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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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t111/t13595 5 x 10^6 1
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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

94



C
h
ap

te
r
4

4. Pathogen-pathogen interactions: a way to soothe virulence?

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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