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1. General introduction and scope of the thesis

1.1. Introduction

The skin is the largest organ in the human body, accounting for an area of around 30

m2 when considering also the hair follicles, the sweat glands ducts and other skin

appendages [1]. The primary function of the skin is to act as a barrier against the

hostile environment and to protect the internal organs against mechanical trauma,

UV light, and chemical and biological aggressors. However, throughout its complex

structure, the skin also helps to regulate the body’s temperature and contributes

to the synthesis of vitamin D and the processing of the sense of touch, pressure,

pain and temperature. The skin’s envelope is associated to tissues of various origins

(epithelial, connective, vascular, muscular and nervous) and is organised in three

layers (Figure 1.1), including from top to bottom: a) the epidermis (and its associ-

ated appendages, pilosebaceous follicles and sweat glands); b) the dermis, separated

from the epidermis by the dermal-epidermal junction, and c) the hypodermis [2].

The characteristics of the skin vary greatly depending on its topology, thick-

ness, moisture and temperature. Consequently, the microorganisms that populate

these areas also differ. This complex collection of microorganisms is known as the

skin microbiome. The human skin microbiome includes bacteria, archaea, fungi,

parasites, viruses and phages. It is currently accepted that the skin microbiome

can be modulated. These microbial variabilities are multifactorial and include ma-

ternal delivery, genetics, age, gender, daily habits, hygiene, diet, exposure to dif-

ferent xenobiotics, hormones, stress, climate, and other environmental factors [3].

Currently, 19 bacterial phyla and over 1000 bacterial species have been identified

within themost superficial layer of the skin. Themost commonbacteria phyla in the

epidermis are Actinobacteria, Firmicutes, Proteobacteria and Bacteriodetes, while

the most abundant genera are Corynebacterium, Propionibacterium and Staphylococ-

cus. On the other hand, the most abundant fungal community is represented by

the genus Malassezia and that from the virome is represented by the Human Papil-

loma Virus, in addition to the Human Polyomavirus, Circoviruses and many bacte-

riophages [4].

Under healthy circumstances, microbes bring beneficial roles to the skin. This

is known as symbiosis or eubiosis. Conversely, dysbiosis appears when the balance of

the skin’s ecosystem is disturbed and there is a shift of opportunistic microbes to
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becomepathogenic. The remodelling of the original composition of themicrobiome

may involve loss of beneficial microbial organisms, expansion of pathobionts or po-

tentially harmful microorganisms, and loss of overall microbial diversity [5]. Koch’s

postulates referring to diseases caused by specific bacteria or microbes may not ap-

ply for conditions that respond to the microbial community as a whole in regards

to the immune responses in the host. For instance, dysbiosis has been associated to

illnesses ranging from autism, atopic dermatitis and asthma to inflammatory and

degenerative diseases, to cancer [6–10].

When the skin’s integrity or physiology is altered, dysbiosis appears. Such is the

case of chronic wounds. Wounds are contaminated and colonized initially by mi-

crobes originating from the local skin microbiota and the environment. Coloniza-

tion alone does not delay the wound healing process; however, infected wounds

contain a high load of replicating organisms that irritate and injure the host tissue

and lead to persistent bacterial populations that are typically arranged into biofilms

[12, 13]. Biofilm development initiates with the attachment of bacteria mediated

through weak reversible van der Waals interactions. Cell surface structures such as

flagella, fimbriae, lipopolysaccharides and exopolysaccharides participate in irre-

versible interactions. Next, microcolonies appear to form the first layer of cells on

the wound surface. When multiple layers pile up, microcolonies are surrounded by

water channels that distribute nutrients and signal molecules to sustain a mature

biofilm. Spreading follows detachment of individual bacteria or clumps occurring

in response to limited nutrition or other environmental changes (Figure 1.2) [14].

In biofilms, it has been observed that bacterial species exhibit different phe-

notypes even if they belong to the same kin and are almost genetically identical.

These phenotypic changes occur spontaneously and are regarded as adaptive mu-

tations that result in cellular diversification. This population heterogeneity allows

for fitness advantages that prepare for stressful changes in the environment and

metabolic cooperation [15]. Intercellular communication or quorum sensing in mi-

crobial communities influences their growth pattern (from a low-density state to

a high-density state) within a biofilm and alters their production of virulence fac-

tors. The circumstances encompassed in a biofilm, together with the diffusion bar-

rier given by the extracellular polymeric substance, protect against host defences

and contribute to an increased antibiotic resistance among wound-resident bac-

3
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Figure 1.1:Thin human skin section. Lightmicrograph of a longitudinal section of

female cheek showing layers of thin skin. Red arrowhead, epidermal ridge; orange

arrowhead, dermal papilla; Ed, epidermis; De, dermis; Hd, hypodermis; HF, hair fol-

licle; SG, sebaceous gland; ESG, eccrine sweat glands; A, arrector pili muscle; F, fat

tissue; Heidenhain azan stain. Original source Arda O et al, 2014 [11].

4
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Figure 2

Abiotic/biotic surface

Sessile 
bacteria

EPS matrix

Conditioning 
film

Planktonic 
bacteria

I.  Surface attachment II. Microcolonies III.  Macrocolonies

• Reversible
• Irreversible

• Cell proliferation
• Coaggregation

• Mushroom and tower-
like structures

• Cell detachment

Figure 1.2: Schematic representation of the distinct steps in microbial biofilm

development. The different stages in biofilm formation include initial attachment

to the surface, formation of amonolayer along the surface with formation ofmicro-

colonies, biofilm maturation with formation of a three-dimensional structure, and

cell dispersion. Modified from Dufour D et al, 2012 [14].

teria (Figure 1.3) [12]. With no surprise, chronic wounds have become an increas-

ing healthcare problem due to the costs associated to wound management, pa-

tient lifestyle, financial security andwell-being. Moreover, the incidence of chronic

wounds rises as the rates of chronic diseases grow, having devastating effects due

to associated complications such as amputations [16].

1.2. Scope and outline of this thesis

Given the need of new therapeutic approaches in the management of chronic

wounds, the here presented PhD research was directed to study a chronic wound

model that exists in the inherited condition known as epidermolysis bullosa (EB).

Individuals affected by this disease, develop blisters and later openwounds as a con-

sequence of trivial mechanical trauma. It has been documented that these wounds

are generally colonised by the Gram-positive bacterium Staphylococcus aureus [18].

S. aureus may belong to the skin’s normal microbiota, with colonisation rates of

30%. However, in certain conditions, this bacterium can transform from a relatively

harmless colonizer into a dangerous pathogen causing disease in almost all tissues

5
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BIOFILM

Virulence
• Cell-cell signaling (quorum-sensing) 

between bacteria within a biofilm
• Wound healing inhibition, potentially 

through direct inhibition of keratinocyte
migration

• Species-specific virulence factors integral to 
biofilm development and maintenance

Defense
• Extracellular polysaccharide matrix that acts 

as physical barrier to host inflammatory cells
• Inhibition of complement activation and 

other host defense mechanisms leading to 
ineffective inflammatory response

• Blockade and inactivation of antibiotics and 
other therapeutics

Persistence
• Alterations in bacterial gene expression and transfer of genetic 

material between bacterial cells
• Decreased growth rate, leading to reduced efficacy of antibiotics
• Shedding of planktonic bacteria to spread and develop biofilm in 

new locations
• Phenotypically different ’persister’ cells that repopulate the cells of 

a biofilm matrix

Figure 3

Figure 1.3: Schematic diagram of different characteristics of bacterial biofilm,

including mechanisms of virulence, defence, and persistence. Modified from

Seth AK et al, 2012 [17].

and organs of the human body. This bacterium has also the characteristic to readily

acquire resistance to antibiotics like the well-known methicillin resistant strains.

Molecular typing of S. aureus has demonstrated that EB chronic wounds are

colonised by up to six different S. aureus types at one particular time point of sam-

pling and that the S. aureus population carried by these patients was subject to

changes [19, 20]. Intriguingly, the understanding of S. aureus and its interactions

with wound-resident bacteria had not been elucidated at the start of the present

PhD research. Therefore, the aim of this research was to bridge the gap related to

this basic knowledge and, more specifically, to gain insights into the behaviour of

S. aureus in wound-mimicking conditions and the wound per se. To set the stage, a

basic introduction to the skin and its microbiota is presented in Chapter 1 of this

thesis.

Because of the complex ultrastructure of the skin and the various histopatho-

logical lesions exhibited among the phenotypes of EB, the research described in

Chapter 2 was aimed at gaining insight into the heterogeneous microbial compo-

sition of wounds in patients with EB. The research was based on non-invasive sam-

pling of wounds and microbiome analysis with next-generation sequencing of bac-
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terial 16S rRNA genes. The results of this study outline distinct microbiota patterns

throughout the different types of wounds of patients with EB and lay the ground-

work for the research presented in Chapters 3 to 5 of this thesis.

Based on replica plating of used bandages from patients with EB, two different

strains of S. aureus, one from Bacillus thuringiensis andone fromKlebsiella oxytocawere

isolated. Hence, the research presented in Chapter 3 was focused on the interac-

tions of S. aureus with the other two species. Although these bacteria are consid-

ered opportunistic and therefore, potentially pathogenic in the human body, none

of them showed growth inhibition toward each other. Genomic analysis revealed

a mutL mutation in one of the staphylococcal strains. This mutation is indicative

of impaired mismatch repair and other hypermutable traits and is associated to

species persistence. Given this characteristic, staphylococcal isolates showed very

different protein expression that was not modified upon co-culture, suggesting co-

operative behaviour. Furthermore, there were clear differences in the staphylococ-

cal exoproteomes identified upon mono- or co-culturing. Importantly, during co-

culture with B. thuringiensis and K. oxytoca, there was a decrease in staphylococcal

proteins with predicted cytoplasmic localization (includingmoonlighting proteins)

and virulence factors.

To further investigate the observations presented in Chapter 3, an in-depth in-

vestigation of the cellular proteome and genome-wide gene expression of S. aureus

upon co-cultivation with K. oxytoca and B. thuringiensis was carried out as described

in Chapter 4. The experiments were set under infection-mimicking conditions in-

cluding a polymicrobial biofilm-mimicking environment, which revealed a great

number of downregulated staphylococcal genes for both of the wound isolates. The

reduction of virulence factors was demonstrated in both omics approaches and,

subsequently, validated in a Galleria mellonella infection model. This study also re-

vealed importantmetabolic distinctions among staphylococcal isolates and pointed

out some interesting molecules involved in cell signalling, host-pathogen interac-

tions and quorum sensing.

Finally, the preceding in vitro investigations led to the study presented in Chap-

ter 5, which visualized the interactions of S. aureus within an actual wound. This

investigation tackled the difficult endeavour of bacterial mRNA isolation from
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chronic wounds and its analysis. The chapter highlights the staphylococcal gene

expression changes in situ and reveals a massive induction of genes related to ge-

netic competence and bacteriocin production. Further, the results in this chap-

ter focus attention on the contrasting in vitro and in situ gene expression profiles

presented by S. aureus in the presence of another common wound-colonizing bac-

terium: Corynebacterium striatum. Lastly, the results of the present in vitro and in

situ studies are discussed in Chapter 6, where also future directions for research

on wound-colonizing micro-organisms and potential therapeutic avenues for im-

proved wound care are given.
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Abstract

Epidermolysis bullosa is a term associated to an uncommon heterogeneous group

of genodermatoses mainly characterized by the development of chronic wounds.

Thesewounds are primarily colonized by different organisms derived from the nor-

mal microbiota of the skin, the mucosae and the environment. The miscellaneous

polymicrobial architecture of chronic wounds seems to be influenced by the un-

derlying aetiology of the wound and the host immune responses. However, regard-

ing this rare disease, the relationships between the histological origin of the pa-

tients’ wounds and the microbiome have not been delineated. In this pilot study,

we tackled the challenge that posed the sampling of very painful lesions by devel-

oping a protocol in which no rough swab scrubbing was needed to obtain enough

yields of bacterial DNA. Furthermore, we outlined the variations among the bac-

terial counts and the species present throughout the different phenotypes of the

disease and the associated types of wounds. Interestingly, we observed clustering

of the samples that belong to patients with the same genotype (disease subtypes),

as well as clear distinction between samples from healthy skin and acute or chronic

wounds. Overall, our observations suggest that the binding domains for microbes

expressed throughout the ultrastructure of the skin may determine the cloud of

microorganisms that accumulate within the wound.

2.1. Introduction

Epidermolysis bullosa (EB) is a genetic disease characterized by skin fragility and

continuous erosion or blister formation upon simple mechanical trauma [1]. The

termEB is used to describe a group of heterogenous genodermatoses that are genet-

ically and phenotypically diverse. The range of clinical manifestations varies from

mild to severe to life-threatening skin-derived cancer. Severe cases are associated

withmucousmembrane blistering and chronic wounds [2]. Classification of the dis-

ease is based on the histological ultrastructure of the skin uponwhich blistering de-

velops. Currently, four mayor types have been defined: EB simplex, junctional EB,

dystrophic EB and Kindler syndrome [3]. The mutations associated to each subtype

and their blister localization are described in Table 2.1.
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The patients’ hallmark of skin fragility and blistering makes them prone to de-

velop wounds that can be easily colonised by pathogenic bacteria, stating the risk

for infections or even sepsis [4]. Therefore, it is important to avoid dreadful evolu-

tion of wounds, especially since the bacterial burden is considered to play a crucial

role in impaired wound healing [5]. Despite the latest advances in microbiota char-

acterization, deeper understanding of the modulation of polymicrobial communi-

ties and their relationship with the host’s defence mechanisms and tissue architec-

ture is required. Genomic technologies, such as the sequence analysis of the bacte-

rial 16S rRNA genes, allow a culture-independent, and hence, a less-biased method

of detection of a broader range of wound-resident bacteria. The current study was

designed to explore the relationships that exist between microbial load and bac-

terial diversity with the type of mutations and wound formation that exist among

EB subtypes. These characteristics may reveal the expected prognosis of a newly

formed lesion and its optimal therapy.

2.2. Materials and Methods

2.2.1. Ethics statement

The volunteers who participated in the study were included on the basis of writ-

ten informed consent with approval of the local medical ethics committee (METc)

of the University Medical Center Groningen (UMCG; METc registration number

NL27471.042.09). The study was performed with adherence to the guidelines of

the Declaration of Helsinki and local regulations, and data was treated pseudo-

anonymously. Of note, during the present study period, patients admitted to the

UMCG complied with hospital guidelines in an opt-out research consent procedure.

Consequently, individual written consent was not required for inclusion of their

waste materials, as consent was given through this opt-out practise unless stated

otherwise in the medical file.

13



C
h
ap

te
r
2

2. EB wound microbiome

Table 2.1: Classification and genetic abnormalities of Epidermolysis Bullosa (EB)

Major types and sub-

types

Gene affected Protein encoded Blister localization

EB simplex (EBS)
PKP Plakophilin 1

Intraepidermal

DSP Desmoplakin

- Suprabasal
KRT5 Keratin 5

KRT15 Keratin 15

- Basal
PLEC Plectin

ITGA6, ITGB4 Integrin, α5β4

Junctional EB (JEB)

Lamina lucida

- JEB, Herlitz (JEB-H) LAMA3,

LAMB3,

BLAMC2

Laminin 332

- JEB, Others (JEB-O)
COL17A1 Collagen 17

ITGA6, ITGB4 Integrin, α5β4

–JEB, non-Herlitz

Dystropic EB

COL7A1 Collagen VII
Lamina densa

- Dominant DEB

- Recessive DEB
Sublamina densa

Kindler Syndrome KIND1 Kindlin-1 Dermoepidermal junc-

tion, multiple levels

(actin filaments)

Adapted from Siañez-González C et al [3]
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2.2.2. Study participants and sample collection

Nine wound samples and six healthy skin samples of EB patients were collected

(Table 2.2) at the UMCG. The samples were collected either with a sterile soft nylon

flocked swab and transported in liquid amies (eSWAB, Copan), or with a sterile soft

nylon flocked swab, transported in nucleic acid transport medium (eNAT, Copan)

and stored at -20◦C if not processed right away. Swabswere taken using the Z-stroke

technique by rotating the swab between the fingers while swabbing the wound bed

in a zigzag fashion [6].

Table 2.2: Sample registration from swabs (SWB) or bandages (BDG)

Sample Patient EB type Localization Wound size W. persis-

tence

Note

SWB001 1 JEB-nH left big toe ante-

rior side

5x3 cm ∼1 week No antibiotic

SWB002 1 JEB-nH left big toe,

metacarpal

anterior side

healthy skin - -

SWB003 2 RDEB sev gen neck all around the neck 3-4 years Cefadroxil

SWB004 2 RDEB sev gen right cheek healthy skin - -

SWB005 3 EBS medial malleo-

lus, left leg

5x3 cm 4 days Tetracycline

SWB006 3 EBS lateral malleo-

lus, left leg

healthy skin - -

SWB007

BDG001

4 JEB-H neck 5x5 cm 3 weeks Fucidin ointment

SWB008 4 JEB-H sole of right foot healthy skin - -

SWB009 5 RDEB right leg until

medial malleo-

lus

5x5 cm since birth No antibiotic

SWB010 5 RDEB toes, left foot healthy skin - -

SWB011

BDG002

6 RDEB sev gen neck 8x5 cm 10 years No antibiotic

SWB012 6 RDEB sev gen head healthy skin - -

SWB013

BDG003

7 JEB-NH sole 6x4 cm 2-3 months Triamcinolone

(topic)

SWB014 4 JEB-H medial malleo-

lus

2x2 cm 1 month Amoxicillin-

clavulanic acid,

stopped since 1 week

SWB015 9 JEB-NH perianal 7x12 cm + 15x7 cm ∼4 years Clobetasol ointment
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2.2.3. DNA extraction

Bead beater method: samples were thawed and mixed, before the swabs were re-

moved. The sample (≈1 mL) was centrifuged (10 min, full speed). The resulting pel-

let was mixed with zirconia beads (0.5g, 0.1 mm), glass beads (4 beads of 3 mm) and

1 mL of lysis buffer (500 mM NaCl, 50 mM Tris-HCl (pH 8), 50 mM EDTA, 4% SDS).

Samples were then treated in a FastPrep homogenizer (MP Biomedicals, Santa Ana,

USA) at room temperature (5.5 ms, 3 x 1 min with 30 sec pauses) and heated at 95◦C

for 15min. The sampleswere then centrifuged (5min, 4◦C, full speed) and the super-

natants were transferred into new tubes and put on ice. These steps were repeated

oncemore by adding 300µL of lysis buffer to the lysis tube to increase theDNAyield.

Further on, 260 µL of 10 M ammonium acetate were added into each lysate tube,

mixed well, and then incubated on ice for 5 min. The samples were centrifuged (10

min, 4◦C, full speed) and the supernatant was transferred into two Eppendorf tubes.

Then, the same volume of isopropanol was added, mixed, and incubated on ice for

30 min. After centrifugation (15 min, full speed), the supernatants were removed as

well as all the moisture. This was done by gently tapping the tubes on paper. The

nucleic acids were then washed with 500 µL of 70% ethanol and incubated for 2 min

before all the ethanol and remaining moisture was removed by tapping the tubes

on paper. After all the moisture was removed, the tubes were air dried for 5 more

min and then 100 µL of TE buffer (10 mM Tris-Cl. 0.5 mM EDTA; pH 9.0) were added

and the samples were incubated overnight at 4◦C. For RNA removal, 2 µL of DNase-

free RNase (10 mg/mL) were added and the samples were incubated for 15 min at

37◦C. Then the purity and the amount of the DNA in each sample was measured

with a NanoDrop instrument (Thermo Scientific, Wilmington, USA). The samples

were then used for PCR amplification. If the PCR was not performed on the same

day, the samples were stored at -20◦C.

PCI method: samples were thawed and mixed, before the swabs were removed.

Each swabwas rubbed against the rim to better clean and remove attachedmaterial.

The samples were transferred into an Eppendorf tube and centrifuged (5 min, full

speed). The supernatants were removed and 471 µL Birnboim A solution (20% su-

crose, 10mMTris-HCl pH 8, 10mMEDTA, 50mMNaCl), 25 µL lysozyme (100mg/mL)

and 4 µL lysostaphin (10 mg/mL) were added to the pellets. The tubes were incu-

bated at 37◦C for 1.5 h. Afterwards, 20 µL RNase, 20 µL proteinase K, and 25 µL of
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10% sodiumdodecyl sulphatewere added and the tubeswere incubated for 10min at

37◦C before the temperature was increased to 65◦C. At such temperature the tubes

were incubated for another 45 min. Then, 565 µL of phenol chloroform iso-amyl al-

cohol 25:24:1 (PCI) was added and the tubes were centrifuged (10 min, full speed).

The supernatants were transferred into new tubes while 500 µL PCI was added fol-

lowed by centrifugation (10 min, full speed). This step was repeated one more time.

Afterwards, 40 µL of 3M sodium acetate and 440 µL of ice-cold 96% ethanol were

added to the supernatants and the tubes were inverted until white threads became

visible. The DNA was then precipitated for approximately 1h at -20◦C. Then, tubes

were centrifuged (10 min, full speed, 4◦C), and the pellets were washed with 70%

ethanol and centrifuged again (6 min, full speed, 4◦C). The resulting supernatants

were discarded and the pellets were dried before they were dissolved in 50 µL of

1x Tris-EDTA buffer. The purity and the amount of the DNA in each sample were

measured with a NanoDrop instrument. The samples were then used for PCR am-

plification. If the PCR was not performed on the same day, the samples were stored

at -20◦C.

For the handling of used bandages, the bandage sample was immerged in 1x

phosphate-buffered saline solution and then squashed and squeezed with a stab

before it was removed. The sample was then centrifuged (20 min, 8000 rpm, 4◦C)

and the supernatant was removed (up to 1 mL). The pellet was re-suspended and

transferred to an Eppendorf tube. The bandage samples were then processed in the

same way as the swab samples.

2.2.4. Choice of universal primers

The following universal primers were used for amplification of V1-V3 region of

the 16S rRNA gene: forward primer 8F (5’-AGAGTTTGATCCTGGCTCAG-3’), and re-

verse primer 515R (5’ACCGCGGCTGCTGGCAC- 3’). For sequencing, the primer pair

used to amplify the V3–V4 regions of the prokaryotic 16S rRNA gene included the

forward primer 358F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGG

NGGCWGCAG-3’) and the reverse primer 806R (5’-GTCTCGTGGGCTCGGAGATGTG

TATAAGAGACAGGACTACHVGGGTATCTAATCC-3’). The underlined part of the pri-

mers represent the Illumina adapter overhang nucleotide sequences and the
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non-underlined part the locus-specific sequences targeting the conserved regions

within the V3 and V4 domains [7].

2.2.5. PCR amplification

The PCR reaction was carried out in a total volume of 10 µL containing 2x GoTaq®G2

Hot Start GreenMasterMix (Promega, Madison, USA) and 1.0 µMof each primer (8F

and 515R). PCR conditions were: initial denaturation at 94◦C for 3 min, followed by

35 cycles consisting of denaturation at 94◦C for 45 sec, annealing at 50◦C for 1 min,

extension at 72◦C for 1.5 min and a final extension step at 72◦C for 30 min. Either 1

µL (sample BDG001) or 0.5 µL (rest of the samples) of DNA was pooled from the PCR

product samples and analyzed by electrophoresis on 1% agarose gels to verify the

presence of a ∼500 bp band.

2.2.6. 16S rRNA gene sequencing and analysis

A total of twelve samples (ten from wounds and two from healthy skin) were se-

quenced with an Illumina MiSeq instrument at the Department of Medical Micro-

biology and Infection Prevention of the UMCG according to the 16S Metagenomic

Sequencing Library Preparation Protocol [7]. Samples that did not reach at least 5

ng/µL were not sequenced.

TheMiSeq Reporter MetagenomicsWorkflow (Illumina) identified FASTQ reads

down to the species level using the Greengenes database [8] and created the Prin-

cipal Coordinate Analysis (PCoA) plots. PCoA plots represent the distances between

different samples. Analysis of processed reads on a species levelwas carried outwith

the ARB software [9] (Supplementary Table S1). To find clusters among samples,

principal component analysis (PCA) was performed using the data reported in the

genus level aggregated counts file generated by the MiSeq Reporter Metagenomics

Workflow (Illumina). In PCA, the samples that aremore similar to eachother, appear

closer together according to the corresponding axis (species), reflecting the varia-

tion among the samples [10]. The Shannon indexwas used as ameasure ofmicrobial

diversity. Non-parametric tests were used, as microbial abundances are rarely nor-

mally distributed. In addition, the Spearman’s rank correlation coefficient (Spear-
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man’s rho) was used to measure the correlations between samples. All tests were

two-tailed and a p < 0.05 was considered to indicate statistical significance. All

statistical analyses were performed using IBM®SPSS®Statistics 22. Statistical analy-

ses were performed on the phylum, family, genus, and species level.

2.3. Results

2.3.1. Phenol-chloroform based method resulted in better DNA yields

In the present pilot experiment, DNAwas extracted from the swabs or bandages us-

ing twodifferentmethods. Thebeadbeatermethodwas applied for samples SWB001

to SWB006 as first trials. Because theDNAconcentrationswere considerably low (0.1

ng/µL – 18.6 ng/µL), we continued DNA extraction with the PCI method for the rest

of the samples. Thismethod resulted in better yields (5.7 ng/µL – 4945.4 ng/µL) and,
therefore, aliquots of the swab samples SWB001 to SWB006 thatwere still conserved

at -20◦C underwent PCI treatment (Table 2.3).

To distinguish between bacterial and human DNA, we performed a PCR ampli-

fication of the V1-V3 regions of bacterial 16S rRNA. As shown in Figure 2.1, only

samples SWB014 and BDG001 resulted in a visible band at ∼500 bp while SWB013,

SWB015 and BDG002 showed a smear.

2.3.2. Differences among chronic and acute wounds were observed in several

taxonomic levels

In total, twelve samples from seven EB patients were sequenced with an Illumina

MiSeq instrument. One patient was diagnosed with EBS, three with RDEB, and three

with JEB. Seven samples were collected from chronic wounds, three from acute

wounds, and two from healthy skin. Wounds that had persisted longer than three

months were defined as chronic wounds.

At the phylum level, Firmicutes were the most abundant in all samples (59%),

followed by Proteobacteria (22%), Actinobacteria (16%), and Bacteroidetes (1%).
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Table 2.3: DNA concentrations with different extraction methods.

Pa-

tient

Sam-

ple

Bead beater method PCI method

DNA

[ng/µL]
260/280 260/230 DNA

[ng/µL]
260/280 260/230

1
SWB001 6.2 2.89 0.21 0.9∗ -0.43 0.38

SWB002H 3.5 3.06 0.17 5.0∗ 2.06 0.62

2
SWB003 10.3 2.22 0.52 33.9∗ 1.89 2.44

SWB004H 0.1 -0.23 0.02 1.1∗ 2.66 0.18

3
SWB005 18.6 2.25 0.99 32.9∗ 2.11 1.88

SWB006H 1.2 -6.65 0.09 -1.1∗ 0.96 -10.28

4

SWB007 31.8 1.81 1.84

SWB008H 7.4 1.41 1.75

SWB014e 4.3 1.38 3.15

BDG001 583.5 1.84 2.50

5
SWB009 44.1 1.66 2.34

SWB010H 29.5 1.44 1.29

6

SWB011 5.7 1.69 0.89

SWB012H 17.2 1.41 1.16

BDG002 91.8 1.81 1.81

7
SWB013e 643.4 1.69 0.88

BDG003 42.4 1.74 1.98

9 SWB015e 4945.4 1.09 1.18

∗ DNA extracted after bead-beating. H Healthy skin samples. e Indicates use of eNAT swabs.

Samples in italics were used for sequencing.
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Figure 2.1: Agarose gel for detection of amplified bacterial 16S rRNA gene re-

gions V1-V3.
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At the genus level, Staphylococcus (∼57%), Corynebacterium (∼16%), Streptococcus

(∼7%), and Pseudomonas (∼4%)were themost abundant in acutewounds (94% of the

microbiome), and in chronic wounds Staphylococcus (∼47%), Pseudomonas (∼18%),

Corynebacterium (∼6%), and Streptococcus (∼2%) were the most abundant genera

(73% of the microbiome). Notably, judged by the sequence data the number of

staphylococci was higher in acute wounds than in chronic wounds.

Dissimilarities between acute and chronic wounds samples were shown by the

distance matrix of the PCoA (Figure 2.2A). Chronic wounds, with the exception of

SWB015, scored higher on principal coordinate 2 (blue rectangle), while the acute

wounds (red oval) and healthy skin samples (green oval) had lower values for prin-

cipal coordinate 2. On the species level, the entropy on each samplewas given by the

Shannon-index. This index shows the species diversity of the wound samples and

the healthy skin samples. The higher the value, the higher the diversity. For acute

and chronic wounds, the average Shannon-index was 1.31 and 1.20, while healthy

skin had a value of 1.95 (Figure 2.2B). Hence, the healthy skin presented a higher

diversity of bacterial species.

2.3.3. S. aureus was abundant in both acute and chronic wounds

Downstream analysis at the species level was performed with the ARB, resulting in

the following observations: S. aureus (62%) and Streptococcus dysgalactiae (28%) were

the two most abundant species identified in acute wounds (Figure 2.3A). Together

these two species accounted for about 90%of the identified species in acutewounds.

Conversely, the most abundant species in chronic wounds were S. aureus (48%), P.

aeruginosa (17%), and S. dysgalactiae (6%) (Figure 2.3B). In contrast, the microbiome

of the healthy skin samples was more diverse. The most abundant species identi-

fied were Anaerococcus octavius (23%), S. aureus (21%), Peptoniphilus gorbachii (12%),

Lactococcus lactis (9%), and Flavobacterium ceti (8%) (Figure 2.3C). There was no dom-

inant species detected (> 50%) in the healthy skin samples, whichmay be due to the

different body sites from where the samples were obtained, namely the head and

toes.
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Figure 4: Shannon species diversity index and the numbers of identified species. |  a) A 
high Shannon species diversity index indicates a high diversity. b) The numbers of species 
found in the different sample sides. The numbers were defined by the Illumina MiSeq 
instrument. The numbers next to the black lines indicate the mean values.  
 
 
The distance matrix of the PCoA shows the dissimilarities of acute and chronic 
wounds by representing the distances between samples (Figure 5a)). Chronic 
wounds (with the exception of SWB015) score higher on principal coordinate (PCo) 2  
(see blue rectangle in Figure 5b)), while the acute wounds (red oval in Figure 5b)) 
and healthy skin samples (green oval in Figure 5b)) have lower values for PCo2. 
Thus, chronic wounds cluster on top, acute wounds below, while the healthy skin 
samples do not really form a cluster.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Principal Coordinate Analysis (PCoA) shows sample classification on the 
taxonomic family level. |  a) The scatterplot of the PCoA shows the differences in the 
distribution of the family level between samples. The plot was adapted from the Illumina 16S 
Metagenomics Aggregate Report. b) The same plot showing the dissimilarity of chronic and 
acute wounds. Chronic wounds (blue rectangle) score higher on PCo2. The red oval 
represents the acute wounds while the green oval represents the healthy skin samples.  
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Figure 2.2: Species diversity. A. Scatter plot of the PCoA shows the differences in

the distribution of samples based on the respective taxonomic family levels. The

plot was adapted from the Illumina 16S Metagenomics Aggregate Report. B. Shan-

non indices. Judged by the Shannon index, a higher diversity was observed for sam-

ples from healthy skin compared to samples from acute or chronic wounds. The

data was obtained from the Illumina 16S Metagenomics Aggregate Report.
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Figure 2.3:Most abundant bacterial species. The pie charts visualize the species

abundance in (A) acute wounds, (B) chronic wounds and (C) healthy skin. The av-

erages of bacterial species were calculated, and identified species detected at levels

of less than 1% were clustered and classified as ‘Others’.
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Figure 2.4:Principal component analysis of themicrobiome composition based

on the classification table at the genus level. The PCA analysis unveils a cluster-

ing of samples derived from patients with different EB subtypes.

2.3.4. Different wound microbiomes among EB subtypes

When comparing the differences among samples regarding the EB phenotypes, the

PCA showed a clear distinction in the microbial composition of the wounds at the

genus level (Figure 2.4). Principal component (PC) 1 accounts for ∼64% of the vari-

ation in the data and PC2 for ∼15% of the variation. Three clusters can be distin-

guished: the chronic wounds of patients with non-Herlitz JEB (blue oval), the acute

wounds of patients with Herlitz JEB (red oval), and the chronic wounds of patients

with RDEB (yellow oval). For correlation measurements, Spearman’s rho was used.

The analysis indicates that PC1 positively correlates with Staphylococcus (p = 0.009),

while PC2 positively correlates with Pseudomonas (p = 0.042).

The most abundant species identified in the non-Herlitz JEB samples were P.
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aeruginosa (39%) and S. dysgalactiae (15%), while S. aureus only accounted for 4% (Fig-

ure 2.5A). On the other hand, the most abundant species in Herlitz JEB (Figure 2.5B)

were S. aureus (63%) and S. dysgalactiae (28%). In the RDEB samples, S. aureus rep-

resented about 80% of the microbiome (Figure 2.5C) while, in the EBS samples, it

represented about 59% of the microbiome, followed by S. dysgalactiae (29%) and P.

aeruginosa (4%) (Figure 2.5D).

The non-Herlitz JEB samples scored high on PC2 and in fact 39% of the micro-

biome was composed of P. aeruginosa, while the number decreased in EBS (4%), and

this species was not detected in the Herlitz JEB and RDEB samples. Concerning S.

aureus, the analysis shows that its numbers were higher at increasing PC1 with the

only exception of the RDEB samples, which presented the highest numbers of S. au-

reus (80%), but did not score highest on PC1.

2.4. Discussion

As a pilot study, our research began with the exploration of the best method to ob-

tain DNAmaterial coming frompainful and often coveredwound samples, as well as

dry skin areas. For this purpose, we started our experimentswith the typical eSWAB

sterile swabs used at the Dermatology outpatient clinic. However, these swabs are

intended for the collection of aerobic and anaerobic microorganisms for further

growth and identification. Conceivably, there was a better option that could en-

sure the stabilization of nucleic acids. To this end, we explored sample collection

with the eNAT swabs. These swabs contain a detergent and the protein denaturant

guanidine-thiocyanate that breaches the cells and stabilizes DNA and RNA. Next to

this, we also aimed for an optimized DNA isolation protocol. Given our current re-

sults, we conclude that the best results were obtained upon sample collection with

eNAT swabs and direct DNA isolation from the samples with the PCI method. Stor-

age of samples at -20◦C resulted in a great loss of DNA and suboptimal results in the

downstream analysis. As underscored by our PCR results, the lack of bands may be

due to an excess of human DNA that interfered with the amplification of the V1-

V3 bacterial regions. Of note, the samples that were obtained with the eNAT swabs

were the only samples that allowed the PCR amplification of a band or smear in
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Figure 2.5:Most abundant bacterial species identified in wound samples from

patients with different EB subtypes. (A) non-Herlitz JEB (three samples), (B) Her-

litz JEB (two samples), (C) RDEB (four samples), and (D) EBS (one sample).
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the gel, irrespective of the DNA concentration. For example, PCR analysis of sam-

ple SWB014 yielded a band, despite the DNA concentration being measured as 4.3

ng/µL. In contrast, sample SWB009, which was collected with eSWAB, did not yield

a PCR-amplified band even though the DNA concentration was 44.1 ng/µL.

Our sequencing results are consistentwith previous observations at the phylum

level for skin-derived samples from healthy volunteers [11], and at the genus level

for wound-derived samples of EB patients [12]. In addition, our data on healthy skin

samples are in accordancewith the species diversity richness reported for skin sam-

ples of healthy individuals [10]. The last observation might be due, at least in part,

to the lack of systemic antibiotic administration to the patients. Yet, one patient

did apply a local treatment with disinfectant (i.e. a shampoo with betadine). These

observations reflect, the importance of healthy skin and imply that it is difficult to

disturb themicrobiome’s homeostasis when the skin is intact. Further, the use of lo-

cal or systemic antibiotics, but also the site fromwhich the samples were collected,

may have resulted in the differences in the measured Shannon-index.

Despite the small number of patients and samples analysed per EB subtype and

wound category, our data displayed clear sample clustering of swabs and bandages

coming from the samewound. The observed clusters were also consistent with each

EB subtype andwound category. On the other hand, samples fromhealthy skinwere

scattered, which appears mainly relate to the body sites where the samples were

collected. In particular, sample SWB010was obtained from the toes area, while sam-

ple SWB012 came from the head of a patient who mostly wears a wig. Yet, the high

diversity index measured for these samples was characterized by a low number of

identified species, which points out the importance of the discovery and study of

new bacterial species that balance the skin’s ecosystem.

Indeed, more samples need to be included in order to reach solid conclusions

in regard to the wound- and skin-colonizing microbiota of patients with EB. Never-

theless, despite the limited sample size, our study reveals substantial heterogene-

ity in the bacterial populations that reside in the wounds of patients, which seems

to cluster with different EB subtypes. This implies specific molecular connections

between the expressed proteins of pathogenic bacteria and potential ligands ex-

pressed by the human host throughout the complex skin architecture [13–15]. In
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future studies, these colonization mechanisms need to be elucidated in depth, both

for pathogenic and non-pathogenic bacteria. In addition, it will be important to in-

vestigate the molecular interactions between the different wound colonizers that

are decisive for the persistence or healing of the patients’ wounds.
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Abstract

Wound-colonizing microorganisms can form complex and dynamic polymicrobial

communities where pathogens and commensals may co-exist, cooperate or com-

pete with each other. The present study was aimed at identifying possible interac-

tions between different bacteria isolated from the same chronic wound of a patient

with the genetic blistering disease epidermolysis bullosa (EB). Specifically, this in-

volved two different isolates of the human pathogen Staphylococcus aureus, and iso-

lates of Bacillus thuringiensis and Klebsiella oxytoca. Particular focus was attributed to

interactions of S. aureus with the two other species, because of the high staphylo-

coccal prevalence among chronic wounds. Intriguingly, upon co-cultivation, none

of the wound isolates inhibited each other’s growth. Since the extracellular pro-

teome of bacterial pathogens is a reservoir of virulence factors, the exoproteomes

of the staphylococcal isolates in monoculture and co-culture with B. thuringiensis

and K. oxytoca were characterized by Mass Spectrometry to explore the inherent

relationships between these co-exisiting bacteria. This revealed a massive reduc-

tion in the number of staphylococcal exoproteins upon co-culturing with K. oxytoca

or B. thuringiensis. Interestingly, this decrease was particularly evident for extracel-

lular proteins with a predicted cytoplasmic localization, which were recently im-

plicated in staphylococcal virulence and epidemiology. Furthermore, our exopro-

teome analysis uncovered potential cooperativity between the two different S. au-

reus isolates. Altogether, the observed exoproteome variations upon co-culturing

are indicative of unprecedented adaptive mechanisms that set limits to the pro-

duction of secreted staphylococcal virulence factors.

3.1. Introduction

Studies on pathogenic bacteria, either in vitro or in animal models, commonly ad-

dress the respective bacteria as secluded species. Such studies do not consider the

natural ecosystem of bacteria that colonize and invade the human body, which

may happen in competition or cooperation with the existing microbiota and other

pathogens. Furthermore, although bacteria-host interactions are the key to under-

standing the pathophysiology of infectious diseases, it is also important to scruti-
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nize the parallel relationships between different bacterial species. This segment of

microbial ecology may also elucidate how pathogens adjust their metabolism and

other adaptive responses to survive and persist in the human body.

An example of a well-adapted bacterium associated with humans and animals,

both as a commensal and as a pathogen, is Staphylococcus aureus [1, 2]. This bacterium

has an exceptional ability to adapt and evolve swiftly into multidrug resistant lin-

eages, as shown since the clinical introduction of penicillin and subsequently devel-

oped antibiotics [3, 4]. S. aureus is able to cause a wide range of afflictions ranging

from impetigo and upper respiratory tract infections to osteomyelitis, endocarditis

and sepsis. The fruitless attempts to develop a vaccine against S. aureus [5, 6] suggest

the need for a better understanding of community interactions and the respective

metabolic networks. This need is further underpinned by the high prevalence of

infections caused by methicillin-resistant S. aureus (MRSA) in hospitals and com-

munities worldwide [7, 8]. Nevertheless, the vast majority of molecular studies on

the virulence of S. aureus have investigated this pathogen in isolation.

In the present study, we explored the possible interactions between two pheno-

typically different S. aureus isolates from a chronic wound of a patient with epider-

molysis bullosa (EB) and two other bacterial species, Bacillus thuringiensis andKlebsiella

oxytoca, isolated from the same wound. EB is a genetic blistering disease character-

ized by the development of chronic wounds upon simplemechanical trauma. It was

previously shown that S. aureus is an important wound colonizer in patients with

EB, where a patient can carry several S. aureus types in a single wound, and au-

toinoculation from the upper respiratory tract can occur [9–15]. Notably, next to

S. aureus, also other bacteria are known to colonize the wounds of EB patients [16].

Considering these colonization characteristics and the high prevalence of S. aureus

in the chronic wounds of patients with EB [15], we decided to study the interactions

of S. aureus wound isolates with coexisting B. thuringiensis or K. oxytoca isolates. In

particular, we focused attention on the extracellular proteomes (in short, exopro-

teomes) of these bacteria, because the exoproteome is amajor reservoir of virulence

factors [17].

B. thuringiensis is a Gram-positive, spore-forming aerobic bacterium that is com-

monly used as a safe bioinsecticide since it produces pore-forming proteins that are
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toxic for insect larvae [18]. It belongs to the samegroup as Bacillus anthracis and Bacil-

lus cereus, the etiologic agents of anthrax and the “fried rice syndrome” (i.e. food

poisoning), respectively [19, 20]. B. thuringiensis, unlike the other two, is not known

as a major human pathogen [21]. However, it has been reported that this bacterium

may be responsible for opportunistic pulmonary infections in susceptible subjects

[22, 23]. On the other hand, the Gram-negative bacterium K. oxytoca is clearly re-

garded as an opportunistic pathogen. It is commonly found on mucosal surfaces of

mammals, including the nasopharynx and colon of humans [24]. Klebsiella species

are the second most common cause of nosocomial Gram-negative bacteremia after

Escherichia coli, and they are often involved in urinary tract infections in risk group

patients and neonatal sepsis [25–28].

Altogether, the present studywas aimed at exploring the potentially synergistic

or competitive relationships between S. aureus and two different classes of bacteria

that are, in principle, capable of colonizing and invading the human body, thereby

causing disease. Our specific objective was to unravel the bacterial response pat-

terns using the exoproteome as a read-out. To this purpose, two different S. aureus

isolates were, respectively, co-cultured with B. thuringiensis (Bt) or K. oxytoca (Ko)

isolates from the same wound environment, and the exoproteomes of individually

or co-cultured bacteria were analyzed by Mass Spectrometry (MS).

3.2. Results

3.2.1. S. aureus grows unimpaired when co-cultured with B. thuringiensis or

K. oxytoca on solid agar

In a previous study, we applied replica plating of usedwound dressings to assess the

topography of distinct S. aureus types in chronic wounds of patients with EB.13 No-

tably, this previous study was focused on S. aureus only, and it did not take into con-

sideration other co-existing microbial species that are clearly evident upon replica

plating of wound dressings (Figure 3.1A). Such co-existing species were collected in

the present study, using the dressing of a chronic wound from a patient with Junc-

tional Epidermolysis Bullosa. This led to the identification of two S. aureus isolates
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with spa types t111 and t13595 that grew in close proximity to B. thuringiensis (Bt)

and K. oxytoca (Ko) isolated from the same wound. A zone inhibition experiment

was employed to assess possible competitive or bactericidal interactions between

these four wound isolates. As shown for the S. aureus t111 and t13595 isolates in

Figure 3.1B, there was no growth inhibition detectable when, respectively, Bt or Ko

were spotted onto blood agar plates that were confluently inoculated with S. aureus.

The same was essentially observed when Bt was spotted onto a confluent inocu-

lated plate with Ko. Additionally, B. subtilis strain 168 was chosen as control based

on the known growth inhibition that B. subtilis 168 exerts on S. aureus due to pro-

duction of the bacteriocin sublancin [29]. Indeed, the spotting of B. subtilis 168 onto

the S. aureus cells caused a clear growth inhibition zone (Figure 3.1B). Furthermore,

it was noted that the growth of Bt and Ko occurred on top of the S. aureus spread. To

confirm this observation, serial dilution experiments were performed with mixed

cultures of S. aureus and Bt, or S. aureus and Ko. As marked by the arrows in Fig-

ure 3.1C, colonies of S. aureus were not only able to grow in the proximity of Bt and

Ko colonies, but some were observed to touch or even grow on top of each other

(Figure 3.1C). This is fully consistent with the situation encountered in the wound

environment from which the bacteria were isolated and where they thrive in close

proximity (Figure 3.1A).

3.2.2. S. aureus isolates t111 and t13595 are highly related but not identical

As a first step in the characterization of the selected S. aureus t111 and t13595 iso-

lates, their antibiotic resistance profileswere determined. Both isolateswere shown

to be resistant to tetracycline, ciprofloxacin and fusidic acid. In addition, isolate

t111 was found to be resistant to trimethoprim and sulfamethoxazole (Supplemen-

tal Table 1). These findings suggested that both isolates are very similar, but not

identical. This was confirmed by whole-genome sequencing, revealing that the re-

spective core genomes differed only by 192 nucleotides. Genome sequencing fur-

ther revealed that both S. aureus isolates belong to the sequence type 5 (ST5). Thus,

the closest related reference genome is the one of S. aureus strain N315 which was,

therefore, used for comparative genomic analyses and annotation.

Although there are not many differences in the core genomes of the t111 and
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Figure 3.1: Growth characteristics of the isolated bacteria on agar plates. (A)

Microbiome topography of culturable bacteria from thewound dressing of a patient

with Junctional EB. The used dressing from a chronicwoundwas replica plated onto

CLED agar for isolation of the bacteria present. (B) Zone inhibition experiments.

Unimpaired staphylococcal growth upon spotting of B. thuringiensis or K. oxytoca:

(i) t111+Bt, (ii) t13595+Bt, (iii) t111+Ko, and (iv) t13595+Ko. Unimpaired growth of

K. oxytocaupon spotting of B. thruingiensis (v). S. aureus growth inhibition halo caused

by spotting of B. subtilis 168 onto a lawn of staphylococcal cells (vi; both S. aureus

strains exhibited the same effect). (C) Dilution and subsequent plating: (i) S. aureus

colonies growing on top of larger colonies of B. thuringiensis; (ii) K. oxytoca and S. au-

reus colonies growing in close proximity and occasionally touching each other. Typ-

ical S. aureus colonies are marked with arrows.
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t13595 isolates, a few of these differences are noteworthy. For example, the fnbA

and fnbB genes of the t111 isolatewere recombined into a single gene. Isolate t13595

contained a point mutation in agrA specifying the replacement of Gly148 with Asp,

and this mutation was correlated with an agr negative phenotype (i.e. unlike the

t111 isolate, the t13595 isolate displayed no α ,β or δ-hemolysis). Frame shift mu-

tations were also observed in various other genes of the t13595 isolate, including

the mutL gene for a DNA mismatch repair protein, and genes such as sbi, araC, geh

and fnbA. For a more detailed comparison of the S. aureus isolates with respect to

different mobile genetic elements, please refer to Supplemental Table 2.

3.2.3. Total numbers of S. aureus exoproteins are reduced when S. aureus is

co-cultured with Bt or Ko

Since the S. aureus, Bt and Ko isolates addressed in this studywere co-existent in the

same wound environment and are capable of growing in close contact in an in vitro

setting, we wanted to know whether and, if so, how they influence each other. To

address this question, we selected a proteomics approach in which we focused our

attention on the extracellular proteome. Further, to simulate the conditions in the

human body, we selected the tissue culture medium RPMI as the growth medium

for our studies, because S. aureus cells grown on RPMI or human plasma display

very similar genome-wide transcript profiles [30]. Thus, the S. aureus isolates t111

and t13595were cultured in three different conditions, namely in pure culture, or in

combinationwith either Bt or Ko. As expected from the plating experiments, we ob-

served only slight differences in the logarithmic growth rates of themixed cultures

as assessed by OD600 readings. For example, when S. aureus was co-cultured with

Bt, the overall growth seemed slightly slower, while the opposite happened when

S. aureus was co-cultured with Ko (Supplemental Figure 1). This can be explained

by the particular growth rates of the Bt and Ko isolates on RPMI, where the growth

rate of Bt inmonoculture is relatively slow, while that of Ko is relatively fast. Never-

theless, the overall growth patterns of the co-cultures were similar to those of the

S. aureus pure cultures and, importantly, they were highly reproducible. Hence, in

all the experiments, our reference for sampling was the S. aureus growth curve in

monoculture.
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To obtain an overview of the behavior of the cultures, we compared the total

numbers of proteins detectedby LC-MS/MS in all conditions (Figure 3.2A,B) andver-

ified the reproducibility of the biological replicates (Supplementery Figure 2). This

analysis revealed clear differences between the pure and mixed cultures. Particu-

larly, a total of 64 extracellular proteins were detected in the S. aureus t111 mono-

culture, while in combination with Bt only 26 extracellular staphylococcal proteins

were detected, and merely 16 when the t111 isolate was cultured with Ko. Essen-

tially the same was observed for the exoproteome of the strain t13595, where 49

extracellular proteins were found in the monoculture, and only 29 and 12 in the co-

cultures with Bt or Ko, respectively (Figure 3.2A). We also assessed the numbers of

extracellular proteins detected in the monocultures of Bt and Ko in comparison to

the co-cultures. The results indicate a decrease of ∼25% in the number of Ko pro-

teins found in the co-cultures with S. aureus (Figure 3.2B), but this effect was clearly

not as prominent as the effect of Ko on the staphylococcal exoproteome. On the

other hand, the number of exoproteins of Bt decreased only in the presence of the

S. aureus t111 isolate but not in the presence of the t1359 isolate (Figure 3.2B). Of

note, the exoprotein differences among the cultures were also reflected in the ab-

solute amounts of protein detectable in the growth medium (Supplemental Figure

3).

As a first approach to characterize the identified extracellular proteins, we as-

sessed their predicted subcellular localization. For the two S. aureus isolates and

the Bt isolate, which are all three Gram-positive bacteria, altogether 150 (50%) pre-

dicted cytoplasmic proteins, 26 (9%) cell wall proteins, 74 (25%)membrane proteins

and 47 (16%) extracellular proteins were identified in the exoproteome (Supple-

mental Figure 4). For the Gram-negative Ko isolate, we detected 50 (34%) predicted

cytoplasmic, 25 (17%)membrane, 1 (1%) extracellular, and 67 (46%) periplasmic pro-

teins (Supplemental Figure 4). Because of the acute changes in the S. aureus exopro-

teome upon co-culturing, wewere interested in knowingwhich predicted subcellu-

lar protein fractions weremost strongly affected in the various conditions. For both

S. aureus isolates, the fraction of predicted cytoplasmic proteins sharply decreased

upon co-culturing, and such proteins were even completely missing from the co-

culture of the t111 isolate with Ko (Figure 3.2C,D). On the contrary, the fraction

of predicted cytosolic Bt proteins in the extracellular proteome sharply increased

when co-culturedwith S. aureus t13595, while the numbers of predicted cytoplasmic

38



C
h
ap

te
r
3

3. S. aureus exoproteomes in co-culture

Figure 3.2: Total numbers of extracellular proteins identified per culture.

(A) Numbers of S. aureus t111 and t13595 exoproteins identified in monocultures

or upon co-culturing with B. thuringiensis (+Bt) or K. oxytoca (+Ko). (B) Numbers of

B. thuringiensis and K. oxytoca exoproteins identified in monocultures or upon co-

culturingwith S. aureus t111 (+t111) or t13595 (+t13595) isolates. (C-F) Predicted sub-

cellular localization of proteins per strain in mono- or co-cultures. (C) 11, S. aureus

t111 exoproteins; 11B, S. aureus t111 exoproteins upon co-culture with B. thuringien-

sis; 11K, S. aureus t111 exoproteins upon co-culture with K. oxytoca. (D) 13, S. au-

reus t13595 exoproteins; 13B, S. aureus t13595 exoproteins upon co-cultures with

B. thuringiensis; 13K, S. aureus t13595 exoproteins upon co-culture with K. oxytoca.

(E) K, K. oxytoca exoproteins; K11, K. oxytoca exoproteins upon co-culture with S. au-

reus t111; K13, K. oxytoca exoproteins upon co-culture with S. aureus t13595. (F) B,

B. thuringiensis exoproteins; B11, B. thuringiensis exoproteins upon co-culture with

S. aureus t111; B13, B. thuringiensis exoproteins upon co-culture with S. aureus t13595.
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proteins of Ko in co-cultures with either of the two S. aureus isolates were similar,

showing a relatively slender increase when S. aureus was present (Figure 3.2E,F).

3.2.4. Co-cultured S. aureus, B. thuringiensis and K. oxytoca isolates display

species-specific exoproteome changes in terms of biological processes

Although both S. aureus isolates are closely related, particular variations in their ex-

oproteomes were observed. For example, the core exoproteome of the t111 isolate

included only 14 proteins (i.e. proteins constant in all cultures), while the core ex-

oproteome of the t13595 isolate included only nine proteins (Figure 3.3 and Table

S3). Likewise, the biological processes in which these proteins are involved were

also different. The core exoproteome of the t111 isolate was characterized by func-

tions in peptidoglycan catabolic processes, pathogenesis and cobalamin transport,

whereas the core exoproteome of the t13595 isolate is involved in cell redox home-

ostasis, cell wall organization, glucose metabolic processes, pathogenesis, cell ad-

hesion and glycine betaine biosynthetic processes from choline.

Remarkably, there were not many staphylococcal proteins expressed uniquely

in the co-cultures. In fact, there were no distinctive proteins detected in the co-

cultures with Ko for both S. aureus isolates (Figure 3.3A,B). For the co-cultures with

Bt, we identified only the translocase subunit SecG as a distinctive feature in the

growth medium of the t111 isolate, and an uncharacterized distinctive protein was

identified in the growth medium of the t13595 isolate. In contrast, in the presence

of the t111 or t13595 isolates, Ko displayed 9 and 8 unique extracellular proteins, re-

spectively (Figure 3.3D). The latter 9 proteins produced in the presence of the t111

isolate were related, by their gene ontologies, to chromosome condensation, regu-

lation of transcription, the phosphoenolpyruvate-dependent sugar phosphotrans-

ferase system, and glycerol ether metabolic processes. Similarly, Bt displayed 18

distinctive extracellular proteins in the presence of the t13595 isolate (Figure 3.3C).

These proteins relate to iron-sulphur cluster assembly, protein transport, cell cycle,

glucose and glycerol ether metabolic processes.

To further categorize the identified extracellular proteins, we classified them

according to their function and categorized them in one of the following six groups:
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Figure 3.3:Relationships among cultures. The diagrams show the number of pro-

teins identified in all cultures and those proteins shared in the different conditions.

(A) Total number of S. aureus t111 proteins in monoculture (11) and in co-culture

with B. thuringiensis (11B) or K. oxytoca (11K); (B) Total number of S. aureus t13595

proteins in monoculture (13) and in co-culture with B. thuringiensis (13B) or K. oxy-

toca (13K); (C) Total number of B. thuringiensis proteins in monoculture (B) and in

co-culture with S. aureus t111 (B11) or S. aureus t13595 (B13); (D) Total number of

K. oxytoca proteins in monoculture (K) and in co-culture with S. aureus t111 (K11) or

S. aureus t13595 (K13); (E) Total number of S. aureus proteins in monoculture (11) or

(13) and in co-culture (11+13).

41



C
h
ap

te
r
3

3. S. aureus exoproteomes in co-culture

(1) cell envelope and cellular processes (including cell wall/membrane, trans-

port/binding proteins and lipoproteins, signal transduction, membrane bioener-

getics, motility and chemotaxis, protein secretion, cell division, cell adhesion, re-

sponse to stress); (2) information pathways (including DNA restriction/modifica-

tion and repair, transcription and regulation, ribosomal proteins, protein synthe-

sis/modification/folding); (3) intermediarymetabolism; (4) cell redox homeostasis,

(5) virulence factors; and (6) unknown functions (see Supplemental Table 3).

In the diagrams of Figure 3.4, the differences between the S. aureus t111 and

t13595 isolates in terms of the functions of extracellular proteins are clearly evi-

dent; while the t111 isolate seems to be more virulent, the extracellular proteins

of the t13595 are more involved in processes related to cell redox homeostasis and

intermediary metabolism. Further, the core functions of the t13595 isolate appear

more diverse than those of the t111 isolate. In the case of Ko, the overall picture

indicates that this bacterium’s exoproteome is strongly involved in cell envelope

and cellular processes, especially processes relating to the transport and binding of

proteins and lipoproteins (Supplemental Figure 5A). For Bt, we observed that the

response towards the co-cultured S. aureus isolates was considerably different. In

particular, the extracellular Bt proteins related to many more different functions

when Bt was co-cultured with the t13595 isolate than when Bt was co-cultured with

the t111 isolate. Interestingly, like the S. aureus t13595 isolate co-cultured with Bt,

Bt also exhibited many extracellular proteins related to redox homeostasis when

co-cultured with the t13595 isolate (Supplemental Figure 5B).

3.2.5. Particular exoproteins of S. aureus, K. oxytoca and B. thuringiensis show

quantitative changes in mono- or co-cultures

Conceivably not all the differences in the exoproteome composition of mono- and

co-cultured S. aureus, Ko and Bt are absolute, but also quantitative differences

may exist for particular exoproteins. Therefore, we comparatively assessed sig-

nificant fold-changes in the exoproteins detected in mono- and co-cultures by

mapping their spectral counts from all replicates using volcano plots (Supplemen-

tal Figure 6). The results of this analysis, presented in Table 3.1, indicate that

there were 11 exoproteins significantly ‘pregulated’ in the S. aureus monocultures
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Figure 3.4: Overview of the predicted functions of the exoproteins found in all

staphylococcal cultures. Diagram (A) depicts only S. aureus t111 proteins. The area

on the top shows the proteins detected only in monoculture, while the lower left

area shows a single protein detectedwhen t111was co-culturedwith B. thuringiensis.

Likewise, diagram (B) shows exclusively the proteins that belong to S. aureus t13595

inmonoculture and co-culturewith B. thuringiensis or K. oxytoca. Diagram (C) depicts

the proteins of S. aureus t111 and t13595 grown inmonoculture in the bottom areas,

whilst the upper area shows the proteins identified upon co-culturing both S. aureus

isolates. In the latter area, the circles are represented as pie charts. The charts show

the percentage of proteins that belong to each isolate. For the unknown proteins

(in grey), 50% belong to t111, 37% to t13595, and 12.5% to both of them; for the cell

envelope proteins (blue) 67% belong to t111 and 33% to both isolates; for proteins

involved in intermediarymetabolism (green), 25% belong to t111 and 75% to t13595;

and for information pathways proteins (yellow), 50% belong to t111 and 50% to both

isolates.
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compared to the co-cultures with Bt or Ko. These included S. aureus proteins,

such as elongation factor Ts, triosephosphate isomerase, thioredoxin reductase,

2,3-bisphosphoglycerate-dependent phosphoglycerate mutase and a secreted β-

lactamase. In the case of Ko, 22 exoproteins were present in significantly different

amounts when mono and co-cultures were compared. Here, 17 exoproteins of Ko

were significantly upregulated in the monocultures, whereas 5 other exoproteins

of Ko were significantly upregulated in the co-cultures with S. aureus. The latter

proteins are mostly involved in carbohydrate metabolism. Also in the case of Bt,

22 exoproteins were present in significantly different amounts whenmono and co-

cultures were compared (Table 3.1). Interestingly, 21 of these Bt exoproteins were

significantly ‘upregulated’ in the monocultures compared to the co-cultures with

S. aureus. The functions of these proteins were rather diverse, including the cell wall

hydrolase LytE, three different proteases, and the protein folding catalyst PrsA.

Table 3.1: Summary of differentially detected extracellular proteins among the dif-

ferent cultures. Volcano plots (Supplemental Figure 6) displayed P values (− log10)

versus fold changes (log2) of the normalized spectral counts. Folds ≤ 1 represent

proteins that were significantly up-regulated in the co-cultures and folds > 1 rep-

resent proteins that were significantly up-regulated in monoculture.

Species Protein Function / Gene ontology Fold p value

S. aureus Beta-lactamase Hydrolysis of beta-lactamic

ring

12.81 0.041

S. aureus Phosphocarrier protein

HPr

Phosphoenolpyruvate-

dependent sugar phospho-

transferase system. Ser-

ine/threonine kinase activity.

Regulation of transcription,

DNA-templated

6.61 0.009

S. aureus Fructose-bisphosphate

aldolase class 1

Glycolytic process 12.89 0.042

S. aureus Elongation factor Ts Binds to aminoacyl-tRNA. Pro-

tein biosynthesis

29 0.034

S. aureus Triosephosphate iso-

merase

Gluconeogenesis. Glycolytic

process. Pentose-phosphate

shunt

18 0.038

Continued on next page
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Table 3.1 – continued from previous page

Species Protein Function / Gene ontology Fold p value

S. aureus 2,3-bisphospho-

glycerate-dependent

phosphoglycerate mu-

tase

Gluconeogenesis. Glycolytic

process

16.80 0.048

S. aureus Cysteine synthase Cysteine biosynthetic process

from serine

13 0.045

S. aureus Phosphate acetyltrans-

ferase

Acetyl-CoA biosynthetic pro-

cess

15.60 0.039

S. aureus Thioredoxin reductase Removal of superoxide radi-

cals

17 0.040

S. aureus Putative universal stress

protein SSP1056

Response to stress 13 0.046

S. aureus D-alanine-poly(phos-

phoribitol) ligase subunit

2

Cell wall organization. Lipote-

ichoic acid biosynthetic pro-

ces. Regulation of cell shape

6 0.039

K. oxytoca Uncharacterized protein Unknown 2.68 0.003

K. oxytoca Colicin I receptor Bacteriocin transport. Iron as-

similaiton. Siderophore trans-

membrane activity

1.63 0.036

K. oxytoca Glyceraldehyde-3-

phosphate dehydroge-

nase

Glucose metabolic process.

Glycolytic process

0.33 0.044

K. oxytoca TonB-dependent hemin ,

ferrichrome receptor

Transporter activity 1.79 0.024

K. oxytoca Glutathione-binding

protein GsiB

ABC transporter complex

(periplasmic space)

1.26 0.043

K. oxytoca Phosphoglycerate kinase ATP binding. Glycolytic pro-

cess

0.37 0.030

K. oxytoca Glycine betaine-binding

periplasmic protein

Transporter activity 1.81 0.010

K. oxytoca Protein TolB Bacteriocin transport. Uptake

of colicins (group A)

1.50 0.029

K. oxytoca Leucine-specific-binding

protein

L-alpha-amino acid trans-

membrane transport.

2.16 0.002

K. oxytoca Pyruvate kinase I Glycolysis. Magnesium, potas-

sium and ATP-binding.

0.23 0.038

K. oxytoca Glutamine-binding

periplasmic protein

Amino acid transport. 1.49 0.040

Continued on next page
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Table 3.1 – continued from previous page

Species Protein Function / Gene ontology Fold p value

K. oxytoca 6-

phosphogluconolactonase

Pentose phosphate pathway. 0.5 0.022

K. oxytoca Osmotically-inducible

lipoprotein E

Possibly involved inmaintain-

ing the structural integrity of

the cell envelope.

4.75 0.002

K. oxytoca Periplasmic serine endo-

protease DegP

Degrades transiently dena-

tured and unfolded proteins

accumulated in the periplasm

in stress conditions

4.86 0.002

K. oxytoca Uncharacterized protein Unknown 10 0.004

K. oxytoca Periplasmic trehalase Cellular hyperosmotic re-

sponse

3.60 0.049

K. oxytoca Uncharacterized protein Unknown 6.67 0.011

K. oxytoca Uncharacterized protein Unknown 0.13 0.031

K. oxytoca Peptidoglycan-

associated lipoprotein

Possibly bacterial envelope in-

tegrity

3.20 0.019

K. oxytoca Chaperone protein MrkB Cell wall organization.

Chaperone-mediated protein

folding. Pilus organization.

5.33 0.045

K. oxytoca MltA-interacting protein Peptidoglycan byosynthetic

process

24 <0.001

K. oxytoca Thiamine-binding

periplasmic protein

ATP binding. Thiamine trans-

port.

8 0.010

B.

thuringiensis

Uncharacterized protein Unknown 14.61 0.001

B.

thuringiensis

Sulfatase Sulfuric ester hydrolase activ-

ity

3.59 0.008

B.

thuringiensis

Internalin The function of this domain is

not clear

4.12 <0.001

B.

thuringiensis

Endopeptidase lytE, pu-

tative lytE

The function of this domain is

not clear

2.08 0.023

B.

thuringiensis

Peptidase M4 ther-

molysin

The function of this domain is

not clear

2.70 <0.001

B.

thuringiensis

Enolase Glycolytic process 4.44 0.043

B.

thuringiensis

Bacillolysin Extracellular zinc metallopro-

tease

4.40 0.002

Continued on next page
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Table 3.1 – continued from previous page

Species Protein Function / Gene ontology Fold p value

B.

thuringiensis

Extracellular solute-

binding protein family

5

The function of this domain is

not clear

3.37 0.005

B.

thuringiensis

VanW Vancomycin resistan protein

W. The function is not clear.

2.80 0.045

B.

thuringiensis

Uncharacterized protein Unknown 3.76 0.014

B.

thuringiensis

Uncharacterized protein Unknown 25 <0.001

B.

thuringiensis

Uncharacterized protein Unknown 5.33 0.026

B.

thuringiensis

Uncharacterized protein Unknown 14 0.011

B.

thuringiensis

Oligopeptide trans-

porter, periplasmic-

binding protein

ABC transporter complex 17 0.001

B.

thuringiensis

Periplasmic component

of efflux system

Transmembrane transport 18 <0.001

B.

thuringiensis

Camelysin Metallo pepti-

dase MEROPS family M73

The function of this domain is

not clear

7.33 0.031

B.

thuringiensis

Flagellar hook-

associated protein

3

Bacterial-type flagellum-

dependent cell motility

11 0.014

B.

thuringiensis

Uncharacterized protein Unknown 10 0.035

B.

thuringiensis

Uncharacterized protein Unknown 8 0.010

B.

thuringiensis

Uncharacterized protein Unknown 7 0.021

B.

thuringiensis

Foldase protein PrsA 2 Protein folding 9 0.008

B.

thuringiensis

Glucose-specific phos-

photransferase enzyme

IIA component

Phosphoenolpyruvate-

dependent sugar phospho-

transferase system

0.19 0.030
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3.3. Discussion

Our present co-culturing approach represents an opportunity to study changes in

protein diversity as a result of inter-bacterial relationships that can, to a certain ex-

tent, reflect the natural situation in a wound. In principle, the in vitro growth char-

acteristics of S. aureus colonies over B. thuringiensis or K. oxytoca colonies suggest

adaptive mechanisms for all species. From the proteome perspective, one mecha-

nism that stands out is the depletion of staphylococcal cytoplasmic proteins from

the exoproteomes of co-cultures upon co-culture with Bt or Ko. Proteomic analysis

also revealed two uniquely detectable exoproteins in the co-cultures with Bt. The

exoprotein found in the co-culture of S. aureus t111+Bt was SecG, a subunit of the

heterotrimeric complex SecYEG. This complex serves as a membrane channel for

translocation of secretory proteins in an unfolded state [31]. In S. aureus, SecG is

of importance since secG deletion mutants displayed impaired secretion of several

wall-bound proteins and abundant exoproteins [32]. Despite its known function in

protein secretion, the reason for the unique detection of SecG in the t111-Bt exo-

proteomes is presently not clear. Additionally, in S. aureus t13595+Bt co-cultures an

uncharacterized protein that resembles a control factor of the competence regula-

tor ComK, named YlbF/YmcA, was found. This protein is known to be involved in

biofilm formation by other Gram-positive and archaeal organisms. Further charac-

terization of these two proteins might help us to understand why they are present

in the exoproteome when S. aureus is co-cultured with Bt.

While the exoproteome of S. aureus in monoculture was previously found to

contain numerous typically cytoplasmic proteins [17, 33–37], this is not an exclu-

sive trait of S. aureus. The exoproteomes of other Gram-positive bacteria, such as

B. subtilis, Clostridium difficile, Corynebacterium diphtheria, Group A Streptococcus, My-

cobacterium tuberculosis and Streptomyces lividans, but also Gram-negative bacteria

like Porphyromonas gingivalis, have been associated with high numbers of such typi-

cally cytoplasmic proteins [38–43]. In B. subtilis, this observation has been explained

by a combination of high cell lysis propensity, increased cell wall turnover and/or

autolysin activity [44]. It has also been proposed that the ‘liberation’ of typical cyto-

plasmic proteins that lack the prototype signal peptides of proteins exported via the

general Sec pathway for protein secretion could be facilitated by as yet unidentified
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alternative pathways, also referred to as ‘non-classical secretion systems’ [45–50].

For example, it is conceivable that, besides the well-characterized endolysins, the

expression of prophage-encoded holins or holin-like proteins might have a role in

the liberation of otherwise cytosolic proteins [41, 51]. The release of cytosolic pro-

teins due to the large pores formed by holins is still somewhat debated, since it has

not been extensively studied in Gram-positive organisms. Nevertheless, the pres-

ence of additional holins could, thus, at least partially explain the elevated number

of cytoplasmic proteins found in the growth medium of the S. aureus t13595 isolate

compared to the t111 isolate. Yet, it has been shown for B. subtilis that engineered

strains lacking all prophages still release typical cytoplasmic proteins into their

growth medium [52]. Clearly, for the bacterial isolates investigated in the present

study, it remains to be defined which particular mechanisms contribute, individu-

ally or synergistically, to the observed non-classical secretion phenomenon and to

what extent.

Interestingly, the common denominator between the presently identified S. au-

reus exoproteome and that of its ‘woundmates’ is the presence of housekeeping en-

zymes, particularly glycolytic enzymes. For instance, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) found in the S. aureus t13595, Bt and Ko cultures, has also

been located on the surface of other pathogenic bacteria like group A streptococci,

and enteropathogenic E. coli where it can serve either as a binding protein or as

signal transduction initiator in epithelial cells [53–55]. Cell wall-associated proteins

like enolase (displayed in the same cultures) have been reported to bind to plas-

minogen both in Gram-positive (Streptococcus pneumoniae) and Gram-negative (Acti-

nobacillus actinomycetemcomitans) bacteria [56, 57]. Other multifunctional ‘moon-

lighting’ proteins like fructose-bisphosphate aldolase, identified in S. aureus t111

cultures, are recognized toplay a role in adhesion tomammalian cells andbindingof

human plasminogen by several bacterial species, like S. pneumoniae,M. turberculosis,

and Neisseria meningitidis [58]. Similarly, the elongation factor (EF) Tu, a guanosine

nucleotide binding protein important for protein synthesis, was detected on the

surface of Mycoplasma pneumoniae and Lactobacillus johnsonii, where it was involved

in fibronectin- and mucin-binding, respectively [59, 60]. Furthermore, an immuno-

proteomic study of bacteremia showed that six housekeeping enzymes and EF-Tu

were linked to leukopenia caused byKlebsiella pneumonia [61]. Altogether, these find-

ings imply that proteins, which were originally considered to be restricted to the
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cytoplasm, may also be important for virulence enhancement and invasive disease

[50, 62]. Indeed, for S. aureus, such proteins have previously been implicated in vir-

ulence, epidemiology and intracellular survival [46–48, 50, 63].

By tracking the S. aureus-specific exoproteome, we observed that especially the

cytoplasmic protein fractions were depleted from the exoproteome in co-cultures.

This suggests that theremight be either an altered localization, decreased cell lysis,

enhanced proteolysis or consumption of these proteins by the other organism in

the respective co-culture. In the literature, a loss of the cytoplasmic exoproteome

fraction was recently associated to the latter. When studying marine bacteria in

mixed cultures, Christie-Oleza et al. showed that extracellular cytoplasmic proteins

from Synechococcus are notably reduced when Roseobacter strains are present [64].

Their study also reported an abundance of active transporters and flagellar proteins

of Roseobacter during co-culturing. Such a situation could potentially also apply to

K. oxytoca and B. thuringiensis as the present data suggests that, when grown in a

nutrient-limited environment, these bacteriamight act as scavengers of carbon and

nitrogen sources, particularly by degrading and assimilating extracellular staphy-

lococcal proteins. If so, this would suggest that, at least in a closed system like the

one we established in vitro, nothing goes to waste and that the carbon and nitrogen

fixing characteristics of Bt and Ko are perhaps a distinguishable reflection of short-

term interspecies interactions. Nevertheless, we cannot exclude the possibility that

there could also be less S. aureus cell lysis during co-culture. One way to verify the

idea that Bt and Ko consume extracellular proteins of S. aureus, may involve the

metabolic labeling of S. aureus proteins with particular isotopes, providing these

proteins to Bt or Ko cultures, and investigating the incorporation of the isotopes

into Bt or Ko proteins or metabolites. Likewise, interactions between S. aureus and

Bt or Ko could be investigated by transcriptomics and metabolomics. Irrespective

of themolecular background of our observations, the depletion of S. aureus proteins

from the exoproteome upon co-culturing has an important implication for the vir-

ulence of this bacterium as exoproteins should be considered as the prime reservoir

of virulence factors [17, 50].

Beyond the known proteome heterogeneity [33, 34, 36] and the genetic diver-

sity of the colonizing staphylococcal strains [15, 65], we found a mutL mutation in-

dicative of impairedmismatch repair and other hypermutable traits in our S. aureus
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t13595 isolate [66]. This finding allows us to place the relationships between the in-

vestigated S. aureus isolates in a broader perspective, where it is of note that the

presently investigated bacterial isolates from an EB patient were obtained upon

one-time sampling of a >8 months existing chronic wound. Importantly, it has

been hypothesized that hypermutable strains play roles in species persistence and

chronic infection [67, 68], and they could perhaps also favor the development of an-

tibiotic resistance [69–71]. In the context of the long-term colonization of chronic

wounds of EB patients by S. aureus, the influence of mutations on the intra-species

heterogeneity should be considered in view of microbial social behavior and the

consequences for fitness that particular mutations may provide [72]. Interestingly,

with respect to the observed proteomic profiles, the S. aureus t111 isolate seems

to foster a committed production of metabolically costly siderophores, virulence

factors and cell adhesion molecules, while the t13595 isolate shows a more ‘recal-

citrant’ performance focusing only on its metabolism and homeostasis. Moreover,

during co-culturing of the t111 and t13595 isolates, we did not observe any protein

overexpression, contrary towhatwas observed for themonocultures. This outcome

is suggestive of a cooperative behavior. Therefore, it is tempting to hypothesize that

the genetic variability as displayed by the ‘selfish’ t13595 isolate may be beneficial

for the spread or persistence of S. aureus as a wound-colonizing species [73].

To the best of our knowledge, our research represents the first explanatory

analysis of S. aureus exoproteomic shifts while in co-culture with wound-coexisting

bacteria. Collectively, our findings point out the importance of studying bacteria

in a broader biological context. It is evident that, for example, the growth rates

of the four isolates explored here are not necessarily the same, and therefore it is

not possible to compare the exoproteome of all investigated isolates at exactly the

same growth stage. However, this situation is also true in a wound environment

where not all co-existing microbes are completely synchronized or exist in equal

numbers. Hence, the present data should be interpreted as one of many possible

scenarios in which bacteria interact with each other with no apparent antagonistic

relationships.

Because of the complexity of the wound environment and the peculiarities of

each wound, it is difficult to establish a standard definition of the nutrients present

in a wound. For example, temperature in a wound can influence local vasodilation
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and therefore the availability of nutrients. Furthermore, the biomolecules are pri-

marily at the disposal of host cells rather than bacteria that have to compete for

the nutrient restriction [74]. In the present investigations, we have presented a sce-

nario that simulates the conditions in human plasma, which relies on bacteria cul-

tivated under shaking and not static conditions. Accordingly, the present culture

conditionsmay not exactly reflect the situation in chronic wounds of an EB patient.

However, it seems reasonable to assume that in the wound environment, cytosolic

bacterial proteins could represent an important foundation for microbiome cross

talk and homeostasis. Altogether, our experiments introduce an attractive avenue

to explore possible pre- and probiotic targets, such as quorum sensing- or quorum

quenching-related factors or bacterial growth factors that can either hinder the

invasion by pathogenic bacteria, or enhance the presence of non-pathogenic mi-

crobes that may prevent infections and could even enhance wound healing.

3.4. Material and Methods

3.4.1. Ethical approval

The local medical ethics committee (METc) of the University Medical Center

Groningen (UMCG) approved of the collection of non-invasive samples from pa-

tients with EB on the basis of obtained written informed patient consent. The ex-

periments were conducted in accordance with the guidelines of the Declaration of

Helsinki. All samples were anonymized.

3.4.2. Bacterial isolation, identification and culture conditions

The used bandage from a chronic wound of a Dutch patient with Junctional Epi-

dermolysis Bullosa was collected. The bandage was replica-plated with gentle pres-

sure for 10 seconds onto CLED agar (Oxoid) using bioassay plates (245x245x245mm;

Nunc). After 48 h of incubation at 37◦C, colonies were selected and replated onto

blood agar plates for identification. Bacterial colonies were identified by matrix-

assisted laser desorption/ionization-time-of-flight (MALDI-TOF)MS, using aMALDI
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Biotyper® (Bruker Corporation, Billerica, USA) as previously described [75]. All iso-

lates were stored with 10% glycerol at -80◦C.

To investigate whether the studied bacteria secrete compounds that interfere

with each other’s growth, blood agar plates were spread with pure overnight cul-

tures of S. aureus isolates with an optical density at 600 nm (OD600) of 0.5 to obtain a

confluent lawn of cells. Then, after 5 min, 10 µL aliquots of pure overnight cultures

of B. thuringiensis, K. oxytoca or Bacillus subtilis 168 (OD600 0.5) were applied to the

center of the agar plate. For viable plate counting and the preparation of extracel-

lular protein extracts, bacterial strains were grown overnight on Tryptic Soy Broth

(TSB) under vigorous shaking at 37◦C. The cultures were then diluted to an OD600 of

0.05 in pre-warmed RPMI medium without phenol red (GE Healthcare). Cultivation

continued in awater bath under constant shaking (80-85 rpm) at 37◦C until cultures

reached an OD600 of ±0.5. Main cultures were again diluted in 120 mL pre-warmed

RPMI medium under the same conditions. Monocultures were started with an ini-

tial OD600 of 0.05 while co-cultures were inoculated with an OD600 of 0.025 of each

isolate to a total of 0.05. Given that an OD600 of 0.5 contained a total of ∼ 2.0 × 106

colony forming units per mL (CFU/mL) for t111, t13595 and Ko, and ∼ 1.5 × 106

CFU/mL for Bt, inoculated cultures corresponded to ∼ 2.0 × 106 CFU/mL for t111,

t13595 and Ko and to ∼ 1.5 × 106 CFU/mL for Bt.

For proteome analyses and determination of CFU/mL, samples were collected

at 90 min within the stationary growth phase. The ratios of different bacteria sam-

pled from the co-cultures remained nearly the same with the exception of the co-

cultures of S. aureus and K. oxytoca, where K. oxytoca grew 1.5 times faster than t111

and 1.7 times faster than t13595.

3.4.3. Genomic DNA extraction, genome sequencing and analysis

Libraries for whole genome sequencing were prepared from S. aureus t111, t13595,

B. thuringiensis, and K. oxytoca DNA with the Nextera XT v2 kit, and run on Illumina

next generation sequencing platforms (MiSeq) according to the manufacturers’ in-

structions (Illumina, San Diego, CA, USA). Read data for the study isolates have been

deposited in theNational Center for Biotechnology Information (NCBI) under acces-
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sion number SRP094393. The respective .fastq files were submitted for de novo se-

quence assembly using CLC Genomics Workbench v7.0.4 (CLC bio A/S, Aarhus, Den-

mark) after quality trimming (Qs > 28) with optimal word sizes based on the maxi-

mum N50 value. De novo assembled contigs of the S. aureus isolates were imported

into the Seqsphere+ software version 1.0 (Ridom GmbH, W urzburg, Germany) for

in silicomulti-locus sequence typing (MLST) and spa typing as previously described

[76, 77]. Automatic genome annotationwas done on the rapid annotation using sub-

system technology (RAST) server 2.0 for all the genomes [78, 79]. De novo assembled

genomes of sequenced isolates were queried against the closest related reference

genome of S. aureus strain N315 (GenBank: NC_007795.1), B. thuringiensis serovar

konkukian str. 97-27 (GenBank: NC_017200), and K. oxytoca strain E718 (GenBank:

NC_018106) using blastN in the WebACT comparison tool (http://www.webact.

org/WebACT/prebuilt#) and analyzed in detail by the Artemis Comparison Tool

(ACT) software [80, 81]. Similarity matches were filtered based on their length (100

kb segments) and percentage similarity scores, and only the filtered hits with at

least 80% sequence similarity were then displayed by ACT (e-value of 10.00000) and

analyzed in detail.

3.4.4. Preparation of protein extracts

All samples were collected in duplicate according to the growth curves of the S. au-

reus isolates after 90 min of stationary growth. Cells were removed by centrifuga-

tion (10 min, 8000 x g, 4◦C) from 2 mL culture aliquots and the supernatant was

subsequently filtrated with a 0.22 µm filter (GE Healthcare Systems, Little Chal-

font, United Kingdom). Proteins were precipitated with 10% w/v TCA on ice at

4◦C overnight. The precipitates were harvested by centrifugation (20 min, 8000 ×
g, 4◦C) and washed with ice-cold acetone. The protein pellets were dried at room

temperature and stored at -20◦C until further use. Total protein concentration was

determined with the Pierce BCA protein quantification assay (ThermoFisher Sci-

entific). Protein pellets were suspended in 50 mM ammonium bicarbonate buffer

(Fluka, Buchs, Switzerland). As reducing agent, 10 mM dithiothreitol (Duchefa Bio-

chemie, Haarlem, the Netherlands) was used for 30 min, and as alkylating agent, 10

mM iodoacetamide (Sigma-Aldrich, St. Louis, USA) was used for 30 min in the dark.

Further, overnight incubation with 80 ng of trypsin (Promega, Madison, USA) at
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37◦C was followed by the addition of 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich,

St. Louis, USA) to end the digestive reaction. The samples were desalted by Zip-Tip

purification (Millipore, Billerica, USA) as previously described by Dreisbach et al

[82]. The final eluates were concentrated using a vacuum centrifuge (Eppendorf,

Hamburg, Germany) and stored at 4◦C until further use.

3.4.5. Mass Spectrometry and data analysis

Tryptic peptides were separated by reversed phase liquid chromatography (LC). LC-

MS/MS analyses were performed using a nanoACQUITY UPLC system (Waters, Mil-

ford, MA) coupled to an LTQ XL Orbitrap mass spectrometer (Thermo Fisher Sci-

entific,Waltham, MA) creating an electro spray ionization through a Picotip Emit-

ter (SilicaTip, FS360-20-10 Coating P200P, New Objective). Specifically, the peptides

were loaded onto a trap column (Symmetry C18, 5 µm, 180 µm inner diameter ×
20 mm,Waters). Elution was performed onto an analytical column (BEH130 C18, 1.7

µm, 100 µm inner diameter × 100 mm, Waters) by a binary gradient of buffer A

(0,1% (v/v) acetic acid) and B (0,1% (v/v) acetic acid in acetonitrile) over a period of

80 min with a flow rate of 400 nL min-1. A stepped gradient was applied.

For MS/MS analysis a full survey scan was recorded in the Orbitrap (m/z 300-

2000) with a resolution of 30,000. The five most abundant precursor ions from each

survey scan were consecutively isolated in the LTQ XL and fragmented via colli-

sion induced dissociation (CID). Precursors were dynamically excluded for 30 s and

unassigned charge states as well as singly charged ions were rejected [83]. Internal

calibration was applied (lock mass 445.120025 m/z). Database searching was done

with Sorcerer-SEQUEST 4 (Sage-N Research, Milpitas, USA). After extraction from

the raw files, *.dta files were searched with Sequest against a concatenated target-

pseudoreversed decoy database with a set of common laboratory contaminants.

The target database was the Uniprot reference database (downloaded on Septem-

ber 2014) of B. thuringiensis (5815 protein hits), K. oxytoca (5663 protein hits), S. aureus

t111 (2574 protein hits) and S. aureus t13595 (2625 protein hits). The *.out files were

compiled with Scaffold 4 (version Scaffold_4.4.1, Proteome Software Inc., Portland,

OR). Protein identification criteria were carried out as specified by Hempel et al.

[83], butwith the followingXCorr values:≥ 2.2, 3.3, 3.75 for doubly, triply andhigher
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charged peptides. To allow protein abundance comparisons between samples, Scaf-

foldMS/MS data were normalized by adjusting the sum of the selected quantitative

values for all proteins in the list within each MS sample to a common value: the av-

erage of the sums of all MS samples present in the experiment. This was achieved

by applying a scaling factor for each sample to each protein or protein group ad-

justing in this way the selected value to a normalized ”Quantitative Value” [84].

These values were exported from Scaffold and further curated in spreadsheets for

analysis (Table S3). The MS raw data has been deposited to the ProteomeXchange

Consortiumvia the PRIDE partner repositorywith the dataset identifier PXD005596.

Volcano plots used the normalized values for calculating the fold-changes in each

protein among the monoculture samples versus the co-culture samples.

3.4.6. Bioinformatic analyses

Subcellular protein localization was predicted with TMHMM (version 2.0) [85, 86],

SignalP (version 4.1) [87], LipoP (version 4.1) [88], PSORTb (version 3.0) [89], and

ClusbSub-P (version 2.18.3) [90]. Proteins with ambiguous predictions were manu-

ally curated by inspection of their individual sequences with InterProScan 5 (ver-

sion 49.0) [91]. For interpretation and visualization of biologically relevant pro-

tein functions, the gene ontology (GO) terms identified for the investigated exo-

proteomes were imported into the freely available online Revigo software (http:

//revigo.irb.hr/) [92].

3.4.7. Biological and Chemical Safety

S. aureus and K. oxytoca are biosafety level 2 (BSL-2) microbiological agents and were

accordingly handled following appropriate safety procedures. All experiments in-

volving live bacteria and chemical manipulations of bacterial protein extracts were

performed under appropriate containment conditions. All chemicals and reagents

used in this study were handled according to the local guidelines for safe usage and

protection of the environment.
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Abstract

Infections caused by antibiotic-resistant bacteria account for an increasing bur-

den in health care systems. Therefore, new strategies must be developed to fight

common human pathogens. We have previously shown that co-culturing of the

opportunistic pathogen Staphylococcus aureus with co-resident Klebsiella oxytoca or

Bacillus thuringiensis wound isolates resulted in reduced levels of virulence factor

secretion, suggesting that the presence of these co-resident bacteria would mod-

ulate S. aureus virulence. In the present study, we performed an in-depth investi-

gation of changes in S. aureus gene expression upon co-cultivation with K. oxytoca

and B. thuringiensisunder infection-mimicking conditions. To this end, we profiled

the cellular proteomes of the co-existing bacteria with special focus on S. aureus. In

parallel, we employed RNA sequencing to highlight global changes in staphylococ-

cal behaviour. Our results show that co-colonizing bacteria from chronic wounds

indeed reduce S. aureus virulence factors, but also trigger the expression of genes

for membrane transport processes, micronutrient acquisition and proteases. Fur-

thermore, a polymicrobial biofilm-mimicking experiment revealed a great number

of downregulated staphylococcal genes. This condition with multiple co-resident

bacteria is closer to the ecological context of a chronic wound environment and,

as such, more realistic. Finally, the consistent reduction of S. aureus virulence fac-

tors upon co-culture was verified in a Galleriamellonella infectionmodel. Altogether,

our findings show that the presence of K. oxytoca and B. thuringiensisleads tomassive

rearrangements in S. aureus physiology and behaviour.

4.1. Introduction

With the rise of highly antibiotic-resistant bacterial strains − sometimes referred to

as ‘superbugs’ [1, 2] − due to the indiscriminate use of antibiotics and the versatility

of bacterial genomes, there is a need to study human pathogens from new and dif-

ferent angles. An essential but little explored outset is to scrutinize bacterial niche

adaptations and the interactions among commensal and pathogenic bacteria, since

they may hold the key to better understanding their use of resources, coexistence,

and perpetuation in the host.
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Staphylococcus aureus is an excellent example of an opportunistic bacterium that

can thrive in different environments and hosts as a result of its ability to swiftly

adapt. Themethicillin (MRSA) and vancomycin resistant (VRSA) strains have raised

the alarm as a public health concern [3–6], with presently no descry of an effective

vaccine to tackle the issue [7–10]. Hence, persuaded by these facts, in a previous

study we examined S. aureus relations with co-existing bacteria [11]. In particular,

we isolated bacteria from the same chronic wound of a patient with epidermolysis

bullosa, a congenital disease characterized by blistering of the skin and mucosae

resulting in extensive injuries. The investigated strains included two S. aureus iso-

lates with spa types t111 and t13595, one Klebsiella oxytoca isolate (Ko) and one Bacil-

lus thuringiensis isolate (Bt). After learning that these bacteria allowed each other’s

colonies close and even overlapping growth on solid agar, we investigated their ex-

oproteomes in mono and co-cultures. An overall reduction of proteins identified

in the staphylococcal extracellular proteome when cultured with Ko or Bt was ob-

served. This included a noticeable decline of known virulence factors and so-called

‘extracellular cytoplasmic proteins’ (ECPs), which are cytosolic proteins that can be

released into the extracellular milieu through different mechanisms [12–16]. Fur-

thermore, even though the genomes of the two S. aureus strains were highly re-

lated, their exoproteomes displayed a different constellation of proteins that did

not change upon co-cultivation. In fact, this pointed to a cooperative behaviour,

where the t111 strain displayed a specialization towards the acquisition of iron, and

the secretion of virulence factors and cell adhesion proteins, while the extracellular

proteins of the t13595 isolate were predominantly related to cell-redox and home-

ostasis processes and the promotion of persistence [11].

Contrary to previous observations on in vitro co-cultures with Pseudomonas

aeruginosa [17, 18], the exposure of S. aureus to Ko or Bt did not result in an upregu-

lation of virulence factors. This raised the question whether the presence of Ko or

Bt was indeedmodulating S. aureus virulence. Based on these observations, we were

motivated to thoroughly investigate the changes in staphylococcal gene expres-

sion upon co-cultivation with the above-mentioned wound-colonizing bacteria. In

the present study, we therefore profiled the cytosolic proteomes of the co-existing

bacteria with special focus on S. aureus. In parallel, we employed RNA sequencing to

highlight the global changes in staphylococcal behaviour upon co-cultivation em-

ploying different infection- and wound colonization-mimicking conditions. Lastly,
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we applied a Galleriamellonella infectionmodel with the purpose of verifying our hy-

pothesis that co-colonizing bacteria from a chronic wound environment may actu-

ally pacify S. aureus. In brief, the present observations show that the co-cultivation

of S. aureus with Ko or Bt leads to massive rearrangements in the staphylococcal

physiology and a substantial reduction in virulence.

4.2. Methods

4.2.1. Strains and growth conditions

Wound isolates of S. aureus (t111 and t13595), K. oxytoca (Ko) and B. thuringiensis(Bt)

were obtained in a previously documented study [11]. To obtain protein extracts

and RNA, bacteria were grown overnight on Tryptic Soy Broth (TSB) under vigorous

shaking at 37◦C. The nextmorning, cultureswere diluted to an optical density at 600

nm (OD600) of 0.05 in pre-warmed Roswell Park Memorial Institute 1640 medium

(RPMI; GE Healthcare) without phenol red, and culturing was continued in a water

bathunder constant shaking (80–85 rpm) at 37◦Cuntil anOD600 of±0.5was reached.

Main cultures were started under the same conditions in 120 mL pre-warmed RPMI

medium. The monocultures were initiated with an OD600 of 0.05 while co-cultures

were inoculated with an OD600 of 0.025 of each isolate to a total of 0.05. Given that

an OD600 of 0.5 contained a total of ∼ 200 × 106 colony-forming units (CFU) per

mL for t111, t13595 and Ko, and ∼ 15 × 106 CFU/mL for Bt, the inoculated cultures

corresponded to ∼ 20 × 106 CFU/mL for t111, t13595 and Ko and to ∼ 1.5 × 106

CFU/mL for Bt. To mimic biofilm conditions as encountered in a chronic wound

environment, serial dilutionswere performedwithmonocultures ormixed cultures

of t111, t13595, Bt plus Ko, and these were plated onto RPMI agar and incubated at

37◦C for 24 h to form a homogeneous plate with covalescent individual colonies.

4.2.2. Preparation of protein extracts

For proteome isolation, samples were collected from biological duplicates at mid-

exponential phase (2-2.5 h, OD600 ±0.5) and at 90 min within the stationary growth
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phase (4-5 h, OD600 ±1.0). The ratios of different bacteria sampled from the co-

cultures remained nearly the same with the exception of the co-cultures of S. au-

reus and Ko, where Ko grew 1.5 times faster than S. aureus t111 and 1.7 times faster

than S. aureus t13595. Cell pellets from pure and mixed cultures were collected by

centrifugation (10 min, 8000 x g, 4◦C) from 2 mL culture aliquots, resuspended in

500 µL of TE buffer (50 mM Tris, 10 mM EDTA, pH 7.5), lysed with glass beads, and

centrifuged (2 min, 1400 rpm, 4◦C). The supernatant was transferred into a new

cup and centrifuged again (10 min, 1400 rpm, 4◦C). Protein concentration measure-

ment was performed with the Bio-Rad DC Protein Assay. Protein enrichment was

carried out using the StrataClean affinity resin (Agilent Technologies, Santa Clara,

CA) as described byOtto et al 2017 [19]. Briefly, 20µL of StrataClean suspensionwere

aliquoted to a low protein binding tube and primed in 37% HCl at 100◦C for 6 h. HCl

was discarded by centrifugation (5 min, 3500 x g, RT). Beads were washed twice

with 200 µL sample buffer, resuspended in sample solution (20 µg protein/mL; 50

mM Tris-HCl, 10 mM EDTA, pH 8), and incubated overnight in an over-head shaker

at 4◦C. Supernatant was removed upon centrifugation (45 min, 10,000 x g, 4◦C) and

beads were washed with 1 mL of distilled water (5 min, 20,000 x g, 4◦C). Beads with

bound proteins were vacuum-dried for 20 min, and resuspended in 30 µL of 50 mM

triethylammonium bicarbonate buffer (TEAB; Sigma Aldrich, Missouri, USA). Pro-

teins on the beadswere denatured by the addition of 20µL of RapiGest (Waters,Mas-

sachusetts, USA), reduced by 0.5 mg/13.58 µL tris(2-carboxyethyl) phosphine hy-

drochloride solution pH >7.0 (TCEP; Sigma Aldrich, Missouri, USA), and incubated at

65◦C for 45 min with shaking. Samples were then alkylated by 2.5 µL iodoacetamide

(1 mg/10.8 µL, 50 mM TEAB) at room temperature for 15 min in the dark. For en-

zymatic protein digestion, 1.25 µL of activated trypsin was added and incubated at

37◦C for 3 h with shaking. Digestion was stopped by adding 2 µL trifluoroacetic acid

(TFA) and incubated at 37◦C for 30 min. Digested peptides were collected in a fresh

collection tube by centrifugation (5 min, 20,000 x g, 4◦C). Samples were desalted us-

ing C18 stage-tip purification (Thermo Fisher Scientific, Waltham, USA) according

to the manufacturer’s protocol and dried until further use.
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4.2.3. Mass spectrometry analyses

The digested peptides were measured online by liquid chromatography (LC) - elec-

trospray ionization (ESI) mass spectrometry (MS) using an Easy-nLCII (Thermo

Fisher Scientific, Waltham, USA). The LC was equipped with self-packed analytical

columns (100 µm x 20 cm) containing C18 material (Phenomenex, Aschaffenburg,

Germany) and coupled to anOrbitrapVelos Pro (ThermoFisher Scientific,Waltham,

USA). Using 0.1% (v/v) acetic acid as buffer A and 99.9% (v/v) acetonitrile with 0.1%

(v/v) acetic acid as buffer B, and a flow rate of 300 nL/min, a 167 min binary gradi-

ent was applied. Full scan measurements were recorded with a resolution of 60,000

with MS1 scan range of m/z 300 to 2000. The top 20 precursor ions were subse-

quently subjected to collision-induced dissociation with 35% normalized collision

energy. Analysis was performed in data-dependent MS/MS mode in the linear trap

quadrupole, rejecting singly charged ions as well as unassigned charge states. After

a second fragmentation event, already fragmented precursor ions were omitted for

20 sec. For all measurements, the lock mass option was enabled [20].

Database searching was done with Sorcerer-SEQUEST 4 (Sage-N Research, Mil-

pitas, USA) as previously described [11]. The *.out files were compiled and normal-

ized spectral counts were obtained from the Scaffold file by adjusting the sum of

the selected quantitative values for all proteins in the list within each MS sample

to a common value: the average of the sums of all MS samples present in the ex-

periment. This was achieved by applying a scaling factor for each sample to each

protein or protein group, adjusting in this way the selected value to a normalized

”Quantitative Value” [21]. The normalized spectral count data were exported from

Scaffold and curated in Microsoft Excel before further analysis (Supplemental Ta-

ble S1 and S2). All mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium [22] via the PRIDE [23] partner repository with the

data set identifier PXD017208.

4.2.4. RNA isolation

RNA isolation was essentially performed as described by Mäder et al [24]. Samples

were collected from the same duplicate cultures that were also used for the pro-
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teome analyses, i.e. at mid-exponential phase (2-2.5 h, OD600 ±0.5) and at 90 min

within the stationary growth phase (4-5 h, OD600 ±1.0). Immediately after obtain-

ing the cell pellet, 100 µl of killing buffer (20 mM Tris/HCl, pH 7.5, 5 mM MgCl and

20 mMNaN3) were added. Mechanical cell disruption was carried out with a Teflon

vessel and a disruption ball filled with liquid N2 and pre-cooled in liquid N2 (Mikro-

Dismembrator S, Sartorius, G ottingen, Germany). The resulting cell powder was

resuspended in 4 ml of lysis solution (4 M guanidine thiocyanate, 25 mM sodium

acetate pH5.2, 0.5% N-laurylsarcosinate 40 [w/v]; pre-warmed to 50◦C) by repeated

pipetting and transfer into 1 ml aliquots. Subsequently, one volume of acid phenol

solution was added to the cell lysate, followed by mixing on a tube shaker (Ther-

momixer, Eppendorf, Hamburg, Germany). Centrifugation (5 min, 14000 rpm, room

temperature) and supernatant transfer into a new tube were followed by the addi-

tion of one volume acid phenol solution and mixing. This procedure was repeated

but with one volume chloroform/IAA. Lastly, 1/10 volume of 3MNa-Acetate, pH 5.5

and 0.8ml of isopropanolwere added to the supernatant for overnight precipitation

of the extracted RNA at -20◦C. The precipitated RNAwas collected by centrifugation

at 4◦C, where the pellet was washed twice with 0.8 ml of 80% ethanol, dried at room

temperature, and dissolved in nuclease-free water. DNase Digestion and RNA clean-

up (Qiagen, Hilden, Germany) were performed following the manufacturer’s proto-

col. The RNA concentration was determined with a Nanodrop spectrophotometer

(Thermo Fisher Scientific, Waltham, USA), and RNA quality assessment was carried

out with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) [24].

4.2.5. RNA sequencing and analysis

RNA sequencing was performed by PrimBio Research Institute LLC, Exton, PA, USA.

Library preparation: cDNA libraries were constructed using the Ion Total RNA-

Seq Kit v2 (Life Technologies, Carlsbad, CA) and the manufacturer’s recommended

protocol. Briefly, 100 ng of enrichedmRNAwas fragmented for 10min with RNAase

III. Fragmented RNA was purified using nucleic acid binding beads, nucleic acid

binding buffers and themanufacturer’s recommended protocol fromLife Technolo-

gies Ambion. Purified samples were run on an Agilent 2100 Bioanalyzer to assess

yield and size distribution of the fragmented mRNA. 25-50 ng of fragmented mRNA
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was then hybridized with Ion Adapters in a thermocycler for 10 min at 65◦C and 5

min at 30◦C. Hybridized fragmented mRNA was then incubated for 30 min at 30◦C

with ligase to ligate the adapters. The hybridized samples were then mixed with a

reverse transcriptasemastermix and incubated at 42◦C for 30min to generate cDNA

libraries. The cDNA libraries were purified using nucleic acid binding beads, nucleic

acid buffers and the standardized protocol by Life Technologies Ambion. The puri-

fied cDNA libraries were then amplified by PCR using Platinum PCR Super-Mix High

Fidelity and Ion Xpress Barcode reverse and forward primers (Thermo Fisher Sci-

entific) applying the following conditions: Step 1: 95◦C for 2 min; Step 2: 94◦C for

30 sec, 50◦C for 30 sec, 68◦C for 30 sec for 2 cycles; Step 3: 94◦C for 30 sec, 62◦C for

30 sec, 68◦C for 30 sec for 14 cycles; Step 4: 68◦C for 5 min. The amplified cDNA li-

braries were then purified using nucleic acid binding beads, binding buffers, and

run on an Agilent 2100 Bioanalyzer to determine the yield and size distribution of

each library.

Templating, enrichment and sequencing: approximately 100 pM of pooled bar-

coded librarieswere used for templating using the Life Technologies IonChef 200 kit

and the manufacturer’s recommended protocol. Briefly, 100 pM of pooled libraries

were combined and 70 µL of each sample were loaded onto the Ion Chef. Next, all

reagents for the Ion Chef 200 Kit were loaded onto the Ion Chef and the run was

performed. The Ion Chef templates, enriches and loads the sample onto a P1 chip.

After 15 h the Chef pauses so that QC can be performed on the unenriched samples.

After the pause, the beads were isolated and quality assessment was performed on a

Qubit fluorometer (Thermo Fisher Scientific) to determine the percentage of beads

that were polyclonal. After polyclonal assessment the Ion Chef resumed running

and loaded the samples onto a PI chip (Thermo Fisher Scientific). The loaded chip

was then placed into an Ion Proton sequencer (Thermo Fisher Scientific) and the

run was started using an Ion torrent RNAseq run plan that was configured based on

the type of library, species, number of run flows required, type of plug-in required,

adapter-trimming as well as other parameters specific to the transcriptome run.

Transcriptome analysis: after completion of the run, the generated fastq files

were downloaded from the PrimBio server. The quality control and mapping of

the reads was done with SAMtools (http://samtools.sourceforge.net/). Af-

ter gene expression values were generated, reads per kilobase per million (RPKM)
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values were uploaded via the Genome2Dwebsite (http://genome2d.molgenrug.

nl/) to the T-Rex parameter-free statistical analysis pipeline, using strain N315 as

reference [25]. The RNAseqmeta and raw-data generated during this study has been

deposited at DDBJ/ENA/GenBank under the accession PRJNA604105. The version

described in this paperis version 1.0.

4.2.6. Galleria mellonella infections

G.mellonella larvae of∼250mg in the final instar stagewere purchased (Frits Kuiper,

Groningen, Netherlands), fed with wood shavings and stored in the dark at room

temperature for not more than seven days until infection experiments were car-

ried out. For infection experiments, bacteria were grown overnight in TSB under

vigorous shaking at 37◦C. The next morning, cultures were diluted to an OD600 of

0.05 in pre-warmedRPMImediumwithout phenol red, and growthwas continued in

a water bath under constant shaking (80–85 rpm) at 37◦C until the cultures reached

an OD600 of ∼0.5. Bacteria were collected by centrifugation at 2700 x g for 10 min

at 4◦C. The cell pellets were washed by re-suspension in phosphate-buffered saline

(PBS), collected by centrifugation, re-suspended in PBS, and diluted to the desired

number of CFU/mL as approximated, based on the OD600 of the RPMI culture. In-

fections were performed by inoculating the larvae with 10 µL aliquots of a bacterial

suspension in PBS into the hemocoel via the last left proleg using an insulin pen

(HumaPen LUXURA®HD, Indianapolis, USA) [26]. After injection, the larvae were

kept in petri dishes in the dark at 37◦C, andmortality wasmonitored after 24 and 48

h post infection. Larvae were considered dead when they displayed no movement

after being touched with a sterile inoculation loop. The virulence of each investi-

gated isolate was tested in triplicate using 15 larvae per experiment (n = 45), and

for each of these three biological replicates larvae fromdifferent batcheswere used.

Data from all infection experiments were combined to calculate the average mor-

tality. For control, one group (n = 15) of larvae was injected with 10 µL of PBS to

monitor the impact of physical trauma, a second group (n = 15) was injected with

2.5×107 CFU of heat-killed bacteria to monitor potentially lethal effects caused by

toxic bacterial components, and a third group (n = 15) received no injection at all.
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4.2.7. Data Summary

The mass spectrometry proteomics data have been deposited to the ProteomeX-

changeConsortium (http://www.proteomexchange.org/) via thePRIDE (https:

//www.ebi.ac.uk/pride/archive/) partner repository with the data set iden-

tifier PXD017208. Reviewer account details: Username: reviewer34789@ebi.ac.uk

Password: 44NOJEMH.

The RNAseqmeta and raw-data generated during this study has been deposited

at DDBJ/ENA/GenBank (http://www.insdc.org/files/feature_table.html)

under the accession PRJNA604105. The version described in this paper is version 1.0.

4.3. Results

4.3.1. Profiling of the S. aureus cellular proteome reflects decreased virulence

upon culturing with K. oxytoca

As a first approach to chart the physiological changes in S. aureus upon culturing in

the presence or absence of Bt or Ko, we profiled the cellular proteome of the bac-

teria cultured in isolation or in co-culture as graphically represented in Figure 4.1.

Of note, we used the tissue culture medium RPMI for this purpose, because it was

shown in a previous analysis that the gene expression signatures of S. aureus grown

in RPMI or human plasma closely resemble each other [24]. Intriguingly, the pro-

teome profiling revealed highly similar patterns of proteins expressed in the expo-

nential and stationary growth phases. Therefore, we describe the features observed

in the stationary phase in Figure 4.2 and Figure 4.3 while we present our analysis

of exponential phase phenomena in the Supplemental Figure S1, and Tables S1, S3

and S5.

Firstly, to portray the overall changes among experiments, we noticed that the

total number of identified cellular proteins of S. aureus was reduced when grown

in the presence of Bt or Ko. Specifically, 142 different proteins were identified in

the monocultures of the t111 isolate and 140 in monocultures of the t13595 isolate.

In contrast, when co-cultured with Bt, the number of identified proteins decreased
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+Bt +Ko +Sa

Sa
Sa

Sa t11 +Sa t13 +Bt +Ko

Figure 4.1: Experimental workflow. For experiments with planktonic cells, both

S. aureus isolates were grown in RPMI liquid media. In the monoculture conditions,

each isolate was grown separately, as described in the Materials and Methods sec-

tion. Co-cultures were established by combining each isolate with only one other

isolate. Instead, in the biofilm-mimicking experiments, all four isolates were jointly

plated on one RPMI agar plate to simulate the bacterial co-residence in the wound

environment.
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Figure 4.2: Cellular proteins identified per culture. (A) Total number of proteins

of S. aureus t111 and t13595 identified upon monoculture or co-culturing with B.

thuringiensis(+Bt) or K. oxytoca (+Ko). (B) Total number of proteins of B. thuringiensisor

K. oxytoca identified uponmonoculture or co-culturing with S. aureus t111 (+t111) or

t13595 (+t13595) isolates.
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Figure 4.3: Visualization of global predicted functions of cellular proteins

identified in all staphylococcal cultures (stationary phase). Panel A shows only

proteins of the S. aureus t111 isolate. The area on the top shows the proteins de-

tected only in monoculture. The lower left area shows the uniquely detected pro-

teins when the t111 isolate was co-cultured with B. thuringiensisand the lower right

area shows the uniquely identified staphylococcal proteinwhen the t111 isolatewas

co-culturedwithK. oxytoca. Panel B illustrates the exclusively the identified proteins

of the S. aureus t13595 isolate uponmonoculture or co-culturewith B. thuringiensis or

K. oxytoca. Panel C depicts the proteins of S. aureus t111 and t13595 grown in mono-

culture in the bottomareas,while the upper area shows theproteins identified upon

co-culturing both S. aureus isolates.
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to 93 and 117 for the t111 and t13595 isolates, respectively. An even more drastic

reduction in the number of identified proteins was observed upon co-cultivation

with Ko, where the numbers of identified proteins decreased to 45 for the t111 iso-

late and 32 for the t13595 isolate (Figure 4.2A and Table S2). On the other hand, the

total numbers of proteins identified for Bt and Ko were also reduced in co-cultures

with the S. aureus isolates but their numbers did not drop so drastically (Figure 4.2B).

To better understand the changes in the cellular proteome, we classified the

proteins into six global functional categories (Figure 4.3, Figure S1). This revealed

that the staphylococcal proteins that were no longer detected when the bacterium

was co-cultured with Bt or Ko related to intermediary metabolism processes (Ta-

bles S3 and S4), information pathways (e.g. the SarA regulator), cell envelope and

cellular functions (e.g. the essential SecA and PrsA components of the general se-

cretion pathway and the FtsH quality control protease in the t111 isolate), cell redox

homeostasis (especially in the t13595 isolate), and virulence (e.g. the elastin-binding

protein EbpS and extracellular adherence protein Eap/Map).

Perhaps even more surprisingly, co-culturing triggered the identification of

only few additional proteins, if any (Figure 4.3A and Figure 4.3B). For example, co-

cultures of the t111 isolate with Bt only displayed five ‘unique’ staphylococcal pro-

teins (i.e. the vegetative protein 296, ribonuclease J1, ketol-acid reductoisomerase,

ESAT-6 secretion system extracellular protein A [EsxA], and N-acetyltransferase

SAV1176), while co-cultures of the t111 isolate with Ko expressed just one unique

staphylococcal protein (i.e. the FMN-dependent NADPH reductase). In the same

way, upon co-culturing the t13595 isolate with Bt, merely three unique staphylo-

coccal proteinswere identified (i.e. the pseudouridine synthase, ribosomal silencing

factor RsfS, and Asn/Gln-tRNA amidotransferase subunit C [GatC]), while no unique

proteins were observed when the t13595 isolate was co-cultured with Ko. Apart

from the general reduction in the identification of S. aureus proteins, the profiling

of the S. aureus proteome upon co-culturing revealed no specific stress signature

in response to the presence of Bt or Ko. Together, these observations are indica-

tive of a drastic rearrangement of the S. aureus cellular protein composition that

is fully consistent with the previously reported rearrangements of the bacterium’s

exoproteome upon co-culturingwith Bt or Ko [11]. Lastly, an important observation

among the staphylococcal t111+t13595 co-cultures was that both isolates displayed
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proteins with the same global functional patterns, meaning that both strains con-

tinued to perform the characteristic functions that they also displayed in monocul-

ture (Figure 4.3C). However, particular virulence factors were triggered upon co-

cultivation of both staphylococcal strains (e.g. the immunoglobulin-binding pro-

tein Sbi, alpha-hemolysin, EsxA, penicillin-binding protein 2, and elongation fac-

tor G), which are mostly involved in immune evasion, cytotoxicity, apoptosis mod-

ulation/intracellular infection, antimicrobial resistance, and host invasion. These

co-cultures also activated the production of several proteins involved in cell re-

dox homeostasis, and the spermidine/putrescine import ATP-binding protein potA

suggesting speG gene activation, which confers resistance to polyamines through

expression of the spermidine N(1)-acetyltransferase. This feature indicates a sper-

mine resistance phenotype characteristic of persister cells [27–29].

4.3.2. Co-culturing leads to upregulation of S. aureus genes involved in amino

acid and nucleotide metabolism and transport under the tested condi-

tions

Since the proteome profiling data provided a helicopter view of the adaptive be-

haviour of S. aureus in the presence of other wound-resident bacteria, we decided

to perform amore extensive transcriptome analysis for obtaining the full picture of

adaptive staphylococcal responses to co-culturing with Bt or Ko. Accordingly, the

staphylococcal transcriptomes were analysed in vitro using the same conditions as

those of the proteome, as well as conditions that mimic a biofilm. To survey the

overall changes in gene expression of S. aureus upon cultivation with coexisting

bacteria, we classified the differentially expressed genes according to clusters of or-

thologous groups (COGs) categories. For all conditions and time points investigated,

the COG categories associated to metabolism represent the second highest group of

upregulated genes with statistical significance, surpassed only by the poorly char-

acterized COG categories (Figure 4.4). Among the orthologs present in all the organ-

isms, this analysis revealed four outstanding patterns:

(i) Upregulation of genes involved in amino acid and nucleotidemetabolism and

transport, suggesting that ATP production comes from pyruvate-producing amino

acids that serve as major carbon and nitrogen source while some amino acid syn-
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Figure 4.4:Overview of co-culture experiments according to Clusters of Orthol-

ogous Groups (COG). The heatmap indicates significantly upregulated expressed

genes upon growth in planktonic or biofilm-mimicking conditions. The rows show

the 25 COG categories to which expressed genes were assigned. The ranking of ex-

pressed genes identified per COG category is based upon -log(p values) observed per

isolate in co-culture.
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thesis is still happening. The upregulation of nucleotide pathways would imply that

nucleotides are important as secondarymessengers and for energymetabolism un-

der these conditions.

(ii) Upregulation of genes involved in ‘inorganic ion transport’, indicating

that the co-cultured staphylococci need to compete for these important micro-

nutrients.

(iii) Upregulation of genes involved in ‘post-translational modification and pro-

tein turnover’. Thismostly concerned peptidases and proteases, suggesting that the

bacteria try to acquire peptides and amino acids by protein degradation.

(iv) Upregulation of genes involved in ‘transcription’ and ‘translation’, which is

consistent with bacterial growth, with the need to replenish turned over proteins,

and with the increased expression of tRNAs. These observations show that S. aureus

is adjusting its metabolism in response to the presence of other bacterial species.

4.3.3. Planktonic S. aureus displays specific gene expression signatures upon

co-culturing

To visualize the main adaptations throughout the different (co)culture conditions,

we employed heatmaps of the significant differentially expressed genes (DEG) (Ta-

ble S6). The analysis evidenced a pronounced upregulation in the exponential phase

of CodY-regulated genes when S. aureus t111 and t13595 were co-cultured with Ko

or Bt. We also observed consistency in the upregulation of other regulons such as

CcpA and SigB in these cultures. In particular, CcpA-controlled genes were conspic-

uously upregulated in t111+Ko co-cultures during stationary phase. The staphylo-

coccal planktonic transcriptome showed that most of these genes are associated to

amino acid metabolism, and to the oligopeptide permease complex opp-1ABCDF,

along with several other ABC-type substrate-binding proteins. In particular, for

both staphylococcal isolates, co-cultures with Ko showed noticeable upregulation

of genes involved in tryptophan synthesis, as well as the genes for the antiholin-like

protein LgrA and its associated membrane protein LgrB, predominantly in the sta-

tionary growth phase. On the other hand, the t111+t13595 co-cultures only showed

significant upregulation of genes related to virulence factors (e.g. the immunoglob-
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ulin G-binding protein A, fibrinogen-binding protein, clumping factor B, and aure-

olysin), and genes related to vitamins and cofactors (e.g. the riboflavin biosynthe-

sis protein RibBA, cobalt ABC transporter permease, and thiamine ABC transporter

permease). Furthermore, co-culture of the staphylococcal t111 isolate with Ko dur-

ing stationary phase induced expression of the hlgA, hlgB and hlgC genes, which

encode the gamma-hemolysins A, B and C. Likewise, in the same cultures, the spl

operon that encodes six serine protease-like genes was considerably upregulated.

Of note, while staphylococcal accessory regulator genes were expressed at basal

level in all cultures, they were more importantly upregulated in isolate t13595 in

the planktonic co-cultures of the S. aureus t111+t13595 isolates.

4.3.4. S. aureus shows massive silencing of gene expression upon co-culturing

under biofilm-mimicking conditions

To determine the fundamental differences among the typical in vitro monoculture

set up and the bacterial community environment normally encountered in con-

taminated wounds, we designed an experiment that aimed to mimic the biofilm

conditions present in a skin wound. Therefore, we compared the genes expressed

in staphylococcal monocultures versus the genes expressed in the presence of all

the other isolates upon culturing onRPMI agar (Figure 4.1). These cultures rendered

1055 DEG and 1508 DEG for the t111 and t13595 cultures respectively. Notably, only

168 (16%) of the t111 genes and 87 (26%) of the t13595 genes were upregulated ≥2

fold, compared to the 794 (75%) and 926 (61%) thatwere downregulated≥2 fold (Fig-

ure 4.5). Genes encoding proteins related to phosphorus metabolism (e.g. the phos-

phate starvation protein PhoH), iron acquisition/metabolism (e.g. IsdB, IsdC, IsdE,

ferrichrome-binding protein, iron ABC transporters), several proteases (e.g. SplA,

SplB, SplC, SplD, SplF, zinc metalloprotease), biotin metabolism, and the gamma

hemolysin component Awere upregulated. However, considering the relatively low

number of upregulated genes, the changes were not very pronounced. That is, al-

though there were several other DEG, the vast majority of these genes was only

moderately upregulated (e.g. the opp- and spl-related genes). Furthermore, it should

be realized that on average 40% of the whole DEG related to proteins with unknown

functions, which reflects the fact that gene expression in mixed biofilm conditions

has barely been studied.
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Figure 4.5: Differentially expressed genes (DEG) of S. aureus upon co-culturing

in liquid and on agar media. (A) The normalized log2(expression signals) fold

change of theDEGare plotted in aheatmap as a function of experiments (x-axis) ver-

sus genes of S. aureus t111 (y-axis). A striking decrease of signal is evident in the first

column,which corresponds to the DEG of S. aureus t111 in the biofilm-mimicking ex-

periment where the t111 isolate is co-cultured with the t13595, Ko and Bt isolates.

(B) Volcano plot of S. aureus t111 genes upon co-culturing as in (A) with the t13595,

Bt or Ko isolates versus monoculture. The logarithms of the fold changes of individ-

ual genes (x-axis) are plotted against the negative logarithm of their p-value to base

(y-axis). Positive log2 (fold change) values represent upregulation in monoculture

compared to co-culture, and negative values represent downregulation.
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Surprisingly, upon cultivation with other wound-colonizing bacteria, both in-

vestigated S. aureus isolates showed a massive silencing of gene expression (Fig-

ure 4.5 and Figure S2). Particularly for those genes related to the metabolism

of amino acids and their derivatives, carbohydrates, virulence, membrane trans-

port (including lantibiotic and other antibiotic and multidrug transporters) and

phages or transposable elements. These genes are mostly regulated by SigB, fol-

lowed by CodY and CcpA (Table S6). Other important regulons like SaeR, Fur, HisR

andRex also showed downregulation. Furthermore,we found that the expression of

a pseudo-tRNA (tRNA-Pseudo-TCC) and tRNA-His-GTG were importantly decreased

in both staphylococcal isolates. Finally, potA expression was downregulated in the

context of the ”biofilm community”, which is fully consistent with the observa-

tion from our proteome analyses that potA is downregulated when S. aureus is co-

cultured with Ko or Bt.

4.3.5. Reduced mortality of Galleria mellonella upon co-infection with S. aureus

and K. oxytoca

To validate our proteome and transcriptome findings, we established an infection

model with the larvae of the grater wax moth G. mellonella. This non-mammalian

model represents a great alternative to the use of mammals for in vivo testing as

shown by their conserved structural and functional innate immune system re-

sponses, including phagocytosis through cells called hemocytes, and humoral re-

sponses mediated by opsonins, melanisation, and anti-microbial peptides [30]. In

addition, this model is inexpensive, very easy to implement, and does not require

ethical approval [31, 32]. Despite the advantages of this model over that of verte-

brates, it is worth highlighting that this organism is intrinsically vulnerable to one

of our isolates. Indeed, B. thuringiensisiswell-known for its entomopathogenic toxins

Cry and Cyt, as it is used as biopesticide in agriculture [33, 34].

We initially assessed the virulence of each isolate. Live bacteria showed a dose-

dependent killing, meaning that higher CFUs caused greater mortality after 24 h.

Sterile culture filtrates from each isolate showed different degrees of virulence, the

Ko strain’s filtrates being themost virulent while those from the t111, t13595 and Bt

strains showed relatively little effect, if any. Inoculation of heat-killed bacteria and
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sterile PBS had no effect on the larval survival for 48 h (Figure 4.6A and Figure 4.6B).

The virulence of each isolate was compared with the virulence of the isolates in

co-infection in the larvae. Infections with live S. aureus isolates and live Bt together

showed greatermortality, probably due to the entomopathogenic toxins of Bt. How-

ever, as anticipated based on the above proteome and transcriptome analyses, in-

fections with live S. aureus isolates plus live Ko revealed a pronounced decrease in

mortality (Figure 4.6C and Figure 4.6D). The same was not observed when live S. au-

reus isolates were inoculated with sterile culture filtrates of Ko or Bt, where mor-

tality was higher (Figure 4.6C and Figure 4.6D, Figure S3). Interestingly, the same

effect was observed when the inoculum of live S. aureus isolates was mixed with

heat-killed Ko, showing that live Ko was needed to reduce the virulence of S. aureus.

On the contrary, upon mixing live S. aureus t111 with heat-killed Bt, the larval sur-

vival was better compared to the infections with each individual isolate, meaning

that the virulence of S. aureus t111 was decreased (Figure S3).

4.4. Discussion

In the present study, we have performed an in-depth analysis of the responses of

two previously identified S. aureuswound isolates with spa types t111 and t13595 to

the presence of co-resident B. thuringiensis(Bt) and K. oxytoca (Ko) strains [11]. Inter-

estingly, our novel observations connect well to those described in a recent study,

where we deepened into the proteomic characteristics of hospital-acquired (HA)

and the community-acquired (CA)methicillin resistant S. aureus (MRSA) isolates be-

longing to the USA300 lineage [35]. The distinction between these two groups of

isolates was based mainly on differential expression of their metabolic pathways,

suggesting that adaptations in central carbon metabolism can streamline S. aureus

for propagation in the community or the hospital. While the CA-MRSA isolates

commit to the production of gluconeogenesis-related proteins, higher amino acid

metabolism and purine biosynthesis, the HA-MRSA isolates center on the produc-

tion of more glycolytic enzymes and pentose phosphate pathway-related proteins

[35].

Our staphylococcal t111 and t13595 isolates – despite their close relatedness
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Ko/Bt 1 x10^4 0.5

t111/t13595 1.25 x 10^6 0.25
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Figure 4.6:Mortality of Galleria mellonella larvae upon (co)infection with S. au-

reus t111, t13595, B. thuringiensis and K. oxytoca.Mortality was recorded 24 h and

48 h post inoculation of 10 L of a range of dilutions from 1x104 to 5x106 CFU/mL of

the respective isolates uponmono or co-infection. Data shown is pooled from three

distinct repeats. Injection with 10 L of 2.5x107 ‘CFU’ was used for experiments with

heat-killed bacteria. (A)Mortality upon inoculationwith S. aureus t111 (11) and S. au-

reus t13595 (13), where 1.0 refers to 5x106 CFU/mL, 0.5 refers to 2.5x104 CFU/mL,

SN relates to supernatant, and HK to heat-killed bacteria. (B) Mortality after inocu-

lation with B. thuringiensis(Bt) or K. oxytoca (Ko). (C) Mortality after inoculation with

S. aureus (11) and K. oxytoca (Ko) upon mono- or co-infection. (D) Mortality after in-

oculation with S. aureus (13) and K. oxytoca (Ko) upon mono- or co-infection.
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(192 bp difference) – also presented a distinct display of proteins predominantly

linked to their metabolism. In particular, isolate t111 showed abundancy in TCA

cycle proteins, as well as proteins involved in fatty acids, purine and pyrimidine

metabolism, inosine monophosphate biosynthesis, and glycine catabolic processes,

all of which are gluconeogenesis-related processes. In contrast, the t13595 isolate

was predominantly dedicated to processes linkedwith glycolysis and glycerol ether

metabolism (Table 4.1, Table 4.2 and Table S5). Following this line, the t111 iso-

late resembles the USA300 CA isolates in that it features more virulence factors,

such as the iron-regulated surface determinant proteins IsdA and IsdB. On the other

hand, despite the fact that the t13595 isolate also originates from the community,

it displays traits of the USA300 HA isolates. For example, it expresses less virulence

factors and displays more responses relating to oxidative stress management and

cell redox homeostasis combined withmetal ion transport and tetrapyrrole (heme)

biosynthesis (Figure 4.3).

Although both the t111 and t13595 isolates express proteins involved in purine

nucleotide biosynthesis, this does not alter the general picture of the differences in

metabolic pathway expression among these isolates. The fact that purine biosyn-

thetic proteins are abundant in both isolates mainly relates to the challenging

nutrient-limitedmedia inwhich they are grown and, therefore, an increased supply

of AMP for phosphorylation by other pathways is needed to generate ATP. In other

words, the heterogeneity among the investigated staphylococcal isolates seems to

relate to their behaviorwithin thewound,where S. aureus t111 apparently functions

as the invading population and S. aureus t13595 as the persister one. This duality is

in fact characteristic for S. aureus adaptations observed in previous studies upon in-

ternalization of host cells, antibiotic challenge, biofilm formation, and exposure to

exotoxins fromother pathogens, all ofwhich represent common features in chronic

infections [17, 36–38].

In the exoproteome of staphylococcal co-cultures with Bt and Ko, we observed

that the detected number of proteins that belong to the cellular fraction was

markedly reduced [11]. Initially, we assumed that this reduction of proteins was

due to increased proteolysis, decreased cell lysis, or protein consumption by the

other bacteria [11]. However, we now show that this pattern is mirrored in the cel-

lular proteome,which implies that either the detection of the less abundant staphy-
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Table 4.1: Functional analysis of the different data sets (mono or co-culture) from

S. aureus t111, t13595, B. thuringiensis and K. oxytoca during exponential phase. The

analysis was performed using Gene Set Enrichment Analysis (GSEA). The Gene On-

tologies p-values obtained via GSEA were then input into ReViGo.

S. aureus t111 – Exponential Phase

Monoculture + S. aureus 13595 + B. thuringiensis + K. oxytoca

oxidation-reduction process tRNA aminoacylation metabolic process metabolic process

metabolic process oxidation-reduction process translational elongation protein folding

tRNA aminoacylation metabolic process transcription, DNA-templated cellular iron ion homeostasis

tricarboxylic acid cycle gluconeogenesis oxidation-reduction process translational elongation

gluconeogenesis translational elongation cellular iron ion homeostasis oxidation-reduction process

protein metabolic process protein folding protein folding transcription, DNA-templated

translational elongation transcription, DNA-templated tRNA aminoacylation response to stress

protein folding cellular iron ion homeostasis response to stress

transcription, DNA-templated tricarboxylic acid cycle isoprenoid biosynthetic process

cellular iron ion homeostasis protein metabolic process cell redox homeostasis

glycine catabolic process glycine catabolic process

glycolytic process glycolytic process

pyrimidine biosynthetic process pyrimidine biosynthetic process

fatty acid biosynthetic process response to stress

’de novo’ pyrimidine biosyn-

thetic process

‘de novo’ IMP biosynthetic pro-

cess

response to stress

carbohydrate metabolic process

tetrapyrrole biosynthetic pro-

cess

’de novo’ IMP biosynthetic pro-

cess

S. aureus t13595 – Exponential Phase

Monoculture + S. aureus 111 + B. thuringiensis + K. oxytoca

metabolic process metabolic process glycolytic process metabolic process

glycolytic process glycolytic process metabolic process glycolytic process

tRNA aminoacylation tRNA aminoacylation purine biosynthetic process tRNA aminoacylation

purine biosynthetic process purine biosynthetic process tRNA aminoacylation oxidation-reduction process

cell adhesion glycerol ether metabolic process cell adhesion

oxidation-reduction process oxidation-reduction process phosphorylation

translational elongation cell redox homeostasis glycerol ether metabolic process

phosphorylation phosphorylation metal ion transport

glycerol ether metabolic process transcription, DNA-templated protein folding

transcription, DNA-templated metal ion transport cell redox homeostasis

’de novo’ pyrimidine biosyn-

thetic process

metal ion transport
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Table 4.2: Functional analysis of the different data sets (mono or co-culture) from

S. aureus t111, t13595, B. thuringiensis and K. oxytoca during stationary phase. The

analysis was performed using Gene Set Enrichment Analysis (GSEA). The Gene On-

tologies p-values obtained via GSEA were then input into ReViGo.

S. aureus t111 – Stationary Phase

Monoculture + S. aureus 13595 + B. thuringiensis + K. oxytoca

metabolic process metabolic process oxidation-reduction process translational elongation

oxidation-reduction process oxidation-reduction process metabolic process isoprenoid biosynthetic process

translational elongation glycine catabolic process translational elongation

’de novo’ pyrimidine biosyn-

thetic process

RNA phosphodiester bond hy-

drolysis

RNA phosphodiester bond hy-

drolysis

fatty acid biosynthetic process mRNA catabolic process fatty acid biosynthetic process

gluconeogenesis isoprenoid biosynthetic process RNA processing

mRNA catabolic process carbohydrate metabolic process folic acid-containing compound

biosynthetic process

tricarboxylic acid cycle glycolytic process transcription, DNA-templated

carbohydrate metabolic process fatty acid biosynthetic process purine biosynthetic process

glycine catabolic process translational elongation isoprenoid biosynthetic process

transcription, DNA-templated RNA processing

folic acid-containing compound

biosynthetic process

folic acid-containing compound

biosynthetic process

’de novo’ IMP biosynthetic pro-

cess

‘de novo’ IMP biosynthetic pro-

cess

translation translation

tRNA aminoacylation tRNA aminoacylation

purine biosynthetic process purine biosynthetic process

pyrimidine biosynthetic process

proteolysis

transcription, DNA-templated

gluconeogenesis

S. aureus t13595 – Stationary Phase

Monoculture + S. aureus 111 + B. thuringiensis + K. oxytoca

tRNA aminoacylation tRNA aminoacylation glycolytic process tRNA aminoacylation

glycolytic process metabolic process metabolic process glycolytic process

metabolic process protein folding response to stress metabolic process

oxidation-reduction process regulation of DNA-templated

transcription, elongation

oxidation-reduction process oxidation-reduction process

response to oxidative stress oxidation-reduction process protein folding

protein folding response to oxidative stress regulation of DNA-templated

transcription, elongation

regulation of DNA-templated

transcription, elongation

cell redox homeostasis cell redox homeostasis

cell redox homeostasis glycerol ether metabolic process glycerol ether metabolic process

protein repair transcription, DNA-templated transcription, DNA-templated

translational elongation tetrapyrrole biosynthetic pro-

cess

tetrapyrrole biosynthetic pro-

cess

glycerol ether metabolic process response to stress purine biosynthetic process

transcription, DNA-templated metal ion transport

tetrapyrrole biosynthetic pro-

cess

purine biosynthetic process

response to stress cell adhesion

metal ion transport negative regulation of transcrip-

tion, DNA-templated

purine biosynthetic process
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lococcal proteins is masked by the presence of the Ko and Bt proteome, that less

proteins are produced, or that they are recycled by the investigated S. aureus iso-

lates. This possible recycling of proteins, might be linked to the posttranslational

regulation of exoprotein activity carried out by proteins like the Spls and other pro-

teases. Indeed, the transcriptome of planktonic cultures showed an outstanding up-

regulation of the splABCDEF operon upon co-culturing with Ko. In recent studies,

the expression of these proteins was related to the modulation of virulence factor

production, as well as the potential degradation of other cell surface and secreted

staphylococcal proteins [39]. Additionally, it has been demonstrated that these pro-

teins are secreted in vivo, are likely tomodify host proteins to the benefit of S. aureus,

and are associated with allergies [39, 40]. For instance, atopic dermatitis (AD) flares

have been linked to increased S. aureus colonization and infection, and a concomi-

tant reduction in the skin’s microbial diversity. Once the ‘missing microbes’ were

reintroduced, features of the disease seemed to improve [41–43]. Although the etiol-

ogy of this disorder is unknown, it appears that the combination of dysbiosis, host

predisposing factors, and staphylococcal proteins, such as the Spls, might trigger

the emergence of symptomatic allergies. Interestingly, patients with epidermolysis

bullosa do not have an increased risk of eczema, but they can present it [44, 45].

This is relevant because in our experimental setup, biofilm mimicking conditions

and the planktonic cultures with Ko decreased S. aureus virulence, but sparked the

expression of spl genes.

Many studies have highlighted the importance of surface/membrane proteins

in the interactions of S. aureus with the host and the same can be said for the inter-

actions with other bacteria. In our study, five membrane-associated proteins were

upregulated in S. aureus co-cultures with Ko. The only characterized proteins, LgrA

and LgrB, are antiholin-like proteins linked to cell death and lysis coordination im-

plicated in the release of DNA for biofilm formation and adherence to surfaces [46].

Importantly, the topology of LgrA’s hydrophobic region is deemed essential for the

redox status of the membrane, which is governed by the oxidative state of its cys-

teine residue that translates into redox signaling through sulphur switches [46].

This could potentially trigger further reactions (e.g. reversible oxidation, nitrosy-

lation, acylation, sulfhydration or metal binding) that affect macromolecular inter-

actions, trafficking of proteins, and perhaps even sensing of and communication

with other bacteria [47]. The importance of membrane proteins is also reflected
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in our data by the upregulated expression of genes for the oligopeptide permease

(opp) systems, ABC transporters, and many other membrane-associated proteins

with unknown functions. Such transporters have the ability to bind a wide range of

substrates (e.g. OppA) for nutrient acquisition and they can be immunogenic [48],

making them excellent targets for antimicrobial agents. Alternatively, they can also

be used as systems for delivery of novel bactericidal compounds.

An interesting finding in our study was a consistent upregulation of genes en-

coding enzymes for tryptophan (Trp) biosynthesis, which was particularly high

when the Staphylococcus isolates were co-culturedwith Ko. Considering that this is a

biologically very expensive and complicated process, S. aureus seems to have a great

need for the expression of this amino acid. In principle, it has been shown that the

presence of D-Trp and/or L-Trp in culturemedia and intracellularly, inhibits biofilm

formation of other pathogenic microorganisms, such as P. aeruginosa, Pseudomonas

mendocina, Escherichia coli and Cronobacter sakazakii [49–53]. However, the same does

not happen with S. aureus where D-Trp inhibits and L-Trp increases biofilm forma-

tion [51]. These changes in biofilm formation and degradation have been speculated

to be the result of initial changes in adhesion among cells and properties of the ex-

tracellular matrix [50, 53]. However, since Trp is a derivative of indole, an aromatic

organic compound important in the regulation of bacterial physiology, it is well

conceivable that Trp is playing a crucial role in cellular aggregation through genes

involved in cell-cell communication and quorum sensing (Figure S4).

Alongwith the above-mentioned observations, our present proteomic and tran-

scriptomic data exposed a very interesting behaviour in staphylococcal co-cultures

of the t111 and t13595 isolates, where gene expressionwas onlymarginally affected.

The absence of a larger biological response in these co-cultures implies that, de-

spite sensing each other’s presence, the bacteria continue to express their genes

almost in an unaltered way, as if the other bacterium would not disturb their basal

physiological state. Interestingly, the same phenomenonwas observed for Ko genes

when co-culturedwith either staphylococcal isolate during the exponential growth

phase, and partially during the stationary growth phase.

The verification of the present proteome and transcriptome data in the con-

text of staphylococcal virulence is by definition limited to an animal model. Natu-
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rally, our in vitro culture conditions try to simulate the nutrient-deprived status of

the human body, but they cannot entirely mimic the conditions in skin wounds, in

the same way that the G. mellonella infection model cannot strictly be compared to

a chronic wound environment. Nonetheless, we have spliced proteomic and tran-

scriptomic findings pertinently andmanaged to demonstrate the lowered virulence

of S. aureus upon co-infection in the G. mellonellamodel, validating our observations

based on in vitro co-culturing of the bacteria. More in depth analysis of molecules

like Spls, tryptophan, LgrA, LgrB, and other membrane-associated proteins will be

needed to fully appreciate all the consequences of their expression in the interac-

tions, fitness and survival of S. aureus.

In conclusion, the current data suggests that the success of S. aureus in colo-

nizing and surviving of chronic wounds as presented by patients with epidermol-

ysis bullosa not only relies on the ability of this bacterium to adapt to the differ-

ent host environments, but also on its evolutionary associations with other micro-

bial organisms. For example, different interactions were reported to be triggered

by P. aeruginosa isolates upon co-cultivation with S. aureus [54–56]. While in some

of these studies, P. aeruginosa induced pigment production and catalase upregula-

tion in S. aureus, or facilitated microcolony and biofilm formation, other studies re-

ported a decreased virulence gene expression in both the investigated P. aeruginosa

and S. aureus isolates [54–56]. On the other hand, interactions between the soil bac-

terium Bacillus subtilis and S. aureus seem blunter [11], as various studies provided

evidence for an efficient competitive inhibition of S. aureus by B. subtilis due to the

expression of sublancin 168 [57] or fengycin [58], thereby illustrating the potential

value of B. subtilis as a probiotic. Altogether, it thus seems that, through its molec-

ular interactions with other microorganisms, S. aureus has been able to diversify

and, therefore, broaden its metabolic traits to its benefit. In view of the plethora

of unsuccessfully developed vaccines against S. aureus [59], much of which were

either based on virulence factors or capsular polysaccharides, it seems that new

strategies might be more appropriately focused on those cellular components that

are expressed during the commensal state of the bacterium or that are key in its

metabolic homeostasis. If so, it would only be a matter of discovering how exactly

we can defeat the pathogen S. aureus from an ecosystem perspective.
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Abstract

While many studies addressed virulence and the underlying gene regulatorymech-

anisms of the opportunistic pathogen Staphylococcus aureus in vitro or in animal

models, we still know little about the full spectrum of staphylococcal genes ex-

pressed in the human host. This mostly relates to challenges in obtaining bacte-

rial RNA directly from patients. In this study, we succeeded to isolate and sequence

bacterial RNA from the chronic wound of a patient with the genetic blistering dis-

ease epidermolysis bullosa, and to study S. aureus gene expression in situ. Impor-

tantly,we also identified the expressed gene complement of thewound co-colonizer

Corynebacterium striatum. This allowed comparisons of the in situ S. aureus transcrip-

tomewith the in vitro transcriptome of S. aureus grown inmonoculture or co-culture

with C. striatum. Our results highlight major differences in S. aureus gene expres-

sion in situ and in vitro, focusing attention on altered metabolism, enhanced vir-

ulence factor expression, and massive induction of genes for genetic competence

and bacteriocin production. The present metatranscriptomic snapshot of S. aureus

thus depicts unexpected bacterial niche adaptations and inter-microbial interac-

tions that enhance the pathogen’s fitness within the human host. Our data also

highlight in situ-expressed targets for innovative anti-staphylococcal therapy to en-

hance wound healing.

5.1. Introduction

The human microbiome plays decisive roles in health and disease [1]. Accordingly,

the composition and dynamics of differentmicrobial populations within and on the

human body have been charted in great detail. Yet, very little is known about the

inter-microbial exchange and adaptations in the ecological context [2]. Such is the

case formicroorganisms that cohabit in chronic wounds of the skin, where their in-

teractions and association with impaired wound healing are still ambiguous. Here,

unrestrained growth of certain species can result in microbial population shifts,

habitually ending in chronic infection or even severe invasive disease. In previ-

ous studies, we have characterized bacterial isolates residing in the same chronic

wound from a patient with epidermolysis bullosa (EB), a genetic skin disorder char-
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acterized by blistering afterminormechanical trauma andwound formation [3].We

showed that co-cultured pathogens allowed each other’s growth andmodified their

gene expression resulting in apparently suppressed virulence (Chapter 4). Particu-

lar attention was focused on an organism commonly involved in wound coloniza-

tion and infection, the opportunistic pathogen Staphylococcus aureus. This bacterium

has the remarkable ability to thrive in different niches, and is known to infectmany

tissues and organs, including the skin [4, 5]. When co-cultured in vitro with wound

coexisting bacteria, S. aureus expressed fewer genes and proteins, seemingly obtain-

ing metabolic benefits through interactions with its cultured neighbours (Chap-

ters 3 and 4) [3]. Furthermore, co-culture induced the upregulated expression of

genes related to tryptophan biosynthesis, the LrgA/B holin-anti-holin system, the

gamma-hemolysins A, B and C, and the serine protease-like proteins SplA-F which

are potential allergens [6]. As a next step in our study of wound-colonizing bacte-

ria of EB patients, we have now investigated the behaviour of S. aureus in situ in a

chronic wound. Specifically, in vitro gene expression patterns were contrasted with

the in situ situation to uncover the impact of community biodiversity and the host

environment.

5.2. Materials and methods

5.2.1. Ethics Statement

The local medical ethics committee (METc) of the University Medical Center

Groningen (UMCG) approved the collection of non-invasive samples from pa-

tients with EB based on written informed consent (METc registration number

NL27471.042.09). The study was performed with adherence to the guidelines of

the Declaration of Helsinki and local regulations, and data was treated pseudo-

anonymously.
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5.2.2. Wound sampling and RNA extraction

Wound samples were obtained by swabbing (eNAT, Copan). Directly after swabbing,

samples were frozen into liquid nitrogen. Thereafter, samples were thawed and

transferred into frozen Teflon vessels for disruption in a Mikro-Dismembrator S

(Sartorius; 2600 rpm, 2 min). The resulting powder was recovered with prewarmed

(50◦C) TRIzol reagent (Thermo Fisher Scientific) followed by centrifugation (12,000

x g, 10 min, 4◦C). The supernatant was transferred into a fresh tube and incubated

for 5min at roomtemperature. Then, 200µLof chloroform/mLof TRIzolwere added

and tubes were shaken vigorously by hand for 15 seconds. Incubation at room tem-

perature for 3 min was followed by centrifugation (12,000 x g, 15 min, 4◦C). The up-

per aqueous phase was transferred into a new RNase free tube. RNA precipitation

was done by adding and mixing gently 500 µL of isopropanol/mL of TRIzol. Incuba-

tion at room temperature for 10min, followed by centrifugation (12,000 x g, 10min,

4◦C). The supernatant was removed by pipetting and the RNA pellet was washed

once with 1 mL 75% ethanol/mL of TRIzol and centrifuged (7,500 x g, 5 min, 4◦C).

Subsequently, the pelletwas air-dried for 5min and resuspended in 20µLRNase free
water. DNase treatment was performed to purify the RNA samples from contami-

nating DNA following TURBO DNA-free rigorous treatment protocol (Invitrogen).

Ribosomal RNA removal was performed following Ribo-Zero protocol (Illumina).

5.2.3. 16S rRNA gene sequencing and analysis

Samples that were not treated with Ribo-Zero were assigned for 16S rRNA gene se-

quencing. Therefore, the human rRNA was removed using the MICROBEnrich kit

(Ambion, ThermoFisher Scientific). Then, bacterial RNA was purified and double-

stranded cDNA was generated using the NEBNext mRNA First and Second Strand

Synthesis (New England Biolabs) according to the manufacturer’s instructions. The

16S V3 andV4 regions were amplified according to the Illumina protocol [7] and the

librarywas prepared using theNextera XTprotocol (Illumina). The samplewas then

sequenced on a MiSeq (Illumina) using the MiSeq Reagent Kit v3 (600 cycles paired-

end; Illumina). For 16S rRNA analysis, the reads were assigned to Operational Taxo-

nomic Units (OTUs) using CLC Genomics Workbench v10.1.1 (Qiagen). The database

utilized was the Greengenes v13_5 (downloaded on March 4th, 2017), with a clus-
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tering similarity threshold of 97%. Low abundant OTUs (<10%) were discarded.

5.2.4. RNA sequencing and metatranscriptome analysis

Library Preparation: cDNA libraries were constructed using Ion Total RNA-Seq Kit

v2 from Life Technologies (Cat# 4479789) according to the manufacturer’s proto-

col. Briefly, 100 ng of enriched mRNA was fragmented for 10 minutes with RNAase

III. Fragmented RNA was purified using Nucleic Acid binding beads, Nucleic acid

binding buffers and the manufacturer’s recommended protocol (Life Technologies

Ambion; Cat# 4479681). Purified sampleswere run on anAgilent 2100 Bioanalyzer to

assess yield and size distribution of the fragmented mRNA. 25-50 ng of fragmented

mRNA was then hybridized with Ion Adapters in a thermocycler for 10 min at 65◦C

and 5 min at 30◦C. Adapters were then ligated to the hybridized fragmented mRNA

for 30 min at 30◦C. Subsequently, the samples were mixed with a reverse transcrip-

tasemaster mix and incubated at 42◦C for 30mins to generate cDNA libraries. cDNA

libraries were purified using Nucleic Acid binding beads and Nucleic Acid buffers

following the manufacturer’s protocol (Life Technologies Ambion; Cat# 4479681).

The purified cDNA libraries were amplified by PCR using Platinum PCR Super-Mix

High Fidelity and Ion Xpress Barcode reverse and forward primers with the follow-

ing conditions: step 1: 95◦C, 2 min; step 2: 94◦C, 30 sec / 50◦C, 30 sec / 68◦C, 30 sec

for 2 cycles; step 3: 94◦C, 30 sec / 62◦C, 30 sec / 68◦C, 30 sec for 14 cycles; step 4:

68◦C, 5 min. The amplified cDNA libraries were purified using Nucleic Acid binding

beads, binding buffers and run on Agilent 2100 Bioanalyzer to determine the yield

and size distribution of each library.

Templating, Enrichment and Sequencing:∼100pMof pooled barcoded libraries

were used for templating using Life Technologies IonChef 200 kit (Cat# 4488377) and

according to the manufacturer’s recommended protocol. Briefly, 100 pM of pooled

libraries were combined and 70 µL of each sample was loaded onto the Ion Chef.

Next, all reagents for the Ion Chef 200 Kit were loaded onto the Ion Chef and the

run was performed. The Ion Chef templates, enriches and loads the sample onto

a P1 chip. After 15 h, the Chef paused so that QC could be performed on the unen-

riched samples. After the pause, the beadswere isolated and quality assessmentwas

performed on a Qubid instrument to determine the percentage of beads that were
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polyclonal. After polyclonal assessment the Ion Chef resumed running and loaded

the samples onto a P1 chip. The loaded chip was then placed into an Ion Proton

sequencer and the run was started using an Ion torrent RNAseq run plan that was

configured based on type of library, species, number of run flows required, type

of plug-in required, adapter-trimming as well as other parameters specific to the

transcriptome run. After completion of the run, Fastq files were generated. Library

preparation and RNA sequencing were performed by PrimBio Research Institute

LLC, Exton, PA, USA.

For the bacterial taxonomy based on metatranscriptomic data, three different

tools were used: Taxonomer, PathoScope 2.0 and CLC Genomics Workbench v10.1.1

(Qiagen). For Taxonomer, the generated reads were quality filtered to removed se-

quencing adapters and low-quality bases. Subsequently, the resulting reads were

processed following the default parameters (https://www.taxonomer.com/). For

PathoScope analysis, quality filtered reads were mapped to the bacterial genomes

in RefSeq from NCBI using the BWA-MEM software package. Then, PathoScope was

run on the resultingmapped reads to obtained the abundance estimate of each bac-

terial species. Matching between genome references and bacterial species was done

using the NCBI Taxonomy tool. For CLC, the reads were trimmed (quality trimming

with a quality score limit of 0.05 and adapter trimming with the trim adapter list of

Illumina 16S primers), and subsequently mapped against the human genome hg19

(downloaded onMarch 6th, 2017). Taxonomic classification was achieved using a K-

mer based approach and an NCBI RefSeq database of all bacteria (Minimum Length

= 500,000 bp, downloaded on July 8th, 2017).

Furthermore,mapping of reference genomes andnormalization of gene expres-

sionwere performedusing CLCGenomicsWorkbench v20.0 (Qiagen). RNA-seq reads

were aligned to the S. aureus strain USA300_FPR3757 (reference sequence acces-

sion number NC_007793) and Corynebacterium striatum strain KC-Na-01 (reference

sequence accession number CP021252). Gene expression was normalized by calcu-

lating reads per kilobase per million mapped reads (RPKM), given by dividing the

number of mapped reads by the total number of reads (in millions) and the gene

length in kilobases [8]. RPKM corrects for differences in both sequencing depth and

gene length. Differentially expressed geneswere identified using the GLM test (neg-

ative binomial test [9]) with a Bonferroni correction applied [10]. Genes with an ad-
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justed P value of≤0.05 and a fold change±2.0were identified as being differentially

expressed.

5.3. Results and discussion

For the present exploratory study, we swabbed two chronic wounds from twomale

patients with EB. The wound of one patient was located on his back between the

shoulders, and the other patient’s wound was located in the perianal area. The pa-

tientswere not under antibiotic treatment and theirwoundswere not considered as

infected. The taxonomic analysis of both patients’ samples revealed that the wound

microbiota was mainly composed by the phyla Proteobacteria, Firmicutes, and Acti-

nobacteria, with a prevalence in the orders Pseudomonadales, Enterobacteriales, Bacil-

lales, Burkholderiales and Alteromonadales (Supplementary Table S1). However, based

on the taxonomic analysis from different pipelines, we could not confirm the pres-

ence of S. aureus in the sample from the perianal region. We assume that this may

relate to thepresence of dressing ointment leftovers, or gut-relatedmicrobiota such

as Bacillus subtilis. Of note, B. subtilis produces antimicrobial compounds that effec-

tively eliminate S. aureus [3, 11, 12] . In contrast, the taxonomic analysis did reveal

the presence of S. aureus and Corynebacterium striatum in the back-wound sample.

C. striatum is a human skin commensal microorganism, but it is also regarded as an

opportunistic pathogen responsible for emerging multidrug resistant nosocomial

infections [13]. Therefore, we focused our gene expression analysis on the sample

that encompassed S. aureus and C. striatum.

In vitro co-culturing of S. aureus and C. striatum under human skin-surface mim-

icking conditions has previously shown a decreased expression of S. aureus genes

involved in invasive infection, but an increase in surface-associated adhesion fac-

tors known to be expressed in host colonization [13]. To compare the previous

RNAseq data obtained upon in vitro co-culturingwith our present RNAseq data from

the in situ sample, we implemented the RNAseq data obtained by Ramsey et al.

as a reference [13]. The subsequent functional analysis of differentially expressed

genes was based on the SEED Viewer version 2.0 categories [14, 15]. When analyzed

within the community context (i.e. co-culture and wound swabbed samples), the
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highest represented S. aureus terms in situ were those related to membrane trans-

port, amino acids and derivatives metabolism, iron acquisition and metabolism,

co-factors, vitamins and prosthetic groups (Figure 5.1; Supplementary Table S2).

These observations agree with the surrounding wound environment, since nutri-

ent sources are most likely scarce and major metabolic adaptations are needed

to thrive in this condition. On the other hand, we observed that stress response-

related genes were mostly upregulated when S. aureuswas co-cultured with C. stria-

tum in vitro (Figure 5.1). Interestingly, even though the expression of S. aureus vir-

ulence factors was lower in the in vitro co-culture compared to the monoculture,

the expression of S. aureus genes associated with virulence in the in situ sample al-

most doubled compared to the co-culture and it was also markedly higher than in

the monoculture (Table 5.1, Table 5.2). in situ, a particularly high expression of the

vonWillebrand factor binding protein Vwb, the Panton-Valentin Leukocidin (PVL),

and bicomponent hemolysins stood out. This can be explained by the exposure to

the host’s immune defences in situ, which was absent in the in vitro experiments,

and the fact that in the chronic wound context many more microbes occupy and

compete for the same niche with consequent inter-kingdom responses. The latter

view would be supported by the finding that genes for the synthesis of the an-

timicrobial peptide epidermin were among the highest upregulated genes in situ.

Furthermore, an analysis of activated regulons revealed that the metabolic regula-

tors CcpA, CodY and Fur, and the stress-responsive sigma factor B were modulat-

ing many in situ responses. Unexpectedly, only few genes (e.g. for the beta-channel

forming cytolysin, immunoglobulin binding protein Sbi, and coagulase) were up-

regulated by the accessory gene regulator (Agr) two-component system that is of

key importance for staphylococcal virulence. Additionally, we observed that the

genes related to tryptophan biosynthesis, serine-like proteases with allergenic fea-

tures, the antiholin-like protein LrgB, and spermidine/putrescine ABC transporter

substrate-binding protein were expressed at elevated levels under in situ commu-

nity conditions. Lastly, highly elevated in situ expression of the sigH gene and the

SigH-regulated comK, comF, comGA and comGB genes was noteworthy [16]. To date,

expression of these genes needed for genetic competence to take up extracellular

DNA was in vitro only observed in genetically engineered S. aureus strains [17]. This

rendered the process of genetic competence in S. aureus enigmatic, despite the fact

that this process is considered critical for horizontal gene transfer and the spread
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Figure 5.1: Functional classification of the staphylococcal metatranscriptome.

Classification according to the SEED viewer. A) Genes expressed in situ (chronic

wound) by S. aureus in the chronic wound. The number of genes represented in the

chart were contrasted with the in vitro gene expression of S. aureus upon co-culture

with C. striatum. B) Genes expressed in vitro by S. aureus upon co-culture with C. stria-

tum. The number of genes represented in the chart were contrasted with the in situ

gene expression of S. aureus in the wound.

of antibiotic resistance [18].

In contrast to S. aureus, outstanding differences were not observed in the num-

ber of C. striatum genes expressed in any functional categories when comparing

the in vitro co-culture data to the in situ data (Supplementary Figure S1). In terms

of numbers of regulated genes per functional category, the in situ sample mostly

showed upregulation of C. striatum genes related to biotin and riboflavin biosynthe-

sis, respiration and oxidative stress responses (Supplementary Table S3). Nonethe-

less for some particular genes, like an unspecified redoxin, a transporter of un-

known function, the ribonucleotide-diphosphate reductase subunit alpha and the

anthranilate phosphoribosyltransferase extremely high upregulationwas observed

in the in situ sample.

To our knowledge, there are no previously published metatranscriptomics in
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Table 5.1: Overview of genes associated to virulence, disease and defence expressed

in situ vs. co-culture.

Overview of genes associated to virulence, disease and defence expressed

in situ vs co-culture

Gene Fold

change

Gene Fold

change

lanthionine synthetase 410.13 lytic transglycosylase IsaA -4.40

von Willebrand factor binding protein Vwb 408.52 acyl carrier protein -4.69

PVL family protein 135.07 elastin-binding protein EbpS -4.69

superantigen-like protein SSL10 80.71 M20 family metallopeptidase -4.83

bi-component gamma-hemolysin HlgAB/HlgCB sub-

unit B

79.78 glycine glycyltransferase FemB -4.88

arsenate reductase (thioredoxin) 58.54 bifunctional folylpolyglutamate synthase/dihydrofo-

late synthase

-5.08

HTH-type transcriptional regulator SarU 47.4 D-alanine–poly(phosphoribitol) ligase subunit DltA -5.43

bi-component gamma-hemolysin HlgAB subunit A 46.24 phosphoglucosamine mutase -6.94

FemA/FemB family glycyltransferase FmhC 45.56 HTH-type transcriptional regulator SarS -7.74

DMT family transporter 39.54 signal transduction protein TRAP -7.77

MAP domain-containing protein 34.07 tRNA pseudouridine(38-40) synthase TruA -8.18

type II/IV secretion system protein (ComGA) 28.26 immunodominant staphylococcal antigen IsaB -9.24

bi-component leukocidin LukGH subunit H 25.58 DNA gyrase subunit A -9.32

competence protein ComK 25.17 PBP2a family beta-lactam-resistant peptidoglycan

transpeptidase MecA

-13.26

bacteriocin-associated integral membrane family pro-

tein

22.75 low molecular weight phosphotyrosine protein phos-

phatase

-26.17

beta-channel forming cytolysin 21.57 RNA polymerase sigma factor SigB -31.84

superantigen-like protein SSL6 17.81 glycine glycyltransferase FemA -45.61

poly-beta-1,6-N-acetyl-D-glucosamine synthesis pro-

tein IcaD

16.78 RNA-binding virulence regulatory protein CvfB -197.61

superantigen-like protein SSL14 15.11 D-alanyl-lipoteichoic acid biosynthesis protein DltD -540.12

extracellular matrix protein-binding adhesin Emp 14.48

fluoride efflux transporter CrcB 11.76

ComF family protein (comFC) 11.15

Clp protease ClpP 10.74

LPXTG-anchored repetitive surface protein SasC 10.19

peptide resistance ABC transporter permease subunit

VraE

9.89

type II secretion system F family protein (ComGB) 9.81

peptide resistance ABC transporter ATP-binding sub-

unit VraD

9.12

immunoglobulin-binding protein Sbi 8.77

fibronectin-binding protein FnbA 8.47

MSCRAMM family adhesin SdrE 7.73

toxin MazF 7.68

amidophosphoribosyltransferase 6.83

MSCRAMM family adhesin clumping factor ClfA 6.57

coagulase 6.47

multidrug effflux MFS transporter 6.45

fibrinogen-binding protein 6.3

type II toxin-antitoxin system PemK/MazF family

toxin

6.2

superantigen-like protein SSL1 6.05

ABC transporter ATP-binding protein 4.95

superantigen-like protein SSL7 4.83

LPXTG cell wall anchor domain-containing protein 4.69

hypothetical protein (epiB) 4.45

zinc ribbon domain-containing protein 4.27
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Table 5.2: Overview of genes associated to virulence, disease and defence expressed

in situ vs monoculture.

Overview of genes associated to virulence, disease and defence expressed

in situ vs monoculture

Gene Fold

change

Gene Fold

change

von Willebrand factor binding protein Vwb 436.35 bifunctional autolysin -4

lanthionine synthetase 287.42 D-alanine–poly(phosphoribitol) ligase subunit DltA -4.63

PVL family protein 236.89 M20 family metallopeptidase -4.8

superantigen-like protein SSL10 235.16 acyl carrier protein -5.78

immunoglobulin G-binding protein A 148.74 elongation factor Tu -6.15

arsenate reductase (thioredoxin) 105.46 glycine glycyltransferase FemB -6.21

bi-component gamma-hemolysin HlgAB/HlgCB sub-

unit B

87.34 lytic transglycosylase IsaA -6.49

type II/IV secretion system protein (ComGA) 85.09 bifunctional folylpolyglutamate synthase/dihydrofo-

late synthase

-7.07

poly-beta-1,6-N-acetyl-D-glucosamine synthesis pro-

tein IcaD

68.33 elastin-binding protein EbpS -10.07

HTH-type transcriptional regulator SarU 53.82 phosphoglucosamine mutase -12.67

competence protein ComK 45.73 DNA gyrase subunit A -15.49

peptide resistance ABC transporter ATP-binding sub-

unit VraD

36.16 30S ribosomal protein S12 -15.62

bacteriocin-associated integral membrane family pro-

tein

36.07 PBP2a family beta-lactam-resistant peptidoglycan

transpeptidase MecA

-17.10

FemA/FemB family glycyltransferase FmhC 33.01 accessory gene regulator AgrB -19.03

type II secretion system F family protein (comGB) 22.63 signal transduction protein TRAP -20.56

superantigen-like protein SSL6 22.58 autolysin/adhesin Aaa -31.54

bi-component gamma-hemolysin HlgAB subunit A 21.4 RNA polymerase sigma factor SigB -39.58

fluoride efflux transporter CrcB 20.13 transcriptional regulator Spx -63.21

MAP domain-containing protein 16.02 BrxA/BrxB family bacilliredoxin -84.07

bi-component leukocidin LukGH subunit H 15.25 glycine glycyltransferase FemA -90.74

LPXTG-anchored repetitive surface protein SasC 14.8 D-alanyl-lipoteichoic acid biosynthesis protein DltD -326.68

beta-channel forming cytolysin 13.59 RNA-binding virulence regulatory protein CvfB -357.12

peptide resistance ABC transporter permease subunit

VraE

11.84

extracellular matrix protein-binding adhesin Emp 11.74

MSCRAMM family adhesin SdrE 9.06

coagulase 7.92

LPXTG cell wall anchor domain-containing protein 7.89

immunoglobulin-binding protein Sbi 6.58

type II toxin-antitoxin system PemK/MazF family

toxin

6.44

toxin MazF 5.2

RNA polymerase sigma factor H (SigH) 5.05

amidophosphoribosyltransferase 5.04

ABC transporter ATP-binding protein 4.48

hypothetical protein (epiB) 4.44

multidrug effflux MFS transporter 4.26

fibronectin-binding protein FnbA 4.16
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situ studies addressing the behaviour of S. aureus or C. striatum in a chronic wound.

This probably relates to the technical challenge that bacterial RNA extraction and

purification poses, since the minimal amount of high-quality bacterial mRNA that

can be obtained is usually overshadowed by material from the host. Our present

findings thus represent a first snapshot of the S. aureus metatranscriptome in a

chronic wound environment, and emphasize the importance to move away from

traditional ’isolated’ in vitromodels by highlighting the expression of new staphylo-

coccal features that seemessential in bacterial communication, signalling, response

modulation and genetic exchange as well as host-pathogen interactions. Given the

pattern of S. aureus gene expression upon in vitro co-culturewith S. striatum, it seems

that the presence of S. striatum can soothe staphylococcal virulence. However, in

situ, we observed expression of genes associated with impaired wound healing [19].

A major question that remains to be answered is whether this in situ behaviour

results from challenges imposed by the host’s immune responses, or stimuli from

the wound microbiota and consequent inter-species interactions. To answer these

questions transcriptomic analyses of S. aureus gene expression in healthy skin and

mucosae plus a follow-up in the context of different stages of wound development

are needed.
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It is fascinating to reflect on all the great and relatively small discoveries in sci-

ence that have been made since Dhr. A. P. van Leeuwenhoek discovered his diertjes

or animalcules with his precious carved lenses some 350 years ago. It is the sum

of the achievements of all those dauntless researchers that presently grant the ad-

vanced competencies enjoyed in the contemporary life of a researcher in the 21st

century. Indeed, howmany instruments,materials, tools and techniques canwe use

to carry out our ventures intomolecular biology. And yet, despite all the knowledge

gathered, there are still elemental but intricatemechanisms conformed in the com-

munities of the microbial world that continue to be elusive. Such is the case of the

interactions within and between bacterial species in their natural environments

where microbial distribution, physiology, cooperation and competition have made

it challenging to understand the dynamics of the microbial ‘jungle’ completely.

In the presented research, the wound ecosystem has been explored by incor-

porating technologies like next-generation sequencing, proteomics and transcrip-

tomics to enable the study of bacteria in wound-mimicking settings. The starting

point of this PhD research in Chapter 2 established the basis of the microbiome

characteristics in the wounds of patients with epidermolysis bullosa (EB). Interest-

ingly, the display of the microbiome seems to vary depending on the localisation of

the initial EB blister lesion. The incredibly complex ultrastructure features of the

skinmake each and every protein involved in intercellular junctions, anchoring and

stabilisation ofmembranes crucially important for its integrity. The loss of function

of themutated protein(s) in EB induces the exposure of specific host cellmembrane-

boundmolecules that seem to promote and favour the attachment and colonisation

of certain bacterial species. The exposure of such ligands is most likely the reason

why different EB phenotypes showparticularmicrobiome arrangements and repre-

sents a field that is still unexplored. To understand the interplay between particular

bacterial species and particular blister lesions, future research should focus on the

interactions between the expressed host surface ligands in the EB wound model

and the respective bacterial tools used for cell adhesion. Such bacterial tools range

probably from single monomeric proteins to intricate multimeric macromolecules

[1]. This field alone is so huge and diverse that it will require several research teams

and many years to analyse and compare the complexity of bacterial strategies, like

those observed in fimbriae (e.g. type I pili from Escherichia coli and type IV pili from

Pseudomonas aeruginosa, Legionella pneumophila, Neisseria gonorrhoeae, Neisseria menin-
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gitidis, andVibrio cholerae), type III secretion systems (e.g. the SPIs of Salmonella spp.),

adhesins (e.g. Staphylococcus aureus FnBPs or Streptococcus pyogenes Sfbl that interact

with integrins), invasins (e.g. the invasin of Yersinia enterocolitica interacting with

integrins), and the pili generated by the sortase machinery of Corynebacterium diph-

theriae [2–8].

The study of bacterial behaviour in a community provides an idea of howmicro-

bial species interact, signal each other and exchange metabolic intermediates. Cer-

tainly, over the course of evolution, microorganisms have competed as individuals

and as kin for space and resources in order to survive and pass on genes to the next

generation. However, microorganisms can stably coexist as a result of the different

biochemical mechanisms they have developed that allow them to adapt to their

specific environment. As documented in Chapters 3 and 4 of this thesis, S. aureus

shows a cooperative character towards other pathogens that confer it the benefit to

share resources. Interestingly, S. aureus seems to have taken advantage of the fea-

tures displayed by its neighbours without the need of expressing (reduced genomic

inventory) those features itself; recollecting the principles of syntrophy. Precepts of

syntrophic activity refer to ‘a set of chemical outcomes that are different fromwhat

could occur when each microbe acts separately, and the benefits of this metabolic

interaction often come at the cost of low energetic yields and slower growth rates’

[9]. Considering the environment’s nutrient restriction in which wound microor-

ganisms grow and the above-mentioned staphylococcal characteristics, S. aureus

could be considered a ‘facultatively syntrophic partner’ in the microbial commu-

nity [10].

Staphylococcal metabolic adaptations were observed in two isolates from a

chronic EB wound where, in fact, distinct metabolic pathways gave them the char-

acteristics of either invasive or persistent strains. Moreover, proteins that were

originally considered to be restricted to the cytoplasmwere also identified extracel-

lularly, which may be important for virulence enhancement and invasive disease.

The studies presented in Chapter 4 also expose the gene expression of several pro-

teins that might be involved in sensing of and communication with other bacteria

like the antiholin-like proteins LgrA and LgrB or the expression of costly – therefore

probably essential – enzymes for tryptophan biosynthesis upon co-culturing with

other bacteria. Similarly, membrane-associated proteins like the ABC transporters
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related to the oligopeptide permease systems (Opp) and many other transporters

involved in nutrient uptake, metal ion uptake and cell attachment were highly up-

regulated upon co-culturing. Importantly, these proteins are immunogenic and can

be used as vaccine targets or as targets for the delivery of novel antimicrobial com-

pounds. The last remark is of special relevance considering the burden of staphylo-

coccal infections, the emergence ofmultidrug resistant strains, and the lack of a suc-

cessful anti-staphylococcal vaccine. Although unexpected, the current outcomes

are perhaps not completely surprising, sincemost of the strategies used to findmul-

tiple antigens for vaccines or novel drug targets have been carried out viewing S.

aureus as an isolated species and not as an activemember ofmicrobial communities.

Hence, the significance of these new insights could be applied in the screening for

potential S. aureus antigens or epitopes recognized by opsonophagocytic antibodies

in human blood. Such antibodies could be cloned and used in preventive or ther-

apeutic interventions against staphylococcal infections. Alternatively, the respec-

tively recognized S. aureus proteins or epitopes could be used in the development

of new-generation vaccines.

In vitro co-culturing of S. aureus with Klebisiella oxytoca and Bacillus thuringien-

sis, not only decreased the expression of cytoplasmic proteins, but also the expres-

sion of genes related to virulence. These observations were validated with the Gal-

leria mellonella animal model experiments presented in Chapter 4, where reduced

mortality was registered upon co-infection with S. aureus and K. oxytoca. These data

suggest that the wound microbial community could be playing an important role

in containing S. aureus proliferation and consequent infection within a wound. It

has been previously explored and recognized that manipulation of the gut micro-

biotamay improve hostmetabolic, immunological and physiological functions. This

compelling research area should focus on the study of such mechanisms to de-

velop alternative therapies which can modulate the microbiome. Examples of such

therapies are highlighted by the application of prebiotics (compounds that allow

changes in themicrobiome) or probiotics (livemicroorganisms that confer a health

benefit to the host when administered in adequate amounts) [11]. Currently, only

the bifidogenic, non-digestible oligosaccharides (particularly inulin, its hydrolysis

product oligofructose, and (trans)galactooligosaccharides) are used as prebiotics

for the gastrointestinal microbiota. However, probiotics like lactic acid bacteria

(LAB) and bifidobacteria have been more widely studied. For instance, Lactobacillus
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reuteri produces a metabolite called reuterin that is thought to oxidize thiol groups

of pathogenicmicroorganismswithout killing the beneficial ones [12, 13]. Lactobacil-

lus plantarum is another example of LAB that has been demonstrated to enhance

phagocytosis, decrease apoptosis, and impede wound colonisation by P. aeruginosa,

Staphylococcus epidermidis, and S. aureus in human burn wounds and chronic ve-

nous ulcers [14–16]. It has also been shown that Lb. plantarum enhances epithe-

lial repair and is probably involved in intestinal collagen synthesis. Similar effects

were demonstrated on the skin of photo-aged hairless mice upon oral administra-

tion of Lactobacillus acidophilus [17, 18]. On the other hand, Bifidobacterium longum

triggered increased expression of claudin 1, claudin 4, ZO-1, and occludin in ker-

atinocytes infected with S. aureus improving tight junction function and thus pre-

venting pathogen invasion [19]. All these examples encourage the search of more

‘natural’ therapies that could evoke changes in the wound environment leading

to the colonization of beneficial bacteria or those that prevent the colonization of

pathogens.

The helicopter view of wound-resident bacteria in vitro led this PhD research

into the exploration of the staphylococcal gene expression in situ. As portrayed in

Chapter 5, the effects of themicrobiome over S. aureus in the woundwere observed

and several genes that were found to be expressed in vitro were also expressed in

situ. Genes for the synthesis of epidermin, that were highly upregulated in situ, sug-

gest that some antimicrobialsmight have additional functions in nature such as sig-

nalling within and between species. Indeed, the functions previously described for

certainmolecules in the in vitro contextmight differ under different conditions giv-

ing the producer specific additional benefits. These peptides and other metabolites

could, thus, act as cues or chemical manipulators contributing to nutrient scaveng-

ing, and the adaptation of central metabolic pathways. Surprisingly, several com-

petence genes, like comK, comGA, comGB and comFC were upregulated in situ. This is

remarkable because, up to date, this aspect of the staphylococcal genome expres-

sion was not reported in studies with wild-type S. aureus isolates in vitro. Therefore,

it seems to be a characteristic needed in the wound context and, perhaps, other

in vivo settings. Whether this is due to the presence of co-existing bacteria or the

associated host immune responses is yet to be defined. Furthermore, the expres-

sion of these com genes may lead to the development of a competent state under

the appropriate conditions, but it may also be involved in other processes. It can
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be conjectured that the expression of competence genes could be related to the

production of bacteriocins, to the consumption of extracellular DNA as source of

phosphate and carbon, or it could only be used to diversify DNA exchange to cre-

ate a more robust genome able to adapt more readily against adverse conditions

in the mammalian host. Meanwhile, until further investigations focus to elucidate

the specific tasks of S. aureus competence genes in situ, their functions will remain

enigmatic.

In conclusion, through the studies presented in this dissertation, it has been

demonstrated that population heterogeneity and polymicrobial interactions have

major impact on staphylococcal physiology, which may in turn influence wound

healing. It has also been established that alternative approaches to study bacteria

are essential to the discovery and the understanding of interactions among hosts,

microbes, and disease-causing organisms. Lastly, the present research has opened

several windows for future research to address the diverse roles of staphylococcal

genes and proteins in the microbial jungle framework.
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Samenvatting en perspectief voor toekomstig onderzoek

Het is buitengewoon fascinerend om terug te blikken op alle grote en kleine weten-

schappelijke ontdekkingen die gedaan zijn sind Dhr. A. P. van Leeuwenhoek zijn

‘diertjes’ of ‘animalcules’ zo’n 350 jaar geleden ontdekte met de door hem gefab-

riceerde lenzen. Door de prestaties van wetenschappers zoals van Leeuwenhoek

en zijn navolgers kunnen hedendaagse onderzoekers de vruchten plukken van

een overweldigend aanbod aan geavanceerde technologischemogelijkheden. Het is

echt duizelingwekkend hoeveel instrumenten, materialen, hulpmiddelen en tech-

nieken tegenwoordig beschikbaar zijn omop ontdekkingstocht te gaan in deMolec-

ulaire Microbiologie. Ondanks alle verworven kennis zijn er echter nog steeds

veel essentiële mechanismes in de microbiële wereld die we niet goed begrijpen.

Dit idee wordt onderstreept door de complexe interacties van bacteriën met hun

soortgenoten en andere bacteriesoorten in de natuurlijke leefomgeving, waar hun

onderlinge afstand, fysiologie, synergie of competitie het buitengewoon uitdagend

maken om de dynamiek en de complexiteit van de microbiële ‘jungle’ volledig te

doorgronden en te voorspellen.

In het onderhavige promotieonderzoek werd het microbiële wond-ecosysteem

verkendmet behulp van verschillende technologieën, waaronder ‘next-generation’

genoom-sequentieanalyses, proteomics en transcriptomics. Hiermeekonhet gedrag

van bacteriën bestudeerd worden onder condities die het wond-milieu nabootsen.

Het vertrekpunt voor dit onderzoek is beschreven in Hoofdstuk 2 van dit proef-

schrit, waarin de nadruk ligt op de samenstelling van het wond-microbioom van

patiënten met de genetische blaarziekte epidermolysis bullosa (EB). De resultaten

suggereren, dat het wond-microbioom van deze patiënten bepaald wordt door de

plaats in de huid waar de EB-blaarvorming begint. De buitengewoon complexe op-

bouw van de menselijke huid vereist een essentieel samenspel van alle eiwitten

die betrokken zijn bij de vorming van verbindingspunten tussen huidcellen, hun

verankering en de stabilisatie van cellulaire membranen en weefsels. Functiever-

lies van dergelijke eiwitten door mutatie bij patiënten met EB exponeert speci-

fieke celmembraan-gebonden moleculen die als aanhechtingspunten voor bacter-

iën kunnen dienen, hetgeen vervolgens leidt tot kolonisatie van een wond door

bepaalde bacteriesoorten. De presentatie van dergelijke wond-specifieke aanhecht-
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ingspunten zou een reden kunnen zijn, waarom patiënten met verschillende EB-

types een specifiek wond-microbioom lijken te hebben. Dit is echter een bevind-

ing die nog nader onderzocht moet worden. Om het samenspel van bepaalde bac-

teriesoorten in de blaren en wonden van patiënten met EB beter te kunnen be-

grijpen zou toekomstig onderzoek met name gericht moeten zijn op de interac-

ties tussen geëxponeerde bindingsplaatsen van de humane gastheer en de anker-

moleculen van koloniserende bacteriën. De verschijningsvormen van dergelijke

bacteriële ankermoleculen kunnen variëren van vrij eenvoudige monomere eiwit-

ten tot complexe multimere macromoleculen [1]. Voorbeelden hiervan zijn zoge-

naamde fimbriae (bijvoorbeeld de type I pili van Escherichia coli en de type IV pili van

Pseudomonas aeruginosa, Legionella pneumophila, Neisseria gonorrhoeae, Neisseria menin-

gitidis en Vibrio cholerae), de type III secretiesystemen (bijvoorbeeld de SPI-eiwitten

van Salmonella spp.), zogenaamde adhesines (bijvoorbeeld de Staphylococcus aureus

fibronectine-bindende eiwitten [FnBPs] of de Streptococcus pyogenes Sfbl-eiwitten

die binden aan integrines van de gastheer), invasines (bijvoorbeeld de invasines

van Yersinia enterocolitica die binden aan integrines) en de pili diemet behulp van de

sortase-machinerie van Corynebacterium diphtheriae gevormd worden [2–8]. Dit on-

derzoeksgebied is zo divers, datwaarschijnlijkmeerdere teams vanwetenschappers

een aantal jaren intensief onderzoek zal moeten doen om de complexe bacteriële

strategieën voor wond-kolonisatie volledig in kaart te brengen en te begrijpen.

De bestudering van het gedrag van bacteriën in een gemeenschap van ver-

schillende bacteriën geeft een beter inzicht in hun onderlinge interacties en de

uitwisseling van signalen en metabolieten. Gedurende hun evolutie hebben micro-

organismes niet alleen als individu,maar ook als soort geconcurreerd voor bepaalde

niches en nutriënten om te overleven en om hun genen door te geven aan de vol-

gende generatie. Verschillende soorten micro-organismes kunnen echter ook zeer

stabiele samenlevingsvormen aangaan door gebruik te maken van bepaalde bio-

chemischemechanismes die het henmogelijkmaken omzich aan te passen aan ver-

schillendemilieus. Zoals beschreven in deHoofdstukken 3 en 4 van dit proefschrift

vertoont S. aureus coöperatief gedrag met andere ziekteverwekkers, waardoor deze

bacterie in staat is om nutriënten te delen volgens het principe van syntrofie. Daar-

bij maakt S. aureus gebruik van metabole interacties met zijn bacteriële ‘buren’,

waarbij nutriënten en vitamines uitgewisseld worden en waardoor het overbodig

wordt om deze zelf te maken. Een consequentie van syntrofie is vaak wel dat het
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voordeel dat behaald wordt uit de betreffende metabole interacties gepaard gaat

met een lagere energie-opbrengst en langzamere groei [9]. Gezien het feit dat het

wond-milieu voor bacteriën een nutriënt-gelimiteerde omgeving is en S. aureus ook

goed kan groeien zonder zijn buren lijkt het er echter op, dat deze bacterie een ‘fac-

ultatief syntrofische partner’ in de microbiële wond-gemeenschap is [10].

Bij twee S. aureus isolaten uit de chronische wond van een patiënt met EB wer-

den aanpassingen in de metabole routes waargenomen die deze stammen, respec-

tievelijk, de eigenschappen geven van invasieve en persistente S. aureus-varianten.

Tevens bleek dat veel bacteriële eiwitten van deze isolaten die oorspronkelijk als

exclusief cytoplasmatisch werden beschouwd ook buiten de bacteriën aangetrof-

fen konden worden, hetgeen een rol kan spelen bij virulentie en invasieve infecties

veroorzaakt door S. aureus. De studies die beschreven staan in Hoofdstuk 4 laten

ook duidelijk zien, dat eiwitten die mogelijk betrokken zijn bij de herkenning van

en communicatie met andere bacterën tot expressie komen bij co-cultivering van

S. aureus met andere bacteriën. Dit betreft bijvoorbeeld de antiholin-achtige eiwit-

ten LgrA en LgrB, of eiwitten die nodig zijn voor de, in energetisch opzicht, ‘dure’

biosynthese van het aminozuur tryptofaan. Daarnaast werd een verhoogde aan-

maak van membraan-geassocieerde eiwitten waargenomen bij co-cultivering van

S. aureus met andere bacteriën, zoals de zogenaamde ABC transporters voor op-

name van oligopeptides en diverse andere voedingsstoffen en metaalionen. Het-

zelfde gold voor eiwitten betrokken bij de aanhechting van S. aureus aan cellen

en weefsels van de humane gastheer. Hierbij is het van belang om op te merken

dat dergelijke eiwitten gemakkelijk herkend worden door het humane immuunsys-

teem en derhalve potentieel geschikte doelwitten vormen voor nieuwe vaccins of

antimicrobiële moleculen. Deze waarnemingen zijn zeer relevant gezien de sterke

toename van infecties door antibioticumresistente varianten van S. aureus en het

ontbreken van klinisch-toepasbare vaccins die de mens beschermen tegen deze

ziekteverwekker. Hoewel dezewaarnemingen onverwachtwaren, zijn zemisschien

niet helemaal verrassend als men bedenkt dat de meeste huidige strategieën voor

het identificeren van mogelijk geschikte antigenen voor vaccinatie of targets voor

nieuwe antibiotica gezochtwordendoormiddel van studies,waarbij S. aureus als een

afzonderlijke soort onderzochtwordt en niet als component van een groteremicro-

biële gemeenschap. De inzichten verkregen uit de studies beschreven in dit proef-

schrift zouden daarom goed benut kunnen worden voor de screening van poten-
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tiële S. aureus antigenen, of epitopen die herkend worden door opsonofagocytose-

stimulerende antistoffen in het bloed van geschikte donoren. Dergelijke antistoffen

zouden gecloneerd kunnen worden en vervolgens toepassingen kunnen vinden in

preventieve of therapeutische interventies om S. aureus infecties tegen te gaan. Een

alternatieve optie zou kunnen zijn om de respectievelijke S. aureus-eiwitten of epi-

topen te gebruiken voor de ontwikkeling van een nieuwe generatie vaccins.

De in vitro co-cultivering van S. aureusmet Klebsiella oxytoca en Bacillus thuringien-

sis leidde niet alleen tot een verlaagde expressie van cytoplasmische eiwittten van

S. aureus, maar ook tot de verlaagde expressie van virulentiefactoren die nodig zijn

om ziekte te veroorzaken. Deze waarnemingen werden gevalideerd in een dierlijk

infectiemodel, waarbij gebruik gemaakt wordt van larves van de wasmot Galleria

mellonella. Zoals beschreven in Hoofdstuk 4 leidde de co-infectie van G. mellonella

larves met S. aureus en K. oxytoca tot een verlaagde mortaliteit van de geïnfecteerde

larves. Deze waarneming suggereert dat de microbiële gemeenschap in een wond-

milieu een belangrijke rol kan spelen bij de vermenigvuldiging van S. aureus en

daaropvolgende wond-infecties. In eerder onderzoek is aangetoond, dat aanpassin-

gen van de microbiota in de humane darm het darm-metabolisme, de afweer

en de fysiologische functie van de darm positief kunnen beïnvloeden. Dit is een

fascinerend onderzoeksgebied en het verdient aanbeveling om de onderliggende

mechanimes nader te bestuderen voor de ontwikkeling van alternatieve thera-

pieën, waarmee het darm-microbioom op een positieve manier gemoduleerd kan

worden. Voorbeelden van dergelijke therapieën omvatten de toepassing van zoge-

noemde prebiotica, ofwel voedings-supplementen die veranderingen in het darm-

microom stimuleren, of probiotica die bestaan uit levende micro-organismes die

een gezondheidsbevorderend effect hebben op de gastheer wanneer ze in ade-

quate hoeveelheden worden toegediend [11]. Op dit moment worden alleen zo-

genaamde bifidogene, niet-verteerbare oligosaccharides, zoals inuline en inuline-

derivaten, als prebiotica ingezet ter verbetering van de gastro-intestinale micro-

biota. Probiotica, zoals melkzuurbacteriën en bifidobacteriën, hebben daarente-

gen veel meer aandacht gekregen. Lactobacillus reuteri produceert bijvoorbeeld de

metaboliet reuterine die aanleiding geeft tot oxidatie van thiol-groepen in eiwit-

ten van pathogene micro-organismes, zonder dat hierdoor de ‘goede’ bacteriën

negatief beïnvloed worden [12, 13]. Lactobacillus plantarum is een ander voorbeeld

van een melkzuurbacterie die als probioticum ingezet wordt. Deze bacterie kan de
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fagocytose van pathogenen stimuleren, verlaagt apoptotische effecten en remt de

kolonisatie door Pseudomonas aeruginosa, Staphylococcus epidermidis en S. aureus van

brandwonden en chronische zweren [14–16]. Lb. plantarum kan ook het herstel van

beschadigd epitheel stimuleren en is wellicht betrokken bij collageensynthese in

de darmen. Soortgelijke effecten werden aangetoond voor de, door lichtinwerk-

ing, verouderde huid van haarloze muizen na orale toediening van Lactobacillus

acidophilus [17, 18]. Daarnaast werd aangetoond, dat Bifidobacterium longum de ex-

pressie van eiwitten, zoals claudin 1, claudin 4, ZO-1 en occludin, kon stimuleren

in keratinocyten die geïnfecteerd waren met S. aureus. Hierdoor werd de functie

van de verbindingspunten tussen cellen, de zogenaamde tight junctions, verbe-

terd en werd invasie door pathogen tegengegaan [19]. Al deze voorbeelden vormen

zeer bemoedigende aanwijzingen omverder onderzoek te doen naarmeer natuurli-

jke therapieën die verandering in het wond-milieu kunnen stimuleren. Dit zou er

uiteindelijk toe kunnen leiden, dat wonden gekoloniseerdworden door ‘goede’ bac-

teriën, of in ieder geval bacteriën die de kolonisatie door ziekteverwekkers tegen-

gaan.

Het helicopter-beeld van demogelijke interacties tussenwond-bacteriën in vitro

gaf aanleiding om in het onderhavige promotieonderzoek ook de S. aureus gen-

expressie in situ, dat wil zeggen in wonden van patiënten met EB, te onderzoeken.

Een dergelijke studie is beschreven in Hoofdstuk 5 van dit proefschrift. Ook in situ

werden effecten op S. aureus gen-expressie waargenomen die mogelijk zijn toe te

schrijven aan andere componenten van het wond-microbioom en/of de speciale

humane context. Genen voor de synthesis van het antimicrobiële peptide epider-

mine kwamen bijvoorbeeld sterk tot expressie in situ, hetgeen suggereert dat een

dergelijk peptide naast een antimicrobiële werking wellicht ook nog additionele

functies zou kunnen hebben, zoals de communicatie met andere S. aureus bacter-

iën of met andere bacteriesoorten in de wond. Vanuit een S. aureus-perspectief zou

dit van extra voordeel kunnen zijn voor de epidermine-producerende bacteriën.

Dergelijke antimicrobiële peptides, maar ook uitgescheiden metabolieten, zouden

op deze manier betrokken kunnen zijn bij de chemische manipulatie van andere

micro-organismes en de gastheer met als mogelijk voordeel het verkrijgen van ex-

tra nutriënten, optimalisatie van de eigen metabole routes en het creëren van een

selectief voordeel ten opzichte van concurrerende micro-organismes. Geheel on-

verwacht werd in situ ook een hoge expressie van zogenaamde competentie-genen

134



Samenvatting en perspectief voor toekomstig onderzoek

waargenomen, zoals comK, comGA, comGB and comFC. Deze genen zijn noodzakelijk

voor opname van DNA uit het extracellulairemilieu. De expressie van de com-genen

was zeer opmerkelijk, omdat dit aspect van de S. aureus gen-expressie tot op heden

niet was waargenomen in in vitro studies met wild-type S. aureus-isolaten. Het lijkt

er daarom op, dat natuurlijke competentie een rol kan spelen in het wond-milieu

en wellicht ook in andere in vivo situaties. Of dit effect toegeschreven moet worden

aan de aanwezigheid van andere co-existerende micro-organismes, het immuun-

systeem van de gastheer, of een combinatie van beide moet nog nader onderzocht

worden. De expressie van de com-genen zou in ieder geval kunnen leiden tot com-

petentie voor DNA opname en recombinatie van het opgenomen DNA om de het-

erogeniteit en daarmee de veerkracht van de S. aureus-populatie te bevorderen. Het

kan echter ook een aspect zijn van geheel andere processen. Zo is het bijvoorbeeld

denkbaar, dat expressie van de com-genen gerelateerd is aan de productie van bac-

teriocines en de consumptie van hierdoor vrijkomend extracellulair DNA, dat ver-

volgens kan dienen als belangrijke fosfaat- en koolstofbron. De precieze rol van

de expressie van de S. aureus com-genen in situ is op dit moment nog onduidelijk

maar, gezien de mogelijke implicaties voor de fitness van S. aureus en de mogelijke

verwerving van nieuwe antibioticumresistentie-genen, verdient deze waarneming

beslist nader onderzoek.

Samenvattend kan geconcludeerd worden, dat de studies beschreven in dit

proefschrift laten zien dat populatieheterogeniteit en polymicrobiële interacties

van grote invloed zijn op de fysiologie van S. aureus. In de context van een wond

kan dit van invloed zijn op de wond-genezing. Tevens laten de resultaten zien, dat

alternatieve benaderingen voor de bestudering van bacteriën noodzakelijk zijn om

de complexe interacties tussen de humane gastheer, de microbiota en ziektever-

wekkers zoals S. aureus goed te doorgronden en te begrijpen. Tenslotte heeft het

hier beschreven onderzoek een nieuwe deur geopend voor toekomstig onderzoek

naar de diverse functies van verschillende S. aureus genen en eiwitten in het over-

leven en competitieve succes van S. aureus in de microbiële jungle.
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Resúmen y perspectivas a futuro

Es fascinante reflexionar sobre todos los grandes y relativamente pequeños des-

cubrimientos que han ocurrido en la ciencia desde que A. P. van Leeuwenhoek des-

cubrió sus diertjes o animáculos con sus preciosas lentes talladas alrededor de unos

350 años atrás. Es la suma de los logros de todos esos investigadores intrépidos, lo

nos da las competencias avanzadas con que disfrutamos actualmente los investi-

gadores del siglo XXI. Y vaya que cuántos instrumentos, materiales, herramientas y

técnicas podemos utilizar para llevar a cabo nuestras aventuras en biología molec-

ular. Y, sin embargo, a pesar de todo el conocimiento reunido, todavía haymecanis-

mos elementales pero intrincados conformados en las comunidades del mundo mi-

crobiano que siguen siendo difíciles de entender. Tal es el caso de las interacciones

entre especies bacterianas en sus entornos naturales donde la distribución micro-

biana, la fisiología, la cooperación y la competencia han hecho difícil el comprender

completamente la dinámica de la “jungla” microbiana.

En la investigación presentada, el ecosistema de la herida ha sido explorado

mediante la incorporación de tecnologías como la secuenciación de siguiente gen-

eración, la proteómica y la transcriptómica para permitir el estudio de bacterias

en entornos que simulan heridas. El punto de partida de esta investigación de doc-

torado en el capítulo 2 estableció la base de las características del microbioma en

las heridas de pacientes con epidermólisis bullosa (EB). Curiosamente, la visual-

ización del microbioma parece variar dependiendo de la localización de la lesión

de la ampolla inicial. Las características ultraestructurales increíblemente comple-

jas de la piel, hacen que todas y cada una de las proteínas que participan en las

uniones intercelulares, el anclaje y la estabilización de las membranas sean de vi-

tal importancia para su integridad. La pérdida de la función de las proteínas mu-

tadas en la EB induce la exposición de moléculas específicas unidas a la membrana

de la célula huésped que parecen promover y favorecer la unión y colonización de

ciertas especies bacterianas. La exposición de tales ligandos es probablemente, la

razón por la cual los diferentes fenotipos de EB muestran arreglos particulares de

microbiomas y representan un campo que aún no se ha explorado. Para compren-

der la interacción entre particulares especies bacterianas y las lesiones específicas

de ampollas que se producen, futuras investigaciones deberían centrarse en las in-
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teracciones entre los ligandos de la superficie del huésped expresados en el modelo

de herida de EB y las herramientas bacterianas respectivas utilizadas para la ad-

hesión celular. Dichas herramientas bacterianas van desde proteínas monoméricas

individuales hasta complejas macromoléculas multiméricas [1]. Este campo por sí

solo es tan enorme y diverso que requerirá varios equipos de investigación y mu-

chos años para analizar y comparar la complejidad de las estrategias bacterianas,

como las observadas en las fimbrias (por ejemplo, los pili tipo I de Escherichia coli

y los pili tipo IV de Pseudomonas aeruginosa, Legionella pneumophila, Neisseria gonor-

rhoeae, Neisseria meningitidis y Vibrio cholerae), sistemas de secreción tipo III (p. ej.,

los SPI de Salmonella spp.), adhesinas (p. ej., las FnBPs de Staphylococcus aureus o las

Sfbl de Streptococcus pyogenes que interactúan con las integrinas), invasinas (p. ej. la

invasina de Yersinia enterocolitica interactuando con integrinas), y los pili generados

por la maquinaria de clasificación de Corynebacterium diphtheriae [2–8].

El estudio del comportamiento bacteriano en una comunidad proporciona una

idea de cómo las especies microbianas interactúan, se señalizan, e intercambian in-

termediarios metabólicos. Ciertamente, a lo largo de la evolución, los microorgan-

ismos han competido como individuos y como “parientes” por el espacio y los re-

cursos para sobrevivir y transmitir genes a la próxima generación. Sin embargo, los

microorganismos pueden coexistir de manera estable como resultado de los difer-

entes mecanismos bioquímicos que han desarrollado y que les permiten adaptarse

a su entorno específico. Como se documenta en los capítulos 3 y 4 de esta tesis,

S. aureusmuestra un carácter cooperativo hacia otros patógenos que le confieren el

beneficio de compartir recursos. Curiosamente, S. aureus parece haber aprovechado

las características que muestran sus vecinos sin la necesidad de expresar (inven-

tario genómico reducido) esas características en sí; recordando los principios de

sintrofia. Los preceptos de la actividad sintrófica se refieren a “un conjunto de re-

sultados químicos que son diferentes de lo que podría ocurrir cuando cada micro-

bio actúa por separado”; y a que “los beneficios de esta interacción metabólica a

menudo tienen el costo de bajos rendimientos energéticos y tasas de crecimiento

más lentas” [9]. Teniendo en cuenta la restricción de nutrientes delmedio ambiente

en la que crecen losmicroorganismos en una herida, y las características estafilocó-

cicasmencionadas anteriormente, S. aureus podría considerarse un “socio sintrófico

facultativo” en la comunidad microbiana [10].
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Se observaron adaptacionesmetabólicas estafilocócicas en dos especímenes ais-

lados de una herida crónica de EB, donde de hecho, distintas rutas metabólicas

les dieron las características de cepas ya sea invasivas o persistentes. Además, las

proteínas que originalmente se consideraban restringidas al citoplasma también se

identificaron extracelularmente, lo que puede ser importante para la virulencia y

la invasividad de la bacteria. Los estudios presentados en el capítulo 4 también ex-

ponen la expresión génica de varias proteínas de S. aureus durante co-cultivo con

otras especies. Estas moléculas podrían estar involucradas en la detección y co-

municación con otras bacterias como las proteínas similares a antiholinas LgrA y

LgrB, o la expresión de enzimas costosas – y por lo tanto probablemente esenciales

– para la biosíntesis de triptófano. Del mismomodo, las proteínas asociadas a mem-

brana, como los transportadores ABC relacionados con los sistemas de permeasa

de oligopéptidos (Opp) y muchos otros transportadores implicados en la absorción

de nutrientes, la absorción de iones metálicos y la unión celular, se regularon al-

tamente durante el co-cultivo. Es importante destacar que estas proteínas son in-

munogénicas y que pueden usarse como objetivos de vacunas o como objetivos para

el suministro de nuevos compuestos antimicrobianos. La última observación es de

especial relevancia teniendo en cuenta la carga de las infecciones por estafilococos,

la aparición de cepas resistentes a múltiples fármacos y la falta de una vacuna anti-

estafilocócica exitosa. Aunque inesperado, los resultados actuales tal vez no sean

completamente sorprendentes, ya que la mayoría de las estrategias utilizadas para

encontrar múltiples antígenos para vacunas u objetivos de fármacos nuevos, se han

llevado a cabo viendo a S. aureus como una especie aislada y no como un miembro

activo de las comunidadesmicrobianas. Por lo tanto, la importancia de estos nuevos

enfoques podría aplicarse en la detección de posibles antígenos o epítopos de S. au-

reus reconocidos por los anticuerpos opsonofagocíticos en la sangre humana. Dichos

anticuerpos podrían clonarse y usarse en intervenciones preventivas o terapéuti-

cas contra infecciones estafilocócicas. Alternativamente, las proteínas o epítopos de

S. aureus respectivamente reconocidos, podrían usarse en el desarrollo de vacunas

de nueva generación.

El co-cultivo in vitro de S. aureus con Klebsiella oxytoca y Bacillus thuringiensis, no

solo disminuyó la expresión de proteínas citoplasmáticas, sino también la expresión

de genes relacionados con la virulencia. Estas observaciones se validaron con los

experimentos en el modelos animale de Galleria mellonella presentados en el capí-
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tulo 4, donde se registró una reducción de la mortalidad tras la co-infección con

S. aureus y K. oxytoca. Estos datos sugieren que la comunidadmicrobiana de la herida

podría estar jugando un papel importante en la contención de la proliferación de

S. aureus y la consiguiente infección dentro de una herida. Se ha explorado y re-

conocido previamente que la manipulación de la microbiota intestinal puede mejo-

rar las funciones metabólicas, inmunológicas y fisiológicas del huésped. Esta cauti-

vadora área de investigación debería centrarse en el estudio de tales mecanismos

para desarrollar terapias alternativas que puedanmodular elmicrobioma. Ejemplos

de tales terapias se destacan por la aplicación de prebióticos (compuestos que per-

miten cambios en el microbioma) o probióticos (microorganismos vivos que con-

fieren un beneficio para la salud del huésped cuando se administran en cantidades

adecuadas) [11]. Actualmente, solo los oligosacáridos bifidogénicos no digeribles

(particularmente inulina, su producto de hidrólisis oligofructosa y (trans) galac-

tooligosacáridos) se usan como prebióticos para la microbiota gastrointestinal. Sin

embargo, los probióticos como las bacterias ácido lácticas (LAB por sus siglas en

inglés) y las bifidobacterias han sido más ampliamente estudiados. Por ejemplo,

Lactobacillus reuteri produce un metabolito llamado reuterina que se cree que oxida

los grupos tiol de microorganismos patógenos sin matar a los beneficiosos [12, 13].

Lactobacillus plantarum es otro ejemplo de LAB que se ha demostrado que mejora la

fagocitosis, disminuye la apoptosis e impide la colonización de heridas por P. aerugi-

nosa, Staphylococcus epidermidis y S. aureus enquemaduras humanas yúlceras venosas

crónicas [14–16]. También se ha demostrado que Lb. plantarummejora la reparación

epitelial y probablemente esté involucrado en la síntesis de colágeno intestinal. Se

demostraron efectos similares en la piel de ratones sin pelo fotoenvejecidos tras

la administración oral de Lactobacillus acidophilus [17, 18]. Por otro lado, Bifidobac-

terium longum desencadenó una mayor expresión de claudina 1, claudina 4, ZO-1 y

occludina en los queratinocitos infectados con S. aureus, mejorando la función de las

uniones epitaliales y evitando así la invasión de patógenos [19]. Todos estos ejemp-

los fomentan la búsqueda de terapiasmás ”naturales” que puedanprovocar cambios

en el entorno de la herida que conduzcan a la colonización de bacterias beneficiosas

o que impidan la colonización de patógenos.

El panoramapresentado en las investigaciones in vitrode las bacterias residentes

en la herida, condujo esta investigación de doctorado a la exploración de la ex-

presión de los genes estafilocócicos in situ. Como se describe en el capítulo 5, se
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observaron los efectos del microbioma sobre S. aureus en la herida y varios genes

que se expresaron in vitro también se observaron in situ. Los genes para la síntesis

de epidermina, que estaban altamente regulados in situ, sugieren que algunos an-

timicrobianos podrían tener funciones adicionales en la naturaleza, como la señal-

ización dentro y entre especies. De hecho, las funciones descritas previamente para

ciertas moléculas en el contexto in vitro, pueden diferir en otras condiciones, lo

que proporcionaría al productor beneficios adicionales específicos. Estos péptidos

y otros metabolitos podrían, por lo tanto, actuar como señales o manipuladores

químicos que contribuyen a la eliminación de nutrientes y la adaptación de las

víasmetabólicas centrales. Sorprendentemente, varios genes de competencia, como

comK, comGA, comGB y comFC, fueron regulados al alza in situ. Esto es notable porque,

hasta la fecha, este aspecto de la expresión del genoma estafilocócico no se había

informado en estudios con cepas wild type de S. aureus in vitro. Por lo tanto, esto

parece ser una característica necesaria en el contexto de la herida y, quizás, en otros

entornos in vivo. Aún no se ha definido si esto se debe a la presencia de bacterias

coexistentes o las respuestas inmunitarias del huésped asociadas. Además de que la

expresión de estos genes compuede conducir al desarrollo de un estado competente

en las condiciones apropiadas, también puede estar involucrado en otros procesos.

Se puede conjeturar que la expresión de genes de competencia podría estar rela-

cionada con la producción de bacteriocinas, con el consumo de ADN extracelular

como fuente de fosfato y carbono, o con el intercambio de ADN para diversificar y

crear un genoma más robusto capaz de adaptarse más fácilmente contra las condi-

ciones adversas en el huésped mamífero. Mientras tanto, hasta que se realicen más

investigaciones para dilucidar las tareas específicas de los genes de competencia de

S. aureus in situ, sus funciones seguirán siendo enigmáticas.

En conclusión, a través de los estudios presentados en esta disertación, se ha

demostrado que la heterogeneidad de la población y las interacciones polimicro-

bianas tienen un impacto importante en la fisiología estafilocócica, lo que a su vez

puede influir en la cicatrización de heridas. También se ha establecido que los enfo-

ques alternativos para estudiar las bacterias son esenciales para el descubrimiento y

la comprensión de las interacciones entre huéspedes, microbios y organismos cau-

santes de enfermedades. Por último, la presente investigación ha abierto varias ven-

tanas a futuras investigaciones que podrán abordar los diversos roles de los genes

y proteínas estafilocócicas en el marco de la jungla microbiana.
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