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Abstract  

The rise of multi-drug resistance in bacterial pathogens imposes the need to study these 

organisms from new angles. A little explored outset is to scrutinize bacterial niche adaptations 

and interactions among pathogenic and commensal bacteria, because they can provide a 

better understanding of the fitness of pathogens in their human host. We have previously 

shown that co-culturing of the 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 modulate S. 

aureus virulence. In the present study, we performed an in-depth investigation of changes in 

S. aureus gene expression upon co-cultivation with K. oxytoca and B. thuringiensis under 

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 staphylococcal behaviour. The results imply that co-colonizing 

bacteria from chronic wounds can pacify S. aureus, and this conclusion was verified in a 

Galleria mellonella infection model. Altogether, our findings show that the presence of K. 

oxytoca and B. thuringiensis leads to massive rearrangements in S. aureus physiology and 

substantial reduction in virulence. 
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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 different 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. 

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. The methicillin 

(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 

isolates with spa types t111 and t13595, one Klebsiella oxytoca isolate (Ko) and one Bacillus 

thuringiensis isolate (Bt). After learning that these bacteria allowed each other’s colonies close 

and even overlapping growth on solid agar, we investigated their exoproteomes in mono and 

co-cultures. An overall reduction of proteins identified in the staphylococcal extracellular 

proteome when cultured with Ko or Bt was observed. 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). Furthermore, even though the genomes of the two S. aureus strains 

were highly related, 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 



 

102 
 

isolate were predominantly related to cell-redox and homeostasis 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 upregulation of virulence factors. 

This raised the question whether the presence of Ko or Bt was indeed modulating S. aureus 

virulence. Based on these observations, we were motivated to thoroughly investigate the 

changes in staphylococcal gene expression 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 employing different infection- and wound colonization-mimicking conditions. 

Lastly, we applied a Galleria mellonella infection model with the purpose of verifying our 

hypothesis that co-colonizing bacteria from a chronic wound environment may actually 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. 

 

Materials and methods  

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 37ºC. The next 

morning, cultures were 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 bath under constant shaking (80–85 rpm) at 37ºC until an 

OD600 of ±0.5 was 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-
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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 dilutions were performed with 

monocultures or mixed cultures of t111, t13595, Bt plus Ko, and these were plated onto RPMI 

agar and incubated at 37ºC for 24 h to form a homogeneous plate with covalescent individual 

colonies. 

Preparation of protein extracts 

For proteome isolation, samples were collected 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). The ratios of different 

bacteria sampled from the co-cultures remained nearly the same with the exception of the 

co-cultures of S. aureus 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, 4ºC) from 2 mL culture aliquots, resuspended in 500 L of 

TE buffer (50 mM Tris, 10 mM EDTA, pH 7.5), lysed with glass beads, and centrifuged (2 min, 

1400 rpm, 4ºC). The supernatant was transferred into a new cup and centrifuged again (10 

min, 1400 rpm, 4ºC). Protein concentration measurement 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 by Otto et al 2017 (19). Briefly, 20 L of 

StrataClean suspension were aliquoted to a low protein binding tube and primed in 37% HCl 

at 100ºC for 6 h. HCl was discarded by centrifugation (5 min, 3500 x g, RT). Beads were washed 

twice with 200 L sample buffer, resuspended in sample solution (20 g protein/mL; 50 mM 

Tris-HCl, 10 mM EDTA, pH 8), and incubated overnight in an over-head shaker at 4ºC. 

Supernatant was removed upon centrifugation (45 min, 10,000 x g, 4ºC) and beads were 

washed with 1 mL of distilled water (5 min, 20,000 x g, 4ºC). Beads with bound proteins were 

vacuum-dried for 20 min, and resuspended in 30 L of 50 mM triethylammonium bicarbonate 

buffer (TEAB; Sigma Aldrich, Missouri, USA). Proteins on the beads were denatured by the 
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addition of 20 L of RapiGest (Waters, Massachusetts, USA), reduced by 0.5 mg/13.58 L 

tris(2-carboxyethyl) phosphine hydrochloride solution pH >7.0 (TCEP; Sigma Aldrich, Missouri, 

USA), and incubated at 65ºC for 45 min with shaking. Samples were then alkylated by 2.5 L 

iodoacetamide (1 mg/10.8 L, 50 mM TEAB) at room temperature for 15 min in the dark. For 

enzymatic protein digestion, 1.25 L of activated trypsin was added and incubated at 37ºC for 

3 h with shaking. Digestion was stopped by adding 2 L trifluoroacetic acid (TFA) and incubated 

at 37ºC for 30 min. Digested peptides were collected in a fresh collection tube by 

centrifugation (5 min, 20,000 x g, 4ºC). Samples were desalted using C18 stage-tip purification 

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s protocol and dried 

until further use. 

Mass spectrometry analyses 

The digested peptides were measured online by liquid chromatography (LC) - electrospray 

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 an Orbitrap 

Velos Pro (Thermo Fisher 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 gradient 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 subsequently 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, Milpitas, USA) as 

previously described (11). The *.out files were compiled and normalized 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 
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MS samples present in the experiment. 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 (Supplementary Table S1 and 

S2). 

RNA isolation  

RNA isolation was essentially performed as described by Mäder et al (22). Samples were 

collected 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 obtaining the cell pellet, 100 µl of killing 

buffer (20 mM Tris/HCl, pH 7.5, 5 mM MgCl and 20 mM NaN3) 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, Göttingen, 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 (Thermomixer, Eppendorf, 

Hamburg, Germany). Centrifugation (5 min, 14000 rpm, room temperature) and supernatant 

transfer into a new tube were followed by the addition of one volume acid phenol solution 

and mixing. This procedure was repeated but with one volume chloroform/IAA. Lastly, 1/10 

volume of 3M Na-Acetate, pH 5.5 and 0.8 ml of isopropanol were added to the supernatant 

for overnight precipitation of the extracted RNA at -20°C. The precipitated RNA was 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 protocol. 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) (22). 



 

106 
 

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 enriched mRNA was fragmented for 10 min with RNAase III. Fragmented RNA was purified 

using nucleic acid binding beads, nucleic acid binding buffers and the manufacturer’s 

recommended protocol from Life Technologies 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 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 

transcriptase master mix and incubated at 42°C for 30 min 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 purified cDNA libraries were then 

amplified by PCR using Platinum PCR Super-Mix High Fidelity and Ion Xpress Barcode reverse 

and forward primers (Thermo Fisher Scientific) 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 libraries 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 barcoded libraries 

were used for templating using the Life Technologies Ion Chef 200 kit and the manufacturer’s 

recommended protocol. Briefly, 100 pM of pooled libraries were combined and 70 L 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 
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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/). After gene expression values were 

generated, reads per kilobase per million (RPKM) values were uploaded via the Genome2D 

website (http://genome2d.molgenrug.nl/) to the T-Rex parameter-free statistical analysis 

pipeline (23). 

Galleria mellonella infections 

G. mellonella larvae of ~250 mg in the final instar stage were 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 carried out. For infection 

experiments, bacteria were grown overnight in TSB under vigorous shaking at 37ºC. The next 

morning, cultures were diluted to an OD600 of 0.05 in pre-warmed RPMI medium without 

phenol red, and growth was continued in a water bath under constant shaking (80–85 rpm) at 

37ºC 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. 

Infections 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) (24). After injection, the larvae were kept in petri dishes in 

the dark at 37°C, and mortality was monitored after 24 and 48 h post infection. Larvae were 

considered dead when they displayed no movement after being touched with a sterile 
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inoculation loop. The virulence of each investigated isolate was tested in triplicate using 15 

larvae per experiment (n=45), and for each of these three biological replicates larvae from 

different batches were used. Data from all infection experiments were combined to calculate 

the average mortality. 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. 

 

Results 

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 bacteria cultured in 

isolation or in co-culture as graphically represented in Figure 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 (22). Intriguingly, the proteome profiling revealed highly similar patterns of 

proteins expressed in the exponential and stationary growth phases. Therefore, we describe 

the features observed in the stationary phase in Figures 2 and 3, while we present our analysis 

of exponential phase phenomena in the Supplementary Figure S1 and Tables S1, S3 and S5. 
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Figure 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 section. 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. 

 

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 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 isolate and 32 for the t13595 isolate (Figure 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 2B). 
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Figure 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. thuringiensis or K. oxytoca identified upon monoculture or co-culturing 

with S. aureus t111 (+t111) or t13595 (+t13595) isolates. 

 

To better understand the changes in the cellular proteome, we classified the proteins into six 

global functional categories (Figure 3, Supplementary 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 (Tables 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 secretion 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). 
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Figure 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 detected only in monoculture. The lower left area shows the 

uniquely detected proteins when the t111 isolate was co-cultured with B. thuringiensis and the lower 

right area shows the uniquely identified staphylococcal protein when the t111 isolate was co-cultured 

with K. oxytoca. Panel B illustrates the exclusively the identified proteins of the S. aureus t13595 isolate 

upon monoculture or co-culture with B. thuringiensis or K. oxytoca. Panel C depicts the proteins of S. 

aureus t111 and t13595 grown in monoculture in the bottom areas, while the upper area shows the 

proteins identified upon co-culturing both S. aureus isolates.  
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Perhaps even more surprisingly, co-culturing triggered the identification of only few additional 

proteins, if any (Figure 3A and 3B). For example, co-cultures of the t111 isolate with Bt only 

displayed five ‘unique’ staphylococcal proteins (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 staphylococcal proteins 

were 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 indicative 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-culturing with Bt or Ko (11).  

Lastly, an important observation among the staphylococcal t111+t13595 co-cultures was that 

both isolates displayed proteins with the same global functional patterns, meaning that both 

strains continued to perform the characteristic functions that they also displayed in 

monoculture (Figure 3C). However, particular virulence factors were triggered upon co-

cultivation of both staphylococcal strains (e.g. the immunoglobulin-binding protein Sbi, alpha-

hemolysin, EsxA, penicillin-binding protein 2, and elongation factor G), which are mostly 

involved in immune evasion, cytotoxicity, apoptosis modulation/intracellular infection, 

antimicrobial resistance, and host invasion. These co-cultures also activated the production of 

several proteins involved in cell redox 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 spermine resistance phenotype characteristic of persister cells (25-27). 
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Figure 4. Overview of co-culture experiments according to Clusters of Orthologous 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 expressed genes identified per COG category is based upon -log(p values) observed per 

isolate in co-culture.  

 

Co-culturing leads to upregulation of S. aureus genes involved in amino acid and nucleotide 

metabolism and transport under the tested conditions 

Since the proteome profiling data provided a helicopter view of the adaptive behaviour of S. 

aureus in the presence of other wound-resident bacteria, we decided to perform a more 

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 orthologous 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 

characterized COG categories (Figure 4). Among the orthologs present in all the organisms, 
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this analysis revealed four outstanding patterns: (i) Upregulation of genes involved in amino 

acid and nucleotide metabolism and transport, suggesting that ATP production comes from 

pyruvate-producing amino acids that serve as major carbon and nitrogen source while some 

amino acid synthesis is still happening. The upregulation of nucleotide pathways would imply 

that nucleotides are important as secondary messengers and for energy metabolism under 

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 protein turnover’. This 

mostly 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. 

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) (Supplementary 

Table 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 conspicuously upregulated in t111+Ko co-

cultures during stationary phase. The staphylococcal 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 stationary 

growth phase. On the other hand, the t111+t13595 co-cultures only showed significant 
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upregulation of genes related to virulence factors (e.g. the immunoglobulin G-binding protein 

A, fibrinogen-binding protein, clumping factor B, and aureolysin), and genes related to 

vitamins and cofactors (e.g. the riboflavin biosynthesis protein RibBA, cobalt ABC transporter 

permease, and thiamine ABC transporter permease). Furthermore, co-culture of the 

staphylococcal t111 isolate with Ko during 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. 

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 contaminated 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 on RPMI agar (Figure 

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%) that were downregulated 

≥2 fold (Figure 5). Genes encoding proteins related to phosphorus metabolism (e.g. the 

phosphate 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 

A were upregulated. However, considering the relatively low number of upregulated genes, 

the changes were not very pronounced. That is, although 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 
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proteins with unknown functions, which reflects the fact that gene expression in mixed biofilm 

conditions has barely been studied. 

Surprisingly, upon cultivation with other wound-colonizing bacteria, both investigated S. 

aureus isolates showed a massive silencing of gene expression (Figure 5 and Figure S2), 

particularly for those genes related to the metabolism of amino acids and their derivatives, 

carbohydrates, virulence, membrane transport (including lantibiotic and other antibiotic and 

multidrug transporters) and phages or transposable elements. These genes are mostly 

regulated by SigB, followed by CodY and CcpA (Table S6). Other important regulons like SaeR, 

Fur, HisR and Rex 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 observation from our proteome 

analyses that PotA is downregulated when S. aureus is co-cultured with Ko or Bt. 
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Figure 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 the DEG are plotted in a heatmap 

as a function of experiments (x-axis) versus 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 

experiment 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 individual 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. 

 

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 responses, including phagocytosis through 

cells called hemocytes, and humoral responses mediated by opsonins, melanisation, and anti-
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microbial peptides (28). In addition, this model is inexpensive, very easy to implement, and 

does not require ethical approval (29, 30). Despite the advantages of this model over that of 

vertebrates, it is worth highlighting that this organism is intrinsically vulnerable to one of our 

isolates. Indeed, B. thuringiensis is well-known for its entomopathogenic toxins Cry and Cyt, 

as it is used as biopesticide in agriculture (31, 32).  

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 the 

most virulent while those from the t111, t13595 and Bt strains showed relatively little effect, 

if any. Inoculation of heat-killed bacteria and sterile PBS had no effect on the larval survival 

for 48 h (Figure 6A and 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 greater 

mortality, probably due to the entomopathogenic toxins of Bt. However, as anticipated based 

on the above proteome and transcriptome analyses, infections with live S. aureus isolates plus 

live Ko revealed a pronounced decrease in mortality (Figure 6C and 6D). The same was not 

observed when live S. aureus isolates were inoculated with sterile culture filtrates of Ko or Bt, 

where mortality was higher (Figure 6C and 6D, Supplementary 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 survival was better 

compared to the infections with each individual isolate, meaning that the virulence of S. 

aureus t111 was decreased (Figure S3).  
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Figure 6. Mortality of Galleria mellonella larvae upon (co)infection with S. aureus t111, t13595, B. 

thuringiensis and K. oxytoca.  Mortality was recorded 24 h and 48 h post inoculation of 10 μL of a 

range of dilutions from 1x104 to 5x106 CFU/mL of the respective isolates upon mono or co-infection. 

Data shown is pooled from three distinct repeats. Injection with 10 μL of 2.5x107 ‘CFU’ was used for 

experiments with heat-killed bacteria. (A) Mortality upon inoculation with S. aureus t111 (11) and S. 

aureus 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 inoculation 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 inoculation with S. aureus (13) and K. oxytoca (Ko) upon mono- or co-

infection.   

 

Discussion 

In the present study, we have performed an in-depth analysis of the responses of two 

previously identified S. aureus wound isolates with spa types t111 and t13595 to the presence 

of co-resident B. thuringiensis (Bt) and K. oxytoca (Ko) strains (11). Interestingly, 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) 
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methicillin resistant S. aureus (MRSA) isolates belonging to the USA300 lineage (33). 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 production of more 

glycolytic enzymes and pentose phosphate pathway-related proteins (33). Our staphylococcal 

t111 and t13595 isolates – despite their close relatedness (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 linked with glycolysis and glycerol 

ether metabolism (Table 1 and Supplementary Table S5). Following this line, the t111 isolate 

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 with metal ion 

transport and tetrapyrrole (heme) biosynthesis (Figure 3). Although both the t111 and t3595 

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 biosynthetic proteins are abundant in both isolates mainly relates to the 

challenging nutrient-limited media in which 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 behavior within the wound, 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 
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S. aureus adaptations observed in previous studies upon internalization of host cells, antibiotic 

challenge, biofilm formation, and exposure to exotoxins from other pathogens, all of which 

represent common features in chronic infections (17, 34-36). 

 

Table 1. Functional analysis of the different data sets (mono or co-culture) from S. aureus t111, 

t13595, B. thuringiensis and K. oxytoca. The analysis was performed using Gene Set Enrichment 

Analysis (GSEA). The Gene Ontologies p-values obtained via GSEA were then input into ReViGo. 

 

t111 t111 + t13595 t111 + B. thuringiensis t111 + K. oxytoca
oxidation-reduction process tRNA aminoacylation metabolic process metabolic process

metabolic process oxidation-reduction process translational elongation protein folding

tRNA aminoacylation for protein translation metabolic process transcription, DNA-templated cellular iron ion homeostasis

tRNA aminoacylation tRNA aminoacylation for protein translation oxidation-reduction process translational elongation

tricarboxylic acid cycle gluconeogenesis cellular iron ion homeostasis oxidation-reduction process

gluconeogenesis translational elongation protein folding transcription, DNA-templated

protein metabolic process protein folding tRNA aminoacylation response to stress

translational elongation transcription, DNA-templated tRNA aminoacylation for protein translation

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 nucleotide biosynthetic process pyrimidine nucleotide biosynthetic process

fatty acid biosynthetic process response to stress

'de novo' pyrimidine nucleobase biosynthetic 

process
'de novo' IMP biosynthetic process

response to stress

carbohydrate metabolic process

tetrapyrrole biosynthetic process

'de novo' IMP biosynthetic process

t13595 t13595 + t111 t13595 + B. thuringiensis t13595 + K. oxytoca
metabolic process metabolic process glycolytic process metabolic process

glycolytic process glycolytic process metabolic process glycolytic process

tRNA aminoacylation for protein translation tRNA aminoacylation for protein translation purine nucleotide biosynthetic process tRNA aminoacylation for protein translation

purine nucleotide biosynthetic process purine nucleotide biosynthetic process tRNA aminoacylation for protein translation oxidation-reduction process

cell adhesion glycerol ether metabolic process cell adhesion

oxidation-reduction process oxidation-reduction process phosphorylation

nucleobase-containing compound metabolic 

process
cell redox homeostasis glycerol ether metabolic process

nucleoside metabolic process phosphorylation metal ion transport

translational elongation transcription, DNA-templated protein folding

phosphorylation metal ion transport cell redox homeostasis

glycerol ether metabolic process

transcription, DNA-templated

'de novo' pyrimidine nucleobase biosynthetic 

process
metal ion transport

t111 t111 + t13595 t111 + B. thuringiensis t111 + 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 nucleobase biosynthetic 

process
RNA phosphodiester bond hydrolysis RNA phosphodiester bond hydrolysis

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 nucleotide biosynthetic process

glycine catabolic process translational elongation isoprenoid biosynthetic process

transcription, DNA-templated RNA processing

folic acid-containing compound biosynthetic 

process
pyrimidine nucleotide biosynthetic process

'de novo' IMP biosynthetic process nucleoside metabolic process

translation proteolysis

tRNA aminoacylation for protein translation
folic acid-containing compound biosynthetic 

process
purine nucleotide biosynthetic process transcription, DNA-templated

gluconeogenesis

'de novo' IMP biosynthetic process

purine nucleotide biosynthetic process

tRNA aminoacylation for protein translation

translation

t13595                                      t13595 + t111 t13595 + B. thuringiensis t13595 + K. oxytoca
tRNA aminoacylation for protein translation tRNA aminoacylation for protein translation glycolytic process tRNA aminoacylation for protein translation

glycolytic process glycolytic process metabolic process glycolytic process

metabolic process tRNA aminoacylation response to stress tRNA aminoacylation

tRNA aminoacylation metabolic process oxidation-reduction process metabolic process

oxidation-reduction process protein folding oxidation-reduction process

response to oxidative stress
regulation of DNA-templated transcription, 

elongation
protein folding

protein folding oxidation-reduction process
regulation of DNA-templated transcription, 

elongation
regulation of DNA-templated transcription, 

elongation
response to oxidative stress cell redox homeostasis

cell redox homeostasis cell redox homeostasis glycerol ether metabolic process

protein repair glycerol ether metabolic process transcription, DNA-templated

translational elongation transcription, DNA-templated response to stress

glycerol ether metabolic process tetrapyrrole biosynthetic process tetrapyrrole biosynthetic process

transcription, DNA-templated response to stress metal ion transport

tetrapyrrole biosynthetic process metal ion transport purine nucleotide biosynthetic process

response to stress purine nucleotide biosynthetic process

metal ion transport cell adhesion

purine nucleotide biosynthetic process
negative regulation of transcription, DNA-

templated

EXPONENTIAL PHASE

STATIONARY PHASE



 

122 
 

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 cellular proteome, which implies that either the 

detection of the less abundant staphylococcal 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 isolates. This possible recycling of proteins, might be linked to the posttranslational 

regulation of exoprotein activity carried out by proteins like the Spls and other proteases. 

Indeed, the transcriptome of planktonic cultures showed an outstanding upregulation 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 (37). Additionally, it 

has been demonstrated that these proteins are secreted in vivo, are likely to modify host 

proteins to the benefit of S. aureus, and are associated with allergies (37, 38). For instance, 

atopic dermatitis (AD) flares have been linked to increased S. aureus colonization and 

infection, and a concomitant reduction in the skin’s microbial diversity. Once the ‘missing 

microbes’ were reintroduced, features of the disease seemed to improve (39-41). Although 

the etiology 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 (42, 43). 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 interactions 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 



 

123 
 

linked to cell death and lysis coordination implicated in the release of DNA for biofilm 

formation and adherence to surfaces (44). 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 cysteine residue that translates into redox signaling through sulphur 

switches (44). This could potentially trigger further reactions (e.g. reversible oxidation, 

nitrosylation, acylation, sulfhydration or metal binding) that affect macromolecular 

interactions, trafficking of proteins, and perhaps even sensing of and communication with 

other bacteria (45). The importance of membrane proteins is also reflected 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 (46), 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 encoding enzymes 

for tryptophan (Trp) biosynthesis, which was particularly high when the Staphylococcus 

isolates were co-cultured with 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 culture media 

and intracellularly, inhibits biofilm formation of other pathogenic microorganisms, such as P. 

aeruginosa, Pseudomonas mendocina, Escherichia coli and Cronobacter sakazakii (47-51). 

However, the same does not happen with S. aureus where D-Trp inhibits and L-Trp increases 

biofilm formation (49). 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 

extracellular matrix (48, 51). 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). 
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Along with the above-mentioned observations, our present proteomic and transcriptomic 

data exposed a very interesting behaviour in staphylococcal co-cultures of the t111 and 

t13595 isolates, where gene expression was only marginally affected. The absence of a larger 

biological response in these co-cultures implies that, despite 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 

phenomenon was observed for Ko genes when co-cultured with 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 context of 

staphylococcal virulence is by definition limited to an animal model. Naturally, 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 transcriptomic findings pertinently and managed to 

demonstrate the lowered virulence of S. aureus upon co-infection in the G. mellonella model, 

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 

interactions, fitness and survival of S. aureus. 

In conclusion, the current data suggests that the success of S. aureus in colonizing and 

surviving of chronic wounds as presented by patients with epidermolysis bullosa not only 

relies on the ability of this bacterium to adapt to the different host environments, but also on 

its evolutionary associations with other microbial organisms. For example, different 

interactions were reported to be triggered by P. aeruginosa isolates upon co-cultivation with 

S. aureus (52-54). While in some of these studies, P. aeruginosa induced pigment production 

and catalase upregulation in S. aureus, or facilitated microcolony and biofilm formation, other 

studies reported a decreased virulence gene expression in both the investigated P. aeruginosa 

and S. aureus isolates (52-54). On the other hand, interactions between the soil bacterium 
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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 (55) or fengycin (56), thereby illustrating the potential value of B. subtilis as a probiotic. 

Altogether, it thus seems that, through its molecular 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 (57), 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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Table S2 – Overview of the identified proteins in stationary phase with normalized spectral 

count information 

Table S3 – Cellular proteome in exponential phase. Relationship between monocultures and 

co-cultures. 

Table S4 – Cellular proteome in stationary phase. Relationship between monocultures and co-

cultures. 

Table S5 – KEGG metabolic pathways expressed in each S. aureus isolate (t111 and t13595) 

experiment of mono- or co-culture. 

Table S6 – Heatmaps of the differentially expressed in S. aureus isolate t111 during (co)culture 

in planktonic or biofilm mimicking conditions. 

Acknowledgements 

We acknowledge Dr. Eleni Sibbald-Tsompanidou, and Peter Posma for their technical help. We 

thank Dr. Laura M. Palma Medina, and Dr. Tim Stobernack for their insightful discussions and 

suggestions. 

Funding 

This work was supported by the Graduate School of Medical Sciences of the University of 

Groningen [to A.N.G.P.], CoNaCyT, the Eleven Flowers Fund and the Ubbo Emmius Fund [to 

A.N.G.P. and J.M.v.D.], the China Scholarship Council grant 201506170036 [to X.Z.], and by the 

Deutsche Forschungsgemeinschaft Grants GRK1870 and SFB/TRR 34 [to D.B.]. 

 

References 

1. Lindsay,J.A. and Holden,M.T.G. (2006) Understanding the rise of the superbug: investigation 

of the evolution and genomic variation of Staphylococcus aureus. Funct. Integr. 

Genomics., 6, 186–201. 

2. Davies,J. and Davies,D. (2010) Origins and evolution of antibiotic resistance. Microbiol. Mol. 

Biol. Rev., 74, 417–433. 



 

127 
 

3. Goetghebeur,M., Landry,P.-A., Han,D. and Vicente,C. (2007) Methicillin-resistant 

Staphylococcus aureus: a public health issue with economic consequences. Can. J. Infect. 

Dis. Med. Microbiol., 18, 27–34. 

4. MD,A.C., PhD,L.D.H.G., PhD,D.P., PhD,A.Q., MSc,A.H., PhD,G.S.S., PhD,M.L.C.-C., 

PhD,M.E.K., PhD,B.D., PhD,M.C., et al. (2018) Attributable deaths and disability-adjusted 

life-years caused by infections with antibiotic-resistant bacteria in the EU and the 

European Economic Area in 2015: a population-level modelling analysis. Lancet Infect. 

Dis., 19, 56–66. 

5. de Kraker,M.E.A., Davey,P.G. and Grundmann,H. (2011) Mortality and hospital stay 

associated with resistant Staphylococcus aureus and Escherichia coli Bacteremia: 

Estimating the Burden of Antibiotic Resistance in Europe. Plos Med, 8, 1–8. 

6. de Kraker,M.E.A., Wolkewitz,M., Davey,P.G. and Grundmann,H. (2011) Clinical impact of 

antimicrobial resistance in European hospitals: excess mortality and length of hospital 

stay related to methicillin-resistant Staphylococcus aureus Bloodstream Infections. 

Antimicrob. Agents Chemother., 55, 1598–1605. 

7. Raafat,D., Otto,M., Reppschläger,K., Iqbal,J. and Holtfreter,S. (2019) Fighting 

Staphylococcus aureus biofilms with monoclonal antibodies. Trends in Microbiology, 27, 

303–322. 

8. Dupont,C.D., Scully,I.L., Zimnisky,R.M., Monian,B., Rossitto,C.P., O 039 Connell,E.B., 

Jansen,K.U., Anderson,A.S. and Love,J.C. (2018) Two vaccines for Staphylococcus aureus 

induce a B-Cell-Mediated Immune Response. mSphere, 3, e00217–18. 

9. Sause,W.E., Buckley,P.T., Strohl,W.R., Lynch,A.S. and Torres,V.J. (2016) Antibody-based 

biologics and their promise to combat Staphylococcus aureus infections. Trends 

Pharmacol. Sci., 37, 231–241. 

10. Missiakas,D. and Schneewind,O. (2016) Staphylococcus aureus vaccines: deviating from 

the carol. J. Exp. Med., 213, 1645–1653. 

11. García-Pérez,A.N., de Jong,A., Junker,S., Becher,D., Chlebowicz,M.A., Duipmans,J.C., 

Jonkman,M.F. and van Dijl,J.M. (2018) From the wound to the bench: exoproteome 

interplay between wound-colonizing Staphylococcus aureus strains and co-existing 

bacteria. Virulence, 9, 363–378. 

12. Ebner,P., Rinker,J. and Götz,F. (2016) Excretion of cytoplasmic proteins in Staphylococcus 

is most likely not due to cell lysis. Current Genet., 62, 19–23. 

13. Götz,F., Yu,W., Dube,L., Prax,M. and Ebner,P. (2015) Excretion of cytosolic proteins (ECP) 

in bacteria. Int. J. Med. Microbiol., 305, 230–237. 



 

128 
 

14. X.Z., Medina,L.M.P., Stobernack,T., Glasner,C., de Jong,A., Utari,P., Setroikromo,R., 

Quax,W.J., Otto,A., ORCID: 0000-0002-9630-5735,D.B., et al. (2019) Exoproteome 

heterogeneity among closely related Staphylococcus aureus t437 isolates and possible 

implications for virulence. J. Proteome Res., 18, 2859–2874. 

15. Ebner,P., Luqman,A., Reichert,S., Hauf,K., Popella,P., Forchhammer,K., Otto,M. and Götz,F. 

(2017) Non-classical protein excretion is boosted by PSM-alpha-induced cell leakage. Cell 

Rep., 20, 1278–1286. 

16. Schlag,M., Biswas,R., Krismer,B., Kohler,T., Zoll,S., Yu,W., Schwarz,H., Peschel,A. and 

Götz,F. (2010) Role of staphylococcal wall teichoic acid in targeting the major autolysin 

Atl. Mol. Microbiol., 75, 864–873. 

17. Biswas,L., Biswas,R., Schlag,M., Bertram,R. and Gotz,F. (2009) Small-colony variant 

selection as a survival strategy for Staphylococcus aureus in the presence of Pseudomonas 

aeruginosa. Appl. Environ. Microbiol., 75, 6910–6912. 

18. Baldan,R., Cigana,C., Testa,F., Bianconi,I., De Simone,M., Pellin,D., Di Serio,C., Bragonzi,A. 

and Cirillo,D.M. (2014) Adaptation of Pseudomonas aeruginosa in cystic fibrosis airways 

influences virulence of Staphylococcus aureus in vitro and murine models of co-infection. 

PLoS ONE, 9, e89614–11. 

19. Otto,A., Maaß,S., Bonn,F., Büttner,K. and Becher,D. (2017) An easy and fast protocol for 

affinity bead-based protein enrichment and storage of proteome samples 1st ed. Elsevier 

Inc. 

20. Olsen,J.V., de Godoy,L.M.F., Li,G., Macek,B., Mortensen,P., Pesch,R., Makarov,A., 

Lange,O., Horning,S. and Mann,M. (2005) Parts per million mass accuracy on an orbitrap 

mass spectrometer via lock mass injection into a C-trap. Mol. Cell. Proteomics, 4, 2010. 

21. Proteome Software, Inc. (2014) Scaffold Version 4.0 User’s Manual. 

22. Mäder,U., Nicolas,P., Depke,M., Pané-Farré,J., Debarbouille,M., van der Kooi-Pol,M.M., 

Guérin,C., Dérozier,S., Hiron,A., Jarmer,H., et al. (2016) Staphylococcus aureus 

Transcriptome Architecture: From Laboratory to Infection-Mimicking Conditions. PLoS 

Genet, 12, e1005962–32. 

23. de Jong,A., van der Meulen,S., Kuipers,O.P. and Kok,J. (2015) T-REx: Transcriptome analysis 

webserver for RNA-seq Expression data. BMC Genomics, 16, 1–7. 

24. Koch,G., Nadal-Jimenez,P., Cool,R.H. and Quax,W.J. (2014) Assessing Pseudomonas 

virulence with nonmammalian host: Galleria mellonella. In Filloux,A., Ramos,J.-L. (eds), 

Pseudomonas Methods and Protocols, Pseudomonas Methods and Protocols. Springer 

New York, New York, NY, pp. 681–688. 



 

129 
 

25. Shah,P. and Swiatlo,E. (2008) A multifaceted role for polyamines in bacterial pathogens. 

Mol. Microbiol., 68, 4–16. 

26. Anzaldi,L.L. and Skaar,E.P. (2011) The evolution of a superbug: how Staphylococcus aureus 

overcomes its unique susceptibility to polyamines. Mol. Microbiol., 82, 1–3. 

27. Tkachenko,A.G., Kashevarova,N.M., Karavaeva,E.A. and Shumkov,M.S. (2014) Putrescine 

controls the formation of Escherichia coli persister cells tolerant to aminoglycoside 

netilmicin. FEMS Microbiol. Lett., 361, 25–33. 

28. Tsai,C.J.-Y., Loh,J.M.S. and Proft,T. (2016) Galleria mellonella infection models for the 

study of bacterial diseases and for antimicrobial drug testing. Virulence, 7, 214–229. 

29. Browne,N., Heelan,M. and Kavanagh,K. (2014) An analysis of the structural and functional 

similarities of insect hemocytes and mammalian phagocytes. Virulence, 4, 597–603. 

30. Kavanagh,K. and Sheehan,G. (2018) The use of Galleria mellonella larvae to identify novel 

antimicrobial agents against fungal species of medical interest. JoF, 4, 113–13. 

31. Bravo,A., Likitvivatanavong,S., Gill,S.S. and Soberón,M. (2011) Bacillus thuringiensis: A 

story of a successful bioinsecticide. Insect Biochem. Mol. Biol., 41, 423–431. 

32. Melo,A.L. de A., Soccol,V.T. and Soccol,C.R. (2014) Bacillus thuringiensis: mechanism of 

action, resistance, and new applications: a review. Crit. Rev. Biotechnol., 

10.3109/07388551.2014.960793. 

33. Mekonnen,S.A., Medina,L.M.P., Michalik,S., Loreti,M.G., Salazar,M.G., van Dijl,J.M. and 

Völker,U. (2019) Metabolic niche adaptation of community- and hospital-associated 

methicillin-resistant Staphylococcus aureus. J Proteomics, 193, 154–161. 

34. Palma Medina,L.M., Becker,A.-K., Michalik,S., Yedavally,H., Raineri,E.J.M., Hildebrandt,P., 

Gesell Salazar,M., Surmann,K., Pförtner,H., Mekonnen,S.A., et al. (2019) Metabolic cross-

talk between human bronchial epithelial cells and internalized Staphylococcus aureus as 

a driver for infection. Mol. Cell. Proteomics, 18, 892. 

35. Lechner,S., Lewis,K. and Bertram,R. (2012) Staphylococcus aureus persisters tolerant to 

bactericidal antibiotics. J. Mol. Microbiol. Biotechnol., 22, 235–244. 

36. Waters,E.M., Rowe,S.E., O'Gara,J.P. and Conlon,B.P. (2016) Convergence of 

Staphylococcus aureus Persister and Biofilm Research: Can Biofilms Be Defined as 

Communities of Adherent Persister Cells? PLoS Pathog, 12, 1–5. 

37. Paharik,A.E., Salgado-Pabón,W., Meyerholz,D.K., White,M.J., Schlievert,P.M. and 

Horswill,A.R. (2016) The Spl serine proteases modulate Staphylococcus aureus protein 

production and virulence in a rabbit model of pneumonia. mSphere, 1, 1840–16. 



 

130 
 

38. PhD,S.S., Teufelberger,A., Nordengrün,M., PhD,J.K., PhD,F.S., van Crombruggen PhD,K., 

PhD,S.M., PhD,J.K., Tischer,S., PhD,T.S., et al. (2017) Staphylococcal serine protease-like 

proteins are pacemakers of allergic airway reactions to Staphylococcus aureus. J. Allergy 

Clin. Immunol., 139, 492–500.e8. 

39. Nakatsuji,T., Chen,T.H., Narala,S., Chun,K.A., Two,A.M., Yun,T., Shafiq,F., Kotol,P.F., 

Bouslimani,A., Melnik,A.V., et al. (2017) Antimicrobials from human skin commensal 

bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis. Sci. 

Transl. Med., 9, 1–12. 

40. Myles,I.A., Earland,N.J., Anderson,E.D., Moore,I.N., Kieh,M.D., Williams,K.W., Saleem,A., 

Fontecilla,N.M., Welch,P.A., Darnell,D.A., et al. (2018) First-in-human topical microbiome 

transplantation with Roseomonas mucosa for atopic dermatitis. JCI Insight, 3, 1–13. 

41. Kong,H.H., Oh,J., Deming,C., Conlan,S., Grice,E.A., Beatson,M.A., Nomicos,E., Polley,E.C., 

Komarow,H.D., NISC Comparative Sequence Program, et al. (2012) Temporal shifts in the 

skin microbiome associated with disease flares and treatment in children with atopic 

dermatitis. Genome Res., 22, 850–859. 

42. McCormack,K. and Fleischer,D. (2018) Managing atopic disease in a patient with 

epidermolysis bullosa. Annals Allergy Asthma Immunol, 121, S130. 

43. Sibaud,V., Roul,S., Leaute-Labreze,C., Meneguzzi,G. and Taïeb,A. (2002) Atopic dermatitis: 

therapeutic challenge in an infant with dystrophic epidermolysis bullosa. Br. J. Dermatol., 

147, 350–352. 

44. Ranjit,D.K., Endres,J.L. and Bayles,K.W. (2011) Staphylococcus aureus CidA and LrgA 

proteins exhibit holin-like properties. J. Bacteriol., 193, 2468–2476. 

45. Jones,D.P. (2010) Redox sensing: orthogonal control in cell cycle and apoptosis signalling. 

J. Internal Med., 268, 432–448. 

46. Brunie,J.P., Matthews,R.C., Carter,T., Beaulieu,E., Donohoe,M., Chapman,C., Williamson,P. 

and Hodgetts,S.J. (2000) Identification of an immunodominant ABC transporter in 

Methicillin-Resistant Staphylococcus aureus. Infect. Immun., 68, 3200–3209. 

47. Brandenburg,K.S., Rodriguez,K.J., McAnulty,J.F., Murphy,C.J., Abbott,N.L., Schurr,M.J. and 

Czuprynski,C.J. (2013) Tryptophan inhibits biofilm formation by Pseudomonas aeruginosa. 

Antimicrob. Agents Chemother., 57, 1921–1925. 

48. Sanchez,C.J.,Jr., Akers,K.S., Romano,D.R., Woodbury,R.L., Hardy,S.K., Murray,C.K. and 

Wenke,J.C. (2014) D-amino acids enhance the activity of antimicrobials against biofilms of 

clinical wound isolates of Staphylococcus aureus and Pseudomonas aeruginosa. 

Antimicrob. Agents Chemother., 58, 4353–4361. 



 

131 
 

49. Ghosh,S., Qureshi,A. and Purohit,H.J. (2019) D-Tryptophan governs biofilm formation rates 

and bacterial interaction in P. mendocina and S. aureus. J. Biosci., 44, 44–53. 

50. Shimazaki,J., Furukawa,S., Ogihara,H. and Morinaga,Y. (2012) l-Tryptophan prevents 

Escherichia coli biofilm formation and triggers biofilm degradation. Biochem. Biophys. Res. 

Commun., 419, 715–718. 

51. Li,H., Ye,Y., Ling,N., Wu,Q. and Zhang,J. (2015) Inhibitory effects of D-tryptophan on biofilm 

development by the foodborne Cronobacter sakazakii. Internat. Dairy J., 49, 125–129. 

52. Alavi,M., Antonic,V., Stojadinovic,A., Zhang,B. and Mina Izadjoo,M. (2013) Pseudomonas 

aeruginosa induces pigment production and enhances virulence in a white phenotypic 

variant of Staphylococcus aureus. IDR, 6, 175–12. 

53. Yang,L., Liu,Y., Markussen,T., Høiby,N., Tolker-Nielsen,T. and Molin,S. (2011) Pattern 

differentiation in co-culture biofilms formed by Staphylococcus aureus and Pseudomonas 

aeruginosa. FEMS Immunol. Med. Mic., 62, 339–347. 

54. Tognon,M., Köhler,T., Luscher,A. and Delden,C. (2019) Transcriptional profiling of 

Pseudomonas aeruginosa and Staphylococcus aureus during in vitro co-culture. BMC 

Genomics 20, 1–15. 

55. Dubois,J.-Y.F., Kouwen,T.R.H.M., Schurich,A.K.C., Reis,C.R., Ensing,H.T., Trip,E.N., 

Zweers,J.C. and van Dijl,J.M. (2009) Immunity to the bacteriocin sublancin 168 is 

determined by the SunI (YolF) protein of Bacillus subtilis. Antimic. Agents Chemother., 53, 

651–661. 

56. Piewngam,P., Zheng,Y., Nguyen,T.H., Dickey,S.W., Joo,H.-S., Villaruz,A.E., Glose,K.A., 

Fisher,E.L., Hunt,R.L., Li,B., et al. (2018) Pathogen elimination by probiotic Bacillus via 

signalling interference. Nature, 562, 1–19. 

57. Redi,D., Raffaelli,C.S., Rossetti,B., De Luca,A. and Montagnani,F. (2018) Staphylococcus 

aureus vaccine preclinical and clinical development: current state of the art. New 

Microbiol., 41, 208–212. 

58. Deutsch,E.W., Csordas,A., Sun,Z., Jarnuczak,A., Perez-Riverol,Y., Ternent,T., Campbell,D.S., 

Bernal-Llinares,M., Okuda,S., Kawano,S., et al. (2017) The ProteomeXchange consortium 

in 2017: supporting the cultural change in proteomics public data deposition. Nucleic Acids 

Res., 45, D1100–D1106. 

59. Vizcaíno,J.A., Csordas,A., del-Toro,N., Dianes,J.A., Griss,J., Lavidas,I., Mayer,G., Perez-

Riverol,Y., Reisinger,F., Ternent,T., et al. (2016) 2016 update of the PRIDE database and 

its related tools. Nucleic Acids Res., 44, D447–D456. 

 


	Chapter 4



