrane disintergrates as it is replaced by the lipid envelope and the
cells organelles are degraded as they undergo apoptosis (Candi et al., 2005).
These terminally differentiated cells are known as cornified cells or corneocytes

(Candi et al., 2005).

Corneocytes are embedded within a lipid matrix of intercellular lamellae
formed from lipids released from the lamellar granules (Proksch et al., 2008;
Madison, 2003). The w-hydroxyceramides of the lipid envelope non-covalently
interact with intercellular lamellae to retain the lipid matrix around the
corneocytes (Proksch et al., 2008). The lipid matrix consists of ceramides (45-
50 %), cholesterol (25 %), free fatty acids (10-15 %) and other lipids (< 5 %)
(Madison, 2003). It is thought this lipid matrix forms both gel phase domains,
which are highly ordered and relatively impermeable, and liquid crystalline

phase domains, which are more fluid and provide flexibility (Madison, 2003).

Corneocytes are bound together by corneodesmosomes, which differ from
desmosomes found in lower layers of the epidermis due to additional structural
proteins such as desmoglein-1 (Candi et al., 2005). Proteolytic degradation of
corneodesmosome proteins results in shedding of the stratum corneum (Candi

etal., 2005).



1.3 The human skin microbiome

There are between 102 and 107 microorganisms per cm? of human skin
(Schroder and Harder, 2006). Numbers of microorganisms vary between areas
of the skin and between individuals, probably because of variations in
environmental conditions on the skin. For example, higher numbers of microbes
are normally found in areas that are naturally occluded, such as the axilla.
Occluding the forearm by wrapping increases the number of microbes
dramatically; humidity, temperature and pH also increase, indicating that these
factors are responsible for increased growth in occluded areas (Roth and James,

1988).

On the skin there are transient flora, that are found sporadically on the skin
after being transferred by exogenous sources, and there are resident flora, that
are found consistently on the skin in reasonably stable numbers (Roth and
James, 1988). More recently, research arising from the Human Microbiome
Project has led to members of microbiomes being classified as “core” (taxa
commonly shared between individuals) or “minor” (taxa infrequently shared

between individuals) (Li et al., 2013).

The microbiome of the skin has been studied by both culturing and 16S rRNA
gene sequencing techniques. Propionibacteria have been found to be the
dominant anaerobe by both culturing and 16S rRNA techniques (Cogen et al.,
2008; Costello et al., 2009; Grice et al., 2009). Conversely, whilst coagulase-
negative staphylococci are found to be the dominant bacteria capable of aerobic
growth on the skin by culturing techniques (Cogen et al., 2008), both
corynebacteria and staphylococci can dominate by 16S rRNA gene sequencing
techniques dependent on body location and individual factors including gender
(Taylor et al., 2003; Costello et al., 2009; Callewaert et al., 2013; Grice et al.,
2009). Since only approximately 14 % of the skin microbiota can be cultured
(Gao et al., 2007), 16S rRNA gene sequencing results are likely to give a more
realistic impression of the skin microbiome. Only staphylococci,
propionibacteria and corynebacteria are considered members of the core skin

bacterial microbiome (Li et al., 2013), however, other common skin colonisers



include Micrococcus spp., Brevibacterium spp. and Malassezia spp. (Callewaert et

al, 2013; Kong, 2011; Cogen et al., 2008).

The bacterial skin flora are not typically pathogenic, though many of them are
opportunistic pathogens. S. epidermidis is one of the most common causes of
indwelling medical device infections (Cogen et al., 2008; Vuong and Otto, 2002),
and causes 5% of native valve endocarditis (Roth and James, 1988).
Corynebacterium jeikeium can cause sepsis or endocarditis in
immunocompromised patients (Cogen et al., 2008). Corynebacterium diptheriae
can cause diptheria, septicaemia, endocarditis and osteomyelitis (Cogen et al.,
2008). Propionibacterium acnes is frequently associated with acnes vulgaris, but
can cause more serious infections such as infections of the eye that often lead to
blindness and occasional systemic infections in the immuno-compromised

(Cogen etal., 2008).

Overall, the interaction of the skin microbiome with their human host is
considered beneficial. To colonise the skin, bacteria must adhere through
interactions with receptors on the skin; resident flora bound to these receptors
are theorised to block exogenous, potentially pathogenic bacteria from binding.
Some resident flora also produce antimicrobial peptides that can act
synergistically with peptides of the innate immune system, and boost the innate

immune defences (Cogen et al., 2010a).

1.4 Staphylococcal skin survival

Conditions on the skin surface are inhospitable, with various host factors
challenging bacterial skin colonisation. The low moisture, acidic pH and high
salt conditions of the skin ensure microbial growth is inhibited or impeded
(Roth and James, 1988; Coates et al., 2014). To colonise the skin, microbes must
first adhere to the skin, a process that is hindered by the complete shedding of
the skin every 14 days (Roth and James, 1988). To persist on the skin, microbes
must be able to evade components of the innate immune system such as
antimicrobial peptides (AMPs) and antimicrobial lipids (Coates et al., 2014).

Further, microbes must also be able to outcompete other microbes; many skin



bacteria produce their own antimicrobial peptides to target competitors (Cogen

etal, 2008; Cogen etal.,, 2010a; 2010b).

The ability of S. epidermidis to colonise skin whilst S. aureus cannot has been
linked to differences in their ability to overcome the challenges described above
(McEwan et al., 2006; Cho et al., 2001; Melnik, 2006; Ong et al., 2002; Arikawa et
al., 2002; Takigawa et al., 2005; Ishikawa et al., 2010). Several recent reviews
have focussed on determinants that enable staphylococci to overcome these
challenges, however, little is known about what determinants account for the
differences in skin colonisation observed between S. aureus and S. epidermidis
(Coates et al., 2014; Johannessen et al., 2012; Sollid et al., 2014; Ryu et al,,

2014).

1.4.1 Adhesion

To thrive on the skin bacteria must be able to adhere so they are not pulled
away be sheer forces, but must also be able to re-attach to the new layers before
the cells are lost through desquamation. Adhesins specific for receptors on the
skin mediate strong attachments to prevent loss. To date it has not been studied
if adhesion to the uppermost layer of the skin is sufficient for long-term skin
survival or if penetration and adhesion to deeper layers of the skin is necessary,
though bacteria are found at both the upper and lower layers of the stratum

corneum (Brooker and Fuller, 1984; Zeeuwen et al., 2012; Grice et al., 2009).

Staphylococcal adhesins can be classified as one of three groups; MSCRAMMs
(microbial surface components recognising adhesive matrix molecules),
SERAMs (secretable expanded repertoire adhesive molecules) or non-
proteinaceous adhesins (Heilmann, 2011). MSCRAMMs are covalently anchored
to the staphylococcal cell wall and bind one or more host factor. SERAMs are
non-covalently bound to the staphylococcal surface and frequently have
enzymatic functions as well as roles in adhesion (Heilmann et al., 2003; Bowden
etal, 2002). Non-proteinaceous adhesins are usually embedded in the
membrane lipids and to date have been found to act as adhesins through non-

covalent bonds (Heilmann, 2011). Staphylococcal adhesins known to adhere to



the human epidermis and their receptors (where known) are summarised in

Table 1.1.

Table 1.1 Adhesins of staphylococci for skin and their receptors.

Host receptor
Undetermined receptor on

desquamated epithelial cell

Adhesins

Aap

Species

S. epidermidis

Reference

(Macintosh et al., 2009)

Undetermined receptor on SasG, CIfB, SdrC, S. aureus (Corrigan et al., 2007; 2009)
desquamated nasal cells SdrD, IsdA
Undetermined receptor on Spa, Coagulase, S. aureus (Mempel et al., 1998)
keratinocyte cell line FnbpA/FnbA,
FnbpB/FnbB, CIfA
Collagen type | SdrF, GehD S. epidermidis (Arrecubieta et al., 2007; Bowden
etal., 2002)
Sdrl S. saprophyticus (Sakinc et al., 2006)
Can, Eap/Map, Emp S. aureus (Snodgrass et al., 1999; Hansen et
al., 2006; Hussain et al., 2001)
Fibrinogen Aaa, CIfB, S. aureus (Heilmann et al., 2005; Ni Eidhin
FnbpA/FnbA, IsdA, etal, 1998; Wann et al., 2000;
Atl, Eap/Map, Emp, Clarke et al., 2004; Hirschhausen
FnbpB/FnbB, CIfA etal, 2010; Hussain et al,, 2001;
Burke et al,, 2011; McDevitt et al.,
1994)
Fbe/SdrG S. epidermidis (Hartford et al., 2001)
UafB S. saprophyticus (King et al., 2011)
Fbl S. lugdunensis (Nilsson et al.,, 2004)
Fibronectin Aaa, FnbpA/FnbA, S. aureus (Heilmann et al., 2005; Flock et
FnbpB/FnbB, IsdA, al.,, 1987; Jonsson et al., 1991;
Atl, Eap/Map, Emp Clarke et al., 2004; Hirschhausen
etal, 2010; Hussain et al,, 2001;
Hussain et al., 2001)
Embp, Fbe/SdrG, Aae S. epidermidis (Williams et al., 2002; Nilsson et
al., 1998; Heilmann et al., 2003)
Aas, UafB, Sdrl S. saprophyticus (Hell et al.,, 1998; King et al., 2011;
Sakinc et al., 2009)
AtlC S.caprae (Allignet et al., 2002)
Involucrin IsdA S. aureus (Clarke et al., 2009)
Loricrin IsdA, CIfB S. aureus (Clarke et al., 2009; Mulcahy et al.,
2012)
Cytokeratin-10 IsdA, CIfB S. aureus (Clarke et al., 2009; O'Brien et al.,
2002)
Keratinocyte Pls S. aureus (Huesca etal., 2002)
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Since adhesins are relatively specific it is likely that the repertoire of adhesins a
strain expresses could specify which hosts and areas of the host the bacterium
can adhere to. Demonstration of host specificity provided by adhesins comes
from studies investigating the ability of staphylococcal strains from one
mammalian host (such as canine) to adhere to keratinocytes of other
mammalian hosts (such as feline) (Woolley et al., 2008; Lu and McEwan, 2007).
These studies found differences in adhesion dependent on both host type and

strain origin (Woolley et al., 2008; Lu and McEwan, 2007).

Demonstration of niche specificity provided by adhesins comes from studies of
the adhesin accumulation associated protein (Aap). Aap, found in many strains
of S. epidermidis, binds buccal epithelial cells and desquamated terminally-
differentiated keratinocytes (Macintosh et al., 2009). In contrast SasG, a S.
aureus adhesin and Aap homologue, binds desquamated nasal cells but not

buccal epithelial cells or cells from a keratinocyte cell line (Roche et al., 2003).

Staphylococcal adhesion may be facilitated by different proteins at separate
stages of colonisation. It is known that S. aureus adheres to highly keratinised
squamous cells both on the skin and in the nose. It is suggested that wall
teichoic acid (WTA) is important in the initial stages of colonization of the nose
(Weidenmaier et al., 2008; 2004). Whereas clumping factor B (ClfB) is indicated
to be important in long-term colonisation of the nose, since a S. aureus CIfB
mutant, though capable of initial colonisation, was eliminated more quickly than
the wild type (Wertheim et al., 2008). However, it is still unclear how the

methods of adherence change as colonisation progresses.

1.4.2 Osmotic stress

The risk of osmotic stress has long been considered a limiting factor for
bacterial growth and survival on skin. Osmotic stress can be divided into the
categories: low relative humidity (RH), matric water stress (desiccation) and
ionic stress (salts or ions) (Potts, 1994). All three affect colonisation of the skin
environment. On skin, RH is often low and ionic stress high, whereas matric

water stress tolerance is known to be important for staphylococcal



transmission but may also affect survival on skin if the RH falls below the limits
at which staphylococci could grow. Skin bacteria also face the added stress
caused by sudden increases in water availability brought on by increased

sweating or washing.

1.4.3 Osmotic stress resistance

It was shown that S. aureus and S. epidermidis can grow at lower RH levels than
other bacteria. Whilst Bacillus subtilis, Escherichia coli and Pseudomonas
fluorescens required 92-94.5% RH to grow, S. aureus could grow at 87% RH and
S. epidermidis 81-84% (de Goffau et al., 2009). This could be significant for
exclusion on the skin, since at high RH, S. epidermidis growth was inhibited by
Sphingomonas paucimobilis, but at lower RH S. epidermidis had the competitive
advantage (de Goffau et al., 2009). As S. epidermidis is able to grow at lower RH
than S. aureus, it is plausible that this factor could influence the enhanced

survival of S. epidermidis over S. aureus on the skin.

When S. aureus or S. epidermidis are grown at RH levels approaching their RH
growth limit they become larger, form thicker cell walls and form cuboidal
packs of eight cells rather than their typical grape-like clusters (de Goffau et al,,
2009; 2011). Similar observations have been made for staphylococcal autolysin
mutants, suggesting this morphism is autolysin controlled (de Goffau et al.,
2011). Alteration in morphology could offer protection from osmotic stress
through a reduction in surface area to volume ratio and subsequent reduction of
water loss and maintenance of turgor pressure (de Goffau et al.,, 2011). Further
work of de Goffau has indicated that staphylococci grown at low RH are more

hydrophilic, which would aid in water acquisition (de Goffau et al., 2011).

RP62a was the most resistant S. epidermidis strain tested by de Goffau; it was
speculated that this could be linked to the ability to form biofilms, as biofilm
structure would further reduce surface area to volume ratio (de Goffau et al.,
2009). However, it may also be linked to the ability of Rp62a to produce the
exopolysaccharide (EPS) polysaccharide intracellular adhesin (PIA) (McKenney

et al., 1998), as work on Pseudomonas has shown that EPS acts like a buffer



against desiccation (Roberson and Firestone, 1992). EPS offers protection from
desiccation in vitro ostensibly by slowing the drying of the bacteria and
providing more time for the bacteria to adjust; EPS could offer similar
protection upon wetting preventing too rapid a rehydration (Roberson and
Firestone, 1992). Theoretically, PIA could play a similar role in staphylococci on
the skin to that of EPS in Pseudomonas in the soil. However, PIA has been
indicated to cause a fitness cost for human skin colonisation (Rogers et al.,

2008).

A factor observed to protect S. epidermidis against high NaCl concentration (2
M) is poly-y-glutamic acid (PGA) biosynthesis (Kocianova et al., 2005). PGA
forms a capsule around S. epidermidis ubiquitously in both clinical and
commensal isolates tested (Kocianova et al., 2005). PGA biosynthesis genes
(pgsBCAD/capBCAD) were also found to be present in other coagulase negative
staphylococci including S. capitis, S. caprae, S. haemolyticus, S. warneri and S.

hominis, but are not present in S. aureus (Kocianova et al., 2005).

ClpX and YjbH are proteases found to be important in ionic and matric stress in
S. aureus possibly through global regulation of other factors, and were
demonstrated to be important in osmotic stress survival of B. subtilis

(Chaibenjawong and Foster, 2011).

Cardiolipin (CL) is known to play a role in osmotic stress responses in various
bacteria. The amount of membrane CL and other zwitterionic phospholipids
decreases with increasing salinity in both Gram-positive and Gram-negative
bacteria. CL synthase levels were shown to increase in E. coli in response to
ionic stress (Romantsov et al., 2009), CL synthase catalyses the conversion of
peptidoglycan into CL and glycerol, however levels of CL were not seen to
significantly increase in S. aureus in response to NaCl (Tsai et al., 2011).In S.
aureus there are two CL synthase genes, one is used for housekeeping and the
other in response to stress. Mutation of both genes resulted in reduced long-
term survival in high salinity media (Tsai et al., 2011). CL was found to provide
membrane stiffening activity (Nagamachi et al., 1992), thus it may reduce
membrane permeability and loss or gain of small solutes. Alternatively,

resistance may be provided by CL interaction and regulation of the
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mechanosensitive channel MscL and the osmosensory transporter ProP

(Romantsov et al., 2009).

Extracellular matrix (ECM)-binding protein homologue (Ebh) is a cell wall and
membrane-associated protein found in S. aureus and S. epidermidis but absent
from S. haemolyticus or S. saprophyticus. Ebh mutants exposed to high salt
conditions were observed to have invaginated vacuoles along their septum
within 30 minutes, suggesting that this protein is important in initial ionic stress

resistance (Kuroda et al., 2008).

A common resistance mechanism in bacteria to ionic stress is the import of
solutes known as osmoprotectants (Potts, 1994). Glycine betaine, proline
betaine and L-proline all offered protection of S. aureus to 1 M NaCl (Amin et al.,
1995). Proline betaine was the most effective and L-proline was the least
effective in the majority of S. aureus strains tested. Similarly in S. saprophyticus
glycine betaine and proline betaine offered maximal protection whereas L-
proline offered limited protection (Amin et al., 1995). Proline betaine was also
the most effective in the S. epidermidis strain tested, however in this strain L-
proline was a more effective osmoprotectant than glycine betaine (Amin et al.,

1995).

1.4.4 Acid

The surface of the skin has been described as having an “acid mantle” that
contributes to innate defence against microbial colonisation, particularly by
Gram-negative bacteria (Matousek and Campbell, 2002). Across the skin layers
there is an acidic gradient, increasing throughout the stratum corneum from the
pH of 7.4 in the stratum granulosum to pH 4-5 at the skin surface (Rippke et al.,
2002; Matousek and Campbell, 2002; Schmid-Wendtner and Korting, 2006). The
human skin surface is more acidic than most other mammals, which may act to

separate the flora of human and animal skin (Matousek and Campbell, 2002).

As well as the direct effect of acid against microbes, causing damage to proteins
and DNA via denaturation, acid can increase the activity of cationic AMPs

(CAMPs) and antimicrobial fatty acids (AFAs) (Walkenhorst et al., 2013; Cartron
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etal, 2014). Converesely, S. aureus was found to have increased CAMP

resistance at more acidic pH (Walkenhorst et al., 2013).

Beyond its antimicrobial role, the acid gradient also enables the activity of skin
enzymes such as 3-glucocerebrosidase and serine proteases to be regulated
dependent on their location within the stratum corneum (Rippke et al., 2002;
Schmid-Wendtner and Korting, 2006). The regulation of these enzymes by pH
ensures timely differentiation and desquamation of keratinocytes (Matousek
and Campbell, 2002; Schmid-Wendtner and Korting, 2006). As such, altered pH
is indicated as a factor in skin diseases associated with irregular skin
differentiation and desquamation, such as atopic dermatitis and ichthyosis
(Rippke et al., 2002; Matousek and Campbell, 2002; Schmid-Wendtner and
Korting, 2006).

This acidic gradient is provided by a number of components including lactic acid
and free amino acids from sweat, free fatty acids from sebum, the filaggrin
degradation products urocanic acid and pyrrolidone carboxylic acid, and
cholesterol sulphate (Rippke et al., 2002; Matousek and Campbell, 2002). The
majority of these components are present in higher levels towards the skin
surface, whilst cholesterol sulphate is present in higher levels towards the
stratum granulosum (Rippke et al., 2002). Molecules that raise the pH of the
skin, such as ammonia, carbon dioxide and bicarbonate, are also produced in

the skin and act to buffer the pH (Matousek and Campbell, 2002).

1.4.5 Acid resistance
Acid resistance in Gram-positive bacteria is mediated by mechanisms that:
increase the internal pH; repair DNA and protein damage caused by the acid; or

change the cell envelope architecture (Cotter and Hill, 2003).

F1Fo-ATPase is a well-studied proton pump that mediates acid resistance
(Cotter and Hill, 2003). F1Fo-ATPase is capable of generating a proton motive
force (PMF) that increases intracellular pH as protons are extruded in a process
fuelled by ATP (Cotter and Hill, 2003). Glutamate decarboxylases can also

increase acid resistance by increasing the internal pH (Cotter and Hill, 2003).
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These decarboxylases combine glutamate with a proton then export the product
out of the cell (Cotter and Hill, 2003). In S. aureus, F1Fo-ATPase is
downregulated in response to acid, but NADH dehydrogenase is upregulated
indicating that the latter is more important in S. aureus for acid resistance (Bore
etal,2007). NADH dehydrogenase moves 2H* out of the cell whilst converting
NADH to NAD* (Bore et al., 2007).

D-alanylation of WTA is encoded by the dit operon and was shown to reduce
proton permeability in Streptococcus mutans (Cotter and Hill, 2003). The effect
of this operon on S. aureus acid resistance is unstudied, though it was not

differentially expressed after acid shock (Bore et al., 2007).

Ammonia produced by Gram-positive bacteria binds hydrogen ions to form
NH4* and thus increase the internal pH (Cotter and Hill, 2003). Ammonia
production is facilitated by ureases, which convert urea to ammonia and carbon
dioxide, and the arginine deiminase pathway, which converts arginine to
ornithine, ammonia and carbon dioxide (Cotter and Hill, 2003). Urease genes,
but not arginine deiminase pathway genes, were observed to be upregulated in
S. aureus following acid shock (Bore et al., 2007). Production of acetoin may

similarly reduce the internal pH (Bore et al., 2007).

The staphylococcal duplication of the cls gene, encoding CL synthase, is also
important in resistance to acids. Whilst cls2 produces CL under normal
conditions, it was not capable of producing CL under acute acid stress, under
these conditions cls1 produces CL (Ohniwa et al., 2013). CL is important for
osmotic stress resistance (see section 1.4.3), and plays a role in cell membrane
structure, particularly in stationary phase (Ohniwa et al., 2013).
Osmoprotectant transporters were upregulated following acid stress in S.
aureus, suggesting a link between osmotic stress resistance and acid stress

resistance (Bore et al., 2007).

1.4.6 Competition
The dominance of either corynebacteria or staphylococci on skin indicates there
may be competitive exclusion between these two genera. Indeed, inhibition of

staphylococci by corynebacteria has been observed in the nasal cavity (Frank et
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al, 2010; Libberton et al., 2014). Other species associated with competitive
exclusion of S. aureus from the nasal cavity include S. epidermidis, S.
haemolyticus, Finegoldia magna, Corynebacterium accolens, S. hominis and
Micrococcus spp. (Libberton et al., 2014; Wos-Oxley et al., 2010; Iwase et al.,
2010).

Another group of potential competitors on the skin are bacteriophages. The
presence of anti-staphylococcal phage on mammalian skin was suggested by
Slanetz and Jawetz (1941) who observed the presence of lytic phages in bovine
milk. Phages capable of infecting S. epidermidis have since been shown to be

present at low levels in the anterior nares (Aswani et al., 2011).

1.4.7 Outcompeting the competition

Resistance to competition by bacteria and yeasts can be mediated by several
mechanisms: through blocking colonisation via competitive interference by
adhering to a range of receptors (competition interference); through resistance
to competitor bacteriocins (similar to AMP resistance described in section
1.4.9); and through production of compounds that inhibit growth of

competitors.

Staphylococci produce a range of bacteriocins (or staphylococcins) active
against other staphylococci, group A Streptococcus (GAS) spp., group B
Streptococcus spp., Enterococcus faecalis, Lactobacillus spp., Micrococcus luteus
and Corynebacterium fimi amongst others (Cogen et al., 2010a; Gamon et al.,
1999; Potter et al., 2014). The mechanisms of action of staphylococcins remain
uncharacterised, but are potentially as variable as human AMPs (see section

1.4.8).

Phenol-soluble modulins (PSMs) & and y of S. epidermidis were also shown to
have antimicrobial activity against S. aureus. Phenol soluble modulins are a
family of amphipathic, a-helical staphylococcal proteins, whose functions range
from haemolysins (0-toxin) to biofilm dissemination (Periasamy et al., 2012).
The antimicrobial activity of PSMs is thought to arise from their ability to insert

into membranes, resulting in lipid vesicle leakage (Cogen et al., 2010b).

14



Secreted products other than bacteriocins can also act to inhibit competition.
For example, under anaerobic conditions, S. epidermidis ferments glycerol into
succinic acid, which is capable of inhibiting P. acnes growth in vitro and reducing

P. acnes lesions in mouse models (Wang et al., 2014).

S. epidermidis is also capable of stimulating production of human (-defensins 2
and 3 (hBD2 and hBD3), antimicrobial peptides of the innate immune system
that are active against S. aureus, but not S. epidermidis (Lai et al., 2010; Iwase et
al, 2010). Esp is a serine protease, that unaided can disrupt S. aureus biofilm
formation, and acts synergistically with hBD2 against S. aureus (Iwase et al.,

2010; Park et al., 2011).

Staphylococci on the skin may also face competition from temperate
bacteriophage. Resistance to bacteriophages can be mediated by Clustered
Regularly Interspaced Palindromic Repeats (CRISPRs). CRISPRs and their
associated Cas proteins provide phage resistance in many bacteria and archaea
and have been described in some staphylococci (van der Oost et al.,, 2009; Vale
and Little, 2010; Marraffini and Sontheimer, 2008; Ramia et al., 2014). The Cas
proteins process phage derived-DNA and store them as short repeat regions
within CRISPR regions in the genome (Vale and Little, 2010). These repeat
regions in association with Cas proteins then lead to sequence-specific
interference and degradation of phage genetic material in subsequent infections
with a similar phage or reactivation of a prophage within the cell (Vale and

Little, 2010).

1.4.8 Antimicrobial peptides

There are various AMPs found constitutively on the skin and upregulated when
skin is wounded or exposed to pathogens (Cho et al., 2010). Skin AMPs include
cathelicidin, hBD2, hBD3, psoriasin and dermcidin 1, whilst RNase 7 and
lysozyme also contribute to innate antimicrobial activity of the skin, as

previously reviewed (Niyonsaba and Ogawa, 2005).

Cathelicidin LL-37 is expressed in the eccrine glands and stored in lamellar

granules; it is active against Gram-positive bacteria, Gram-negative bacteria and

15



the yeast Candida albicans (Schroder and Harder, 2006). It is an a-helical AMP
observed to cause loss of turgor pressure at higher concentrations and inhibit
cell growth, possibly through interference with peptidoglycan synthesis, at

lower concentrations in Bacillus subtilis (Barns and Weisshaar, 2013).

The antimicrobials hBD2 and hBD3 are active against GAS, S. aureus and certain
viruses (Cho et al,, 2010). Where hBD2 is cationic and found in lamellar bodies,
hBD3 is highly basic and is found in tissues throughout the body (Schroder and
Harder, 2006).

Psoriasin is highly bacteriocidal to E. coli, and also promotes host cell growth,
which may be important for wound healing (Glaser et al., 2005; Shubbar et al.,
2012; Anderson et al., 2009). Psoriasin overproduction has been associated
with psoriasis and growth of certain cancers (Shubbar et al., 2012; Anderson et

al, 2009).

RNase 7 has activity against S. aureus, E. coli and enterococci (Simanski et al.,
2012; Schroder and Harder, 2006). Though RNase 7 has ribonuclease activity,
the antimicrobial activity of this cationic peptide is suggested to be caused by its

ability to induce membrane permeabilisation (Huang et al.,, 2007).

Dermcidin 1 is produced by the eccrine glands and is active against S. aureus, E.
faecalis, E. coli and C. albicans (Schroder and Harder, 2006). Dermcidin 1
inhibits RNA and protein synthesis, possibly through ion channel formation

(Song et al., 2013a; Senyurek et al., 2009; Rieg et al., 2005).

Lysozyme is a peptidoglycan N-acetylmuramoylhydrolase (murimidase) that is
active against Gram-positive cell walls, resulting in cell lysis (Niyonsaba and
Ogawa, 2005). It is present on the skin due to secretion from apocrine glands

(Niyonsaba and Ogawa, 2005).

1.4.9 AMP resistance

Staphylococcal resistance to CAMPs, such as cathelicidins and defensins, can be
mediated by the dIt operon products and MprF. DIt proteins mediate addition of
D-alanine to wall teichoic acid (Peschel et al., 1999). MprF is a flippase that
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modifies anionic phospholipids with L-lysine or L-alanine and also translocates
lysyl-phosphatidylglycerol to the outer leaflet of the membrane (Ernst and
Peschel, 2011; Peschel et al., 2001). These modifications result in a more

positive cell surface that repels the CAMPs.

PGA biosynthesis is another factor that may prevent interaction of AMPs with
the cell membrane. PGA biosynthesis mutants had increased susceptibility to

cathelicidin LL-37 and hBD3 (Kocianova et al., 2005).

GraRS is a two-component sensor-regulator activated by CAMPs (Yang et al.,
2012). GraRS regulates over 200 genes, activating defence mechanisms against
CAMPs including the dit operon (Herbert et al., 2007). Mutation of GraRS
increased staphylococcal sensitivity to CAMPs and attenuated S. aureus
virulence in a mouse infection model (Kraus et al., 2008; Herbert et al., 2007;
Yang et al., 2012). The gene vraG, encoding an ABC efflux pump, is
contranscribed with graR; VraG mutants also show increased susceptibility to
cationic peptides indicating VraG also plays a role in AMP resistance (Yang et al.,
2012). It is likely that other regulatory components also contribute to AMP

resistance.

Proteases are an important means of defence against AMPs (Lai et al., 2007). In
S. epidermidis, and presumably other staphylococci, AMPs induce expression of
proteases (Lai et al., 2007). Though proteases are active against all human AMPs
(to the authors knowledge), SepA of S. epidermidis is particularly efficient in

mediating dermcidin 1 resistance (Lai et al., 2007).

The majority of staphylococci are lysozyme resistant. This trait has primarily
been attributed to OatA, which O-acetylates muramic acid residues in
peptidoglycan and sterically hinders interaction of lysozyme with peptidoglycan
(Beraetal, 2005). The presence of WTA at lysozyme binding sites on
peptidoglycan and the high degree of cross-linking by transpeptidases in
staphylococcal cell walls adds another layer of resistance against lysozyme
(Beraetal, 2007). Mutation of genes known to mediate CAMP resistance, such
as dItA and graRS, further increased susceptibility of staphylococci to lysozyme
in OatA mutants, but not wild type (Herbert et al., 2007).
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1.4.10 Antimicrobial skin lipids

Antimicrobial lipids of the skin include sphingoid bases (sphingosines) and fatty
acids. Fatty acids and sphingosines are liberated from ceramides, phospholipids
and glucosylceramides released from lamellar granules (Drake et al., 2008; van
Smeden et al., 2014). Fatty acids are also released from the hydrolysis of
triglycerides and biglycerides, some of which are released from lamellar
granules, but the majority of which come from the sebum (Kohler et al., 2009;

Madison, 2003; Drake et al., 2008).

AFAs are active against staphylococcal and micrococcal species, whereas
sphingosines are widely active against bacteria and fungi (Drake et al., 2008;
Desbois and Smith, 2010). Beyond their antimicrobial role on skin,
sphingosines, fatty acids, and their precursors contribute to barrier formation.
This barrier prevents excessive water loss as well as entry of the majority of
substances (Pullmanova et al., 2014; van Smeden et al., 2014). Fatty acids help
maintain skin homeostasis by reducing inflammation and promoting wound
healing (Brogden et al., 2012; Huang et al., 2014; Lai et al., 2009). As described
above, fatty acids are also believed to contribute to the acid mantle of the skin

(Fluhr et al., 2001).

Not all free fatty acids on skin are antimicrobial. Those that are include sapienic
acid (C16:1A6), linoleic acid (C18:2A9A12) and oleic acid (C18:1A9) (Drake et
al., 2008). AFAs tend to be unsaturated and between 12 and 20 carbons in
length (Desbois and Smith, 2010; Zhang et al.,, 2012). It is possible to predict the
antimicrobial activity of AFAs based upon their carbon chain length, degree of
unsaturation, location of unsaturated bonds, presence of hydroxide radicals,
degree of esterification and presence of other functional groups, though this has

only been confirmed in one strain of S. aureus to date (Zhang et al., 2012).

The antimicrobial activity of sphingosine is inhibited at deeper layers of the skin
by cholesterol sulphate (ChSO4) with which it forms an undissociated salt
(Payne et al., 1995).
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1.4.11 Resistance to antimicrobial lipids

Staphylococcal resistance mechanisms to AFAs have been investigated,
however, there has been very little investigation into sphingosine resistance
mechanisms. Some mechanisms that protect against AFAs are likely to also
protect against sphingosines. For example, factors such as WTA and IsdA that
decrease cell surface hydrophobicity, should decrease the capability of
antimicrobial lipids to interact with the cell (Kohler et al., 2009). Cell wall
thickening would further decrease the overall cell surface hydrophobicity, and
gene expression data indicates this could occur in response to AFA challenge

(Kenny et al., 2009).

Capsule biosynthesis is another factor that may protect against sphingosines
and AFAs by preventing their interaction with the cell. Capsule biosynthesis

genes were up-regulated in response to AFAs in S. aureus (Kenny et al., 2009).

Further AFA resistance mechanisms are unlikely to offer resistance to
sphingosines. Carotenoid production, for example, has been postulated as a
mechanism for AFA resistance in S. aureus. Carotenoid acts as a membrane
“stiffener”, and could potentially counteract AFA induced increases in
membrane fluidity (Chamberlain et al., 1991). S. aureus strains with higher
levels of carotenoid have greater resistance to AFAs, and carotenoids are up-
regulated in response to AFAs (Chamberlain et al., 1991; Kenny et al., 2009).
Despite this, the majority of staphylococci do not have carotenoids. In these
staphylococci other factors that can act as membrane stiffeners, including
cardiolipin and host-derived cholesterol (Romantsov et al., 2009), could offer

protection against AFAs, though this has not been investigated to date.

Fatty acid modifying enzyme (FAME) provides resistance to AFAs in
staphylococci. FAME is an exoprotein, known to be produced by S. aureus and S.
epidermidis, that esterifies lipids with cholesterol or primary alcohols,
seemingly inhibiting the mechanism of toxicity (Chamberlain and Brueggemann,
1997; Kapral et al., 1992). FAME is inhibited by triglycerides and diglycerides,
which may explain why there is strong correlation between FAME and lipase

production amongst staphylococci (Long et al., 1992; Lu et al., 2012). Lipases
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hydrolyse triglycerides and diglycerides releasing free fatty acids that FAME can

act upon.

Recently it was proposed that some of the myosin-cross reactive antigen (McrA)
family of cell wall anchored proteins in staphylococci provide protection against
AFAs, including linoleic acid. These proteins include the S. aureus surface
protein F (SasF) and the S. saprophyticus surface protein F (SssF), with
homologues of these proteins present in all sequenced staphylococci (King et al.,
2012). An S. aureus SasF mutant was shown to have reduced survival to linoleic
acid, which could be complemented by SasF and also by SssF (Kenny et al.,
2009; King et al., 2012). Clinical isolates of S. saprophyticus with the SssF gene
were shown to be more resistant to linoleic acid than those without (King et al.,
2012). It was speculated that these proteins detoxify the AFAs by acting as fatty
acid hydratases (King et al., 2012), as demonstrated in McrA family proteins of
Streptococcus pyogenes and Bifidobacterium breve (Volkov et al., 2010). This
activity was seen previously in S. aureus strains that could cause the saturation
of the fatty acid linoleic acid to form its less-toxic derivatives oleic acid, stearic
acid and mysteric acid, though this activity was not linked to any specific

protein at the time (Campbell et al., 1983).

Kenny et al. (2009) found genes encoding arginine deaminase pathway enzymes
(such as the arcABDC operon) were upregulated in response to AFAs and that
an arcA mutant showed increased sensitivity to AFAs. ACME (Arginine catabolic
mobile element) was predicted to improve survival of S. aureus on the skin in
community acquired MRSA isolates (Diep et al., 2006). Moreover, it was
suggested that the arginine deaminase genes on ACME could account for
increased survival by providing protection from acid by producing ammonia

(Foster, 2009), potentially neutralising any acidic pH caused by AFAs.

Mutants of S. aureus VraE (an ABC transporter permease) and SAR2632 (a
putative efflux pump proposed to be involved in lipid transport) showed
decreased survival when grown on linoleic acid containing agar compared to
the wild type (Kenny et al., 2009). Increased transport might be important for
AFA survival, this may be because AFAs interfere with cellular transport, and

the cell may attempt to restore membrane polarisation or increase export of
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AFAs from the cell. Specific fatty acid efflux pumps have been shown to confer
AFA resistance in meningococci (Schielke et al., 2010), and are indicated to play

arole in staphylococcal AFA resistance (Truong-Bolduc et al., 2014).

1.5 Atopic dermatitis and staphylococci

Atopic dermatitis (AD) is a disease characterised by dry, flaky skin lesions that
can become infected and form abscesses (Bieber, 2008). AD patients have
unusually high levels of S. aureus colonisation, with up to 80 % of their skin
microflora being comprised of S. aureus, even on non-lesional skin (Roth and
James, 1988; Takigawa et al., 2005; Kong et al., 2012; Higaki et al., 1999). AFAs,
sphingosines and AMPs are all reduced in AD patients, and therefore have been
linked to S. aureus skin exclusion (Cho et al., 2010; Schafer and Kragballe, 1991;
Arikawa et al., 2002). Other factors associated with AD but not to S. aureus skin
exclusion to date include decreased filaggrin product<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>