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Zusammenfassung 

Staphylokokken gehören zu den am häufigsten vorkommenden Bakteriengattungen 

auf der gesunden menschlichen Haut. Während die Rolle von Staphylokokken bei 

Krankenhausinfektionen gut erforscht ist, fehlt es an umfassenden Kenntnissen 

über ihre Rolle als kommensale Hautbakterien. In dieser Studie wurden die 

Staphylokokken-Populationen von gesunder menschlicher Haut phäno- und 

genotypisch untersucht. Dazu wurde zunächst ein Next Generation Sequencing 

(NGS) Schema entwickelt, das auf der Amplifikation einer Teilsequenz des tuf-Gens 

beruht. Diese Methode wurde mit zwei zuvor veröffentlichten Methoden verglichen. 

In einer in vivo Studie wurden Hautabstriche von 30 Probanden mit gesunder Haut 

an Stirn, Wange, Unterarm und Rücken genommen. Im Anschluss wurden 

Staphylokokken-Stämme (n=557) kultivierungsbasiert isoliert und die 

Staphylokokken-Populationen mit dem neu entwickelten NGS-Schema analysiert. 

Die Ergebnisse zeigten, dass Staphylococcus epidermidis die häufigste 

Staphylokokken-Art war, gefolgt von Staphylococcus capitis, 

Staphylococcus saccharolyticus und Staphylococcus hominis. Interessanterweise 

wurde Staphylococcus saccharolyticus in früheren metagenomischen und (den 

meisten) kultivierungsbasierten Studien nicht beschrieben. Dies lässt sich 

vermutlich auf die anspruchsvollen Wachstumsanforderungen und das Fehlen eines 

Referenzgenoms von S. saccharolyticus zurückführen. In weiteren Experimenten 

wurden die Staphylokokken-Isolate auf ihre antimikrobielle Aktivität gegen 

Staphylococcus aureus und Cutibacterium acnes untersucht, die mit atopischer 

Dermatitis bzw. Akne assoziiert sind. Bemerkenswert ist, dass einige 

Staphylokokken-Stämme eine selektive antimikrobielle Aktivität gegen 

Akne-assoziierte C. acnes-Phylotypen zeigten. Interessanterweise wiesen 

Hautareale ohne Staphylokokken-Stämme mit nachweislich antimikrobieller 

Aktivität eine höhere Abundanz von Akne-assoziierten C. acnes-Phylotypen auf als 

Hautareale mit antimikrobiell aktiven Stämmen. Um einen Einblick in die 

zugrundeliegenden Mechanismen zu erhalten, wurde eine RNA-Sequenzierung 

eines antimikrobiell aktiven S. epidermidis-Stamms durchgeführt, der mit einem 
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Akne-assoziierten bzw. einem nicht Akne-assoziierten C. acnes-Stamm kultiviert 

wurde. Die Ergebnisse deuten auf eine Herabregulierung der Produktion und 

Aktivität antimikrobieller Peptide in S. epidermidis hin, solange dieser mit einem 

nicht Akne-assoziierten C. acnes-Stamm kultiviert wird. 
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Abstract 

Staphylococci belong to the most abundant bacterial genera present on healthy 

human skin. While the role of staphylococci in hospital-acquired infections is well 

studied, extensive knowledge of their role as skin commensals is lacking. In this 

study, staphylococcal populations of healthy human skin were pheno- and 

genotypically characterised. Therefore, a novel amplicon next-generation 

sequencing (NGS) scheme targeting the tuf gene was established and compared to 

two previously published methods. An in vivo study with 30 human volunteers with 

healthy skin was conducted. Skin swab samples were taken from the forehead, 

cheek, forearm and back to obtain staphylococcal isolates (n=557) and to analyze 

the staphylococcal populations via the amplicon-based NGS scheme. The results 

revealed Staphylococcus epidermidis as the most abundant staphylococcal species 

detected, followed by Staphylococcus capitis, Staphylococcus saccharolyticus and 

Staphylococcus hominis. Interestingly, S. saccharolyticus was not described in 

previous metagenomic and (most) culture-based studies. This can presumably be 

attributed to the fastidious growth requirements and the lack of a reference genome 

of S. saccharolyticus. In subsequent experiments, the staphylococcal isolates were 

screened for their antimicrobial activity against Staphylococcus aureus and 

Cutibacterium acnes, which are associated with atopic dermatitis and acne, 

respectively. Notably, some staphylococcal strains revealed a selective 

antimicrobial activity against acne-associated phylotypes of C. acnes. Interestingly, 

skin sites without staphylococcal strains with antimicrobial activity had a higher 

abundance of acne-associated phylotypes of C. acnes, compared to skin sites with 

antimicrobial active strains. To get mechanistic insights, RNA-sequencing of an 

antimicrobial active S. epidermidis strain co-cultured with an acne-associated and a 

non-acne-associated C. acnes strain, respectively, was performed. The results 

indicate a down-regulation of the production and activity of antimicrobial peptides 

in S. epidermidis when co-cultured with non-acne-associated C. acnes. 
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1 Introduction 

1.1 The microbiome of healthy skin 

As the most outer layer around our bodies, the human skin has many different 

functions. Our skin protects us from water loss, regulates body temperature, and 

prevents the entry of pathogens. The skin is made up of three main layers: 

epidermis, dermis and hypodermis. The top sub-layer of the epidermis consists of 

layers of corneocytes and is called stratum corneum. The skin surface is acidic with 

a high salt and low water content. Despite these seemingly inhospitable conditions, 

it is densely populated with microbes, the entirety of which is called the skin 

microbiome. The human skin microbiome consists of bacteria, fungi and viruses 

with the majority made up by bacteria (Byrd, Belkaid, & Segre, 2018). The three 

most abundant bacterial skin genera are Staphylococcus, Corynebacterium and 

Cutibacterium (Grice et al., 2009).  

The composition of the skin microbiome differs highly between skin sites and skin 

conditions, which can be roughly divided in sebaceous, moist and dry skin sites 

(Byrd et al., 2018). Sebaceous skin sites are dominated by Cutibacterium and 

Staphylococcus species, while moist skin sites are mostly represented by 

Corynebacterium and Staphylococcus species (Grice et al., 2009). Dry skin sites 

reveal the highest diversity and are populated by a variety of different members 

from the phyla Actinobacteria, Proteobacteria, Firmicutes and Bacteroidetes. While 

the other skin sites are almost exclusively populated by Gram-positive bacteria, on 

dry skin sites some Gram-negative bacterial species can be found (Costello et al., 

2009; Grice et al., 2009) (Fig. 1).  

While it has long been assumed that the skin surface is ~2 m2 in size, recent 

assessments factored in skin appendages and estimate the skin surface to ~25 m2, 

which gives a more realistic picture of the dimension of ecological niches for the 

microbiota (Gallo, 2017). Staphylococci are mostly located at the skin surface, while 

cutibacteria prefer the lipid-rich and anaerobic conditions of sebaceous glands 
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(Kearney, Harnby, Gowland, & Holland, 1984). Despite being exposed to many 

external influences, the skin microbiome of healthy skin is surprisingly stable over 

time (Costello et al., 2009; Oh et al., 2016). 

 

 

Figure 1 Overview of the skin microbiome. Composition of the skin microbiome on four skin sites (glabella, 
antecubital fossa, volar forearm, toe web space) is representative of oily, moist, dry and foot skin conditions. 
Pictured in pie charts is the mean composition of kingdom, fungi and bacteria on healthy skin. The bar charts 
show the Cutibacterium acnes (formerly Propionibacterium acnes), Staphylococcus epidermidis and virus 
populations of four individuals. Original figure from (Byrd et al., 2018). Reprinted with the permission of 
Springer Nature. 

 

1.2  Staphylococcal populations on human skin 

Staphylococci, the second most abundant skin genus can be found virtually on all 

body sites and individuals. They are Gram-positive, spherically shaped cluster 

forming bacteria. The species was named after their typical appearance under the 

microscope: “staphylo-” meaning “bunch of grapes” in ancient greek. At present, 

61 different staphylococcal species are described in the NCBI taxonomy database 

(status: 10.02.2022) (Schoch et al., 2020). The genus is classified into coagulase-

negative (CoNS) and coagulase-positive staphylococci (CoPS). As the name suggests, 

CoPS possess the ability to produce the enzyme coagulase, which converts 

fibrinogen to fibrin and thus results in the clotting of blood (Boden & Flock, 1989; 
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McDevitt, Vaudaux, & Foster, 1992). The main species of CoPS is S. aureus; its skin 

colonization is associated with skin disorders such as atopic dermatitis (Leyden, 

Marples, & Kligman, 1974). In contrast, staphylococci found on healthy skin belong 

almost exclusively to CoNS. Common CoNS found on skin are 

Staphylococcus epidermidis, Staphylococcus hominis, Staphylococcus capitis, 

Staphylococcus warneri and Staphylococcus haemolyticus (Kloss, 1975; K. H. K. 

Schleiferi, W. E., 1975).  

S. epidermidis is the most frequently isolated species from the skin, not only because 

of its abundance, but also because of its undemanding cultivation requirements. 

While very abundant on the skin, S. epidermidis can also act as an opportunistic 

pathogen involved in nosocomial infections (Otto, 2009). Especially, infections of 

implanted devices are in two thirds of cases caused either by S. epidermidis or 

S. aureus (Campoccia, Montanaro, & Arciola, 2006). They often cause persistent 

infection, which are difficult to treat because S. epidermidis can form biofilms on 

these devices (Mack et al., 2006). Of all CoNS species S. epidermidis causes the 

highest number of infections (Rogers, Fey, & Rupp, 2009).  

There is great interest in understanding the differences between infection and skin 

commensal isolates of S. epidermidis, to get a better insight into their pathogenicity 

and skin beneficial functionality, respectively. The population of S. epidermidis can 

be divided into three clades (A, B and C). The B-clade consists mainly of skin isolates, 

while the A- and C-clades harbor isolates from various sources (Conlan et al., 2012; 

Espadinha et al., 2019). Furthermore, S. epidermidis strains are assigned to sequence 

types (ST), determined by multilocus sequence typing (MLST). S. epidermidis strains 

assigned to the ST types ST2, ST5 and ST23 are particularly often isolated from 

infections (Lee et al., 2018). Certain virulence genes such as the methicillin-

resistance gene mecA, biofilm operon icaADBC and insertion sequence element 

IS256 are also more prevalent in S. epidermidis isolates from infections compared to 

skin commensals (Conlan et al., 2012; Rohde et al., 2004).  

Staphylococci are also commensal colonizers of animals, but the species differ from 

those species commonly found on human skin. For example, Staphylococcus arlettae, 

Staphylococcus auricularis and Staphylococcus devriesei found on cows (Verdier-
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Metz et al., 2012) are not commonly found on human skin. The same applies to 

Staphylococcus equorum and Staphylococcus cohnii, which are dominant on pig skin 

(Strube, Hansen, Rasmussen, & Pedersen, 2018). 

Most Staphylococcus species possess a high salt tolerance and grow aerobically and 

facultative anaerobically. These capabilities make them highly adapted to the harsh 

conditions present on the skin. First analyses of staphylococcal populations on the 

skin were done with culture-based methods, and species were characterised based 

on phenotypic properties (Kloos & Musselwhite, 1975; Kloss, 1975; K. H. K. 

Schleiferi, W. E., 1975). First phylogenetic characterisations of the skin microbiota 

were performed on single isolates via Sanger sequencing by using the full 16S rRNA 

gene (~1500 kb) (Lane et al., 1985). Next-generation sequencing (NGS) 

technologies made it possible to analyse not only the culturable skin bacteria, but 

also difficult or non-culturable ones. Furthermore, NGS enabled the sequencing of 

mixed bacterial communities. However, NGS methods often run on the Illumina 

MiSeq platform, which is restricted to a limited read length of around 300 kb. Hence, 

only a fraction of the 16S rRNA gene can be used as a phylogenetic marker (Meisel 

et al., 2016). These 16S rRNA gene fragments do not vary extensively between most 

staphylococcal species, which makes it difficult to differentiate beyond the genus 

level by using 16S rRNA amplicon-based NGS (Meisel et al., 2016). In contrast, whole 

genome shotgun sequencing makes it possible to analyse the microbiome consisting 

of bacteria, fungi, virus and the host genome simultaneously and with high 

resolution. However, this method is still comparatively costly, and a higher 

bioinformatic effort is needed to analyse the large extent of data created. 

Furthermore, the input DNA concentration needed for whole genome shotgun 

metagenomics is higher than for amplicon-based NGS, which is sometimes not 

feasible on skin sites with low bacterial numbers as, e.g. observed on the forearm. 
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1.3 Association of the skin microbiome with skin diseases  

While the microbiome on healthy skin is stable over time (Oh et al., 2016), a shift in 

the skin microbiome, called dysbiosis, can be associated with skin diseases. The 

most common skin diseases linked to a pronounced microbiome shift are atopic 

dermatitis and acne. 

1.3.1 Atopic dermatitis 

Atopic dermatitis is a multifactorial skin disease with a high prevalence of around 

20 % in children of developed countries (Laughter, Istvan, Tofte, & Hanifin, 2000; 

Schultz Larsen, Diepgen, & Svensson, 1996; Sugiura et al., 1998). Common 

phenotypes/manifestations of atopic dermatitis are dry skin and a severe itch at the 

face, neck or inner side of elbow/knee (Spergel & Paller, 2003). Atopic dermatitis 

lesions are often colonized with S. aureus (Leyden et al., 1974). S. aureus 

colonization density correlates with atopic dermatitis disease severity (Tauber et 

al., 2016). Several virulence factors of S. aureus have been associated with atopic 

dermatitis. The alpha-toxin of S. aureus induces cell death in keratinocytes 

(Brauweiler, Goleva, & Leung, 2014). Additionally, S. aureus produces toxins that can 

act as superantigens such as Staphylococcal enterotoxin B or Toxic Shock Syndrome 

Toxin-1, which lead to hyperactivation of T cells and thus significant inflammation 

(Travers, 2014). A genetic predisposition in atopic dermatitis patients results in a 

deficient skin barrier, which can be exploited by S. aureus to penetrate into deeper 

skin layers and trigger the production of inflammatory cytokines (Nakatsuji et al., 

2016). Furthermore, S. aureus can contribute to a deficient skin barrier by inducing 

serine protease activity in keratinocytes (Williams, Nakatsuji, Sanford, Vrbanac, & 

Gallo, 2017). These findings indicate that S. aureus skin colonization contributes to 

atopic dermatitis disease severity. This species thus provides a promising target for 

antibacterial therapies in atopic dermatitis.  

1.3.2 Acne 

Acne is a chronic skin disease, affecting approximately 85% of adolescents and 

young adults (White, 1998). Typical skin manifestations are comedones, papules 

and pustules, which are formed in the pilosebaceous unit and sometimes can result 
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in scarring. While there is no evidence for a change in overall C. acnes populations 

density on acne affected skin compared to healthy controls, a decrease in C. acnes 

strain type diversity can be observed (Dagnelie et al., 2019). C. acnes can be divided 

into the six main phylotypes IA1, IA2, IB, IC, II and III (Lomholt & Kilian, 2010; 

McDowell, Nagy, Magyari, Barnard, & Patrick, 2013). These phylotypes can be 

subdivided into different single-locus sequence type (SLST) classes (A to L), where 

A to E corresponds to the phylotype IA1, F to IA2, G to IC, H to IB, K to II and L to III 

(Scholz, Jensen, Lomholt, Bruggemann, & Kilian, 2014). On acne-affected skin, 

strains of C. acnes A-class, C-class and F-class are enriched, while strains of H-class 

and K-class C. acnes are more prevalent on healthy skin (Dagnelie et al., 2018; 

Lomholt, Scholz, Bruggemann, Tettelin, & Kilian, 2017; McDowell et al., 2012; 

McDowell et al., 2011; Nakase et al., 2020; Nakase, Hayashi, Akiyama, Aoki, & 

Noguchi, 2017). Acne-associated F-class strains produce higher amounts of 

porphyrins then non-acne associated K-class strains (T. Johnson, Kang, Barnard, & 

Li, 2016). Porphyrins are increased on acne-affected skin and can induce 

inflammation in keratinocytes through the production of reactive oxygen species 

(ROS) (Meyer et al., 2015; Schaller et al., 2005). Furthermore, acne-associated 

C. acnes strains harbor more virulence genes then non-acne-associated strains 

(Tomida et al., 2013). Hence, not the whole species, but certain C. acnes 

strain-classes are associated with acne. 

1.4 Health-beneficial traits of commensal staphylococci  

For decades, most research focused on the pathogenicity of staphylococci and their 

involvement in hospital-acquired infections. However, recent findings showed the 

importance of commensal staphylococcal species on the skin, most notably 

S. epidermidis. They play a central role in maintaining the skin microbiome 

homeostasis, e.g. in atopic dermatitis: An early colonization with commensal 

staphylococcal species lowers the risk of developing atopic dermatitis (Kennedy et 

al., 2017). Some staphylococcal strains possess antagonistic properties against 

potentially disease-causing skin bacteria, e.g. S. aureus and C. acnes. These 

mechanisms may play a central role in preventing skin diseases such as acne and 
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atopic dermatitis associated with skin dysbiosis. The different antagonistic 

mechanisms of CoNS are explained in the following paragraphs. 

1.4.1 Lantibiotics 

Many staphylococcal strains produce antimicrobial peptides, which most commonly 

belong to the group of lantibiotics. The study of Nakatsuji et al. (2017) showed that 

colonization with staphylococcal strains that possess antimicrobial activity occur 

less frequently on atopic dermatitis patient skin compared to healthy controls, 

demonstrating their importance in protecting against skin disease. 

Lantibiotics are post-translationally modified peptides and named after their 

unusual amino acids lanthionine and methyllanthionine. They can be classified 

according to their structure into groups A and B. Group A lantibiotics show an 

elongated structure, while group B lantibiotics are globular (Bierbaum & Sahl, 

2009). Most lantibiotics produced by CoNS belong to the group A lantibiotics. The 

so far best described staphylococcal lantibiotic is epidermin, produced by certain 

strains of S. epidermidis (Schnell et al., 1988), which shows activity against S. aureus 

and C. acnes (Kellner et al., 1988) (Fig. 2). Other lantibiotics expressed by certain 

S. epidermidis strains are lantibiotics pep5, epicidin 280, epilancin K7, epidermicin 

NI01 and epilancin 15x (Heidrich et al., 1998; Kaletta et al., 1989; Sandiford & Upton, 

2012; van de Kamp et al., 1995). Bacterial mechanisms to hinder the activity of 

lantibiotics occur mostly not lantibiotic-specific, such as the alteration of the cell 

wall or composition of the membrane (Draper, Cotter, Hill, & Ross, 2015). One 

example is the multiple peptide resistant factor (MprF) in S. aureus, which enables 

the esterification of lysine in phosphatidylglycerol in the membrane. This leads to a 

reduced negative charge of the cell membrane, making it less susceptible to cationic 

peptides (Peschel et al., 2001). However, specific resistance to lantibiotics is very 

rare, making them an important potential alternative to antibiotics (Draper et al., 

2015). 
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Figure 2 Primary structure of the lantibiotic epidermin. Dhb: 2,3-didehydroalanine, A-S-A: lanthionine, 
Abu-S-A: 3-methyllanthionine. 

 

1.4.2 Phenol-soluble modulins 

Phenol-soluble modulins (PMSs) are amphipathic, α-helical peptides produced by 

staphylococci. There are two different types of PSMs, which differ in their size. The 

α-type PSMs are 20 to 25 amino acids in length, while β-type PSMs are 43 to 44 

amino acids long. S. epidermidis produces four α-type PSMs (PSMα, PSMγ, PSMδ, 

PSMε,) and two β-type PSMs (PSMβ1, PSMβ2) (Mehlin, Headley, & Klebanoff, 1999; 

Yao, Sturdevant, & Otto, 2005). Especially for S. aureus, PSMs have been described 

as a virulence factor, e.g. PSMγ (called δ-toxin) secreted by S. aureus can cause lysis 

of membranes (Alouf, Dufourcq, Siffert, Thiaudiere, & Geoffroy, 1989; Yoshida, 

1963). Furthermore, the are important in biofilm formation and dissemination of 

S. epidermidis (R. Wang et al., 2011). All Staphylococcus species and strains are 

capable of expressing PSMs. However, different PSM-types are produced, which 

differ in their properties. It is important to note that the name of PSM-types describe 

different peptides in different species, e.g. PSMβs in S. epidermidis are different from 

PSMβs in S. capitis. 

While S. aureus secretes high amounts of cytolytic PSMs (PSMα3 and PSMδ), 

S. epidermidis mostly produces non-cytolytic PSMβs (Cheung et al., 2010). 

Expression of S. epidermidis PSMßs is directly controlled by the quorum sensing agr 

system (Queck et al., 2008). PSMs in commensal CoNS can exhibit antimicrobial 

activity, often in synergy with other antimicrobial peptides (AMPs) (Cogen, 

Yamasaki, Muto, et al., 2010; Cogen, Yamasaki, Sanchez, et al., 2010; O'Neill et al., 

2020). Therefore, they could play a role in inhibiting the colonization of potential 
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pathogens on the skin. S. capitis secretes four different PSMßs with antimicrobial 

activity against C. acnes (O'Neill et al., 2020). Furthermore, an S. epidermidis strain 

was found, whose produced PSMγ act synergistically together with host AMPs 

against group A streptococci (Cogen, Yamasaki, Sanchez, et al., 2010).  

1.4.3 Nonribosomal peptides 

Nonribosomal peptides are directly synthesized by nonribosomal peptide 

synthetases, thus their synthesis is independent of mRNA. Their properties range 

from antimicrobial, cytostatic or immunosuppressant. Recently, a 

Staphylococcus lugdunensis strain derived from the nose was found to produce a 

nonribosomal antimicrobial peptide, designated lugdunin, with activity against 

S. aureus (Zipperer et al., 2016). Lugdunin enhances the expression of human AMPs 

in keratinocytes and induces the innate immune response. Both mechanisms reveal 

a strong potential of preventing and reducing S. aureus colonization on the skin 

(Bitschar et al., 2019).  

1.4.4 Signaling interferences 

The agr (accessory gene regulator) system represents the main quorum sensing 

system of staphylococci. S. aureus virulence factors such as PSMα and PSMδ can 

promote skin inflammation in atopic dermatitis and are controlled by the agr system 

(Nakagawa et al., 2017; Nakamura et al., 2013; Yarwood & Schlievert, 2003). It was 

recently shown that the agr system of S. aureus is critical for epidermal colonization 

and inflammation in atopic dermatitis (Y. Nakamura et al., 2020). Therefore, the agr 

system provides a potential target to alleviate symptoms triggered through S. aureus 

in atopic dermatitis.  

The agr system locus is composed of the agrBDCA operon. The pro-peptide 

precursor AgrD gets exported out of the cell and modified by the integral membrane 

peptidase AgrB to become the autoinducing peptide (AIP). The AIP is detected by 

the histidine kinase AgrC. The latter phosphorylates the response regulator AgrA, 

which in turn activates the expression of the agrBDCA operon and RNAIII (reviewed 

in: (Thoendel, Kavanaugh, Flack, & Horswill, 2011)). RNAIII is a regulatory RNA and 

the main effector of the agr system. Part of the RNAIII sequence is the hld gene, 

which codes for the δ-toxin (Janzon, Lofdahl, & Arvidson, 1989). While most gene 
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expression is regulated through RNAIII, AgrA also directly activates the expression 

of PSM genes (Queck et al., 2008) (Fig. 3). Interestingly, it was observed that AIPs of 

other strains or species function as competitive antagonists of the agr system, by 

binding to AgrC, thereby blocking the receptor (Ji, Beavis, & Novick, 1997) (Fig. 3). 

 

 

Figure 3 Scheme of quorum sensing and quenching of the agr system in staphylococci. AIP pre-cursor 
peptide (coded in agrD) gets exported and maturated through the membrane peptidase AgrB. AIP binds to the 
histidine kinase AgrC, which activates AgrA. AgrA activates the expression of the agrBDCA operon and RNAII. 
Heterologous AIP can bind to AgrC and thus, can inhibit the agr system. 

 

Allelic variants of the AIP gene are present in staphylococcal species and hence, the 

AIP length can vary between seven to nine amino acids (Yarwood & Schlievert, 

2003). In the case of S. aureus and S. epidermidis, four different AIP types (agr-I, -II, 

-III and -IV) are described for each species (Yarwood & Schlievert, 2003; Zhou et al., 

2020). Analyses of the structure and activity of the AIP/AgrC interaction showed 

that the AIP conformation is essential for the ability to activate or inhibit AgrC (J. G. 

Johnson, Wang, Debelouchina, Novick, & Muir, 2015). 

Through these different AIP types, staphylococcal strains can interfere with the 

S. aureus agr system and inhibit the expression of virulence factors involved in 
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atopic dermatitis. This cross-species quorum quenching between S. epidermidis and 

S. aureus was first described by Otto, Sussmuth, Vuong, Jung, and Gotz (1999). In 

addition, strains of other commensal CoNS species from the skin, such as S. hominis, 

S. simulans or S. caprae, showed a potent inhibition of S. aureus agr signaling (Brown 

et al., 2020; Paharik et al., 2017; Williams et al., 2019). Staphylococcal species 

derived from animal skin such as Staphylococcus hycius and Staphylococcus lentus 

were also shown to inhibit the S. aureus quorum sensing system (Peng et al., 2019). 

It was shown that S. epidermidis agr-I type is able to inhibit S. aureus agr-I, agr-I and 

agr-III type systems (Otto, Echner, Voelter, & Gotz, 2001). Interestingly, 

metagenomic analysis of the atopic dermatitis patient’s skin microbiome revealed 

that a reduced abundance of S. epidermidis agr-I is associated with a higher disease 

severity in atopic dermatitis (Williams et al., 2019).  

1.4.5 Interaction with the host immune system 

So far, most research on the interaction between the human immune system and 

microorganisms focusses on pathogens. However, it was suggested that most 

interactions occur in a symbiotic manner with commensal bacteria of the human 

microbiome (Belkaid & Hand, 2014).  

It was shown that colonization with S. epidermidis enhances the human innate 

immunity through dendritic cells which prime CD8+ T cells. The CD8+ T cells 

migrate to the skin, enhance the antimicrobial defense of keratinocytes and thus, 

inhibiting the invasion of pathogenic bacteria (Naik et al., 2015). In addition, it was 

shown that S. epidermidis inhibit toll-like receptor 3 (TLR3) induced inflammation 

through lipoteichoic acid (Lai et al., 2009). The study of Pastar et al. (2020) showed 

that S. epidermidis upregulates perforin-2 expression in skin cells, which in turn 

leads to an increased killing of intracellular S. aureus (Pastar et al., 2020). 

Staphylococcal species were shown to provoke an increased antimicrobial defense 

of the host in a TLR2-mediated manner (Lai et al., 2010). Furthermore, S. epidermidis 

induced the expression of the microRNA miR-143 in keratinocytes, which can inhibit 

C. acnes-induced inflammation in acne (Xia et al., 2016). 



Introduction 

  

 19 

1.4.6 Other modes of skin protection 

Besides the production of antimicrobial peptides, signaling interferences and 

interaction with the immune system, other mechanisms through CoNS are thought 

to have a beneficial impact on skin health. S. epidermidis produces the short-chain 

fatty acid succinic acid with antimicrobial properties against C. acnes, implicated in 

acne (Y. Wang et al., 2014). S. epidermidis secretes an Esp serine protease with the 

ability to degrade S. aureus biofilm and thus, hinders the colonization of S. aureus 

(Iwase et al., 2010). Additionally, S. epidermidis produces a sphingomyelinase, which 

may facilitate the production of protective ceramides, preventing skin dehydration 

and skin barrier disruption (Zheng et al., 2022). 

1.5 Aim of this study 

The aim of this study was to characterise the staphylococcal populations on healthy 

human skin. Therefore, an in vivo study with 30 healthy volunteers was conducted 

and skin swab samples were taken from the skin of forehead, cheek, forearm and 

back. Subsequently, the staphylococcal populations were characterised with 

culture-dependent and -independent approaches. For the culture-independent 

approach a novel amplicon-based NGS scheme was established. Staphylococcal 

isolates were collected from the skin for phenotypic and genotypic characterisation. 

The pathogenic potential of S. epidermidis isolates from healthy skin was assessed 

by genome sequencing and compared to the genomes of S. epidermidis isolates 

derived from infections. Isolated staphylococcal strains were screened in vitro for 

their antimicrobial properties against different strains of S. aureus and C. acnes, 

involved in atopic dermatitis and acne, respectively. To get insight into the 

interaction mechanisms between CoNS and C. acnes, RNA-sequencing of a 

S. epidermidis strain in co-culture with acne- and non-acne-associated C. acnes 

strains was performed.  
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The geno- and phenotypic characterisation of staphylococci on healthy skin resulted 

in the following two publications and one manuscript: 

 

Publication I: 

Ahle CM et al. Comparison of three amplicon sequencing approaches to determine 

staphylococcal populations on human skin. BMC Microbiol 21, 221 (2021). 

Publication II: 

Ahle CM et al. Staphylococcus saccharolyticus: An Overlooked Human Skin 

Colonizer. Microorganisms 8, (2020). 

Manuscript I:  

Ahle CM et al. Interference and co-existence of staphylococci and Cutibacterium 

acnes within the healthy human skin microbiome. (submitted) 
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Comparison of three amplicon sequencing approaches to 

determine staphylococcal populations on human skin 

Charlotte Marie Ahle, Kristian Stødkilde-Jørgensen, Anja Poehlein, Wolfgang R. 

Streit, Jennifer Hüpeden, Holger Brüggemann 

 

 

Published in:  
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Contributions to the article: 

- Writing of manuscript 

- Planning and conducting the study 

- Isolation and species characterisation of staphylococcal isolates from skin 
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- Assembling of mock communities 

- Analysis and visualization of amplicon NGS data 

- Phylogenomic analysis 
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Staphylococcus saccharolyticus: An Overlooked Human 

Skin Colonizer 
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Published in:  
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Abstract 

Background 

Human skin is populated by trillions of microbes collectively called the skin 

microbiome. Staphylococcus epidermidis and Cutibacterium acnes are among the 

most abundant members of this ecosystem, with described roles in skin health and 

disease. Knowledge regarding the exact composition of coexisting populations on 

healthy skin and the potential interferences of these ubiquitous skin residents is still 

limited.  

Results 

Here, we profiled the staphylococcal and C. acnes landscape of 30 individuals across 

four different skin sites (120 skin samples) using amplicon-based next-generation 

sequencing. In average, skin sites were colonized with 3.1 and 3.6 different 

staphylococcal species and C. acnes phylotypes, respectively. S. epidermidis was 

found to be the most abundant staphylococcal species across all skin sites, followed 

by Staphylococcus capitis and Staphylococcus saccharolyticus. The latter species was 

not detected by cultivation, likely due to its fastidious growth requirements. 

Genome-sequencing of 69 S. epidermidis strains revealed a large diversity; these 

healthy skin-associated strains did not overlap with previously identified disease-

associated lineages. Regarding the C. acnes population, 39 distinct phylotypes 

differentiated by single-locus sequence typing (SLST) were found, which covered all 

known 10 SLST classes. Highest relative abundances were determined for A-class 

C. acnes (27.6 %), followed by D-class (20.7%), K-class (19.2%) and H-class (12.2%) 

C. acnes.  

Relative abundance profiles indicated the existence of phylotype-specific co-

existence and exclusion scenarios. Co-culture experiments with 557 staphylococcal 

strains identified 30 strains exhibiting anti-C. acnes activities. Notably, 

staphylococcal strains were found to selectively exclude acne-associated C. acnes 

and co-exist with healthy skin-associated phylotypes. Transcriptome sequencing of 

S. epidermidis in the presence of tolerant (D-class) and susceptible (A-class) C. acnes 

strains, respectively, showed that the antimicrobial activity of S. epidermidis was 
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selectively down-regulated in the presence of D-class C. acnes. The data suggests 

that D-class, but not A-class C. acnes can interfere with the agr quorum sensing 

system of S. epidermidis and suppress the production and activity of antimicrobial 

peptides. 

Conclusion 

Overall, these findings highlight the importance of skin-resident staphylococci and 

give insight into their phylotype-specific interaction with C. acnes. These selective 

microbial interferences contribute to homeostasis of the microbiome of healthy 

skin. 

 

Keywords: skin microbiome, Staphylococcus, coagulase-negative staphylococci, 

Staphylococcus epidermidis, Cutibacterium acnes, microbial interference, amplicon-

based next-generation sequencing, transcriptome sequencing 

 

Background 

Human skin is colonized by a diverse community of microorganisms, the 

composition of which is shaped by numerous host-related and external factors, 

including chemical and physical parameters, skin topography and microbe-microbe 

interactions [1].   

Staphylococcus and Cutibacterium are known to be the most abundant and 

ubiquitous genera within the human skin microbiome [2, 3], found across almost all 

parts of the skin ecosystem, albeit with preferential niches. Some species of 

staphylococci such as S. epidermidis are often located in sites of high humidity, while 

C. acnes is found more often in sebaceous areas [4-6]. Both genera are known to 

exhibit traits that have been linked to specific health- and disease-related states and 

are selectively regarded as key skin health sentinels [7-10]. 

S. epidermidis is the most abundant skin colonizing coagulase-negative 

staphylococci (CoNS). The species is phylogenetically divided into three main 

clusters (A, B, C) [11-13] and is assigned to different sequence types (ST). Notably, 
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S. epidermidis STs have been linked to nosocomial infections, suggesting relevance 

for pathogenic potential (e.g. ST2, ST5 and ST23) [14]. 

C. acnes is a polyphyletic species that can be divided into different subspecies and 

phylotypes, namely, IA1, IA2, IB, IC, II and III [15, 16]. To enable characterisation of 

mixed populations of C. acnes, a single locus sequence typing (SLST) scheme has 

been developed that enables the differentiation into ten classes (A to L) [17]. SLST 

classes A to E correspond to phylotype IA1 strains, whereas SLST classes F, G, H, K 

and L correspond to phylotypes IA2, IC, IB, II and III, respectively [17]. Recent work 

has shown that some phylotypes/SLST classes are enriched in individuals with the 

skin disorder acne vulgaris, whereas others have been identified as markers of 

healthy skin. Acne-associated phylotypes include SLST classes A and C (both 

phylotype IA1) and F (IA2), whereas healthy skin is colonised with more diverse 

populations with a higher prevalence of strains belonging to the SLST classes H (IB) 

and K (II) [18-23].  

A limited number of studies have indicated that Staphylococcus spp. and 

Cutibacterium spp. may be interacting in a strain-dependent manner. For instance, 

some staphylococcal strains can produce bacteriocins [24, 25] or short-chain fatty 

acids [26], preventing the colonisation and spread of C. acnes and other 

disease-associated bacteria. However, there is still limited knowledge regarding 

interactions between the two most abundant genera on human skin. 

Here, we used a combination of culture-dependent and -independent approaches to 

characterise staphylococcal and C. acnes populations within the healthy skin 

microbiome of 30 healthy individuals (four skin sites, 120 samples) and assess their 

potential for co-existence and mutual exclusion within this ecosystem.  

An amplicon-based next-generation sequencing (NGS) method [17, 27, 28] was 

applied in tandem with in vitro antagonistic assays, whole genome sequencing of 

isolates and gene expression analysis to uncover selective exclusion and co-

existence of acne- and healthy skin-associated C. acnes lineages, respectively, by 

staphylococcal strains. Our findings provide new insights into the healthy skin 

microbiome landscape, revealing a key role of staphylococci in maintaining skin 

microbiome homeostasis through microbial interference. 
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Methods 

Cohort and sample acquisition  

Swab samples were collected from 30 volunteers (female, n=14; male, n=16) with 

an age range of 22-43 years from forehead, cheek, back and forearm skin, as 

described previously [27]. In brief, an area of 25 cm2 of forehead, cheek, back skin 

and 50 cm2 on forearm skin was swiped with a cotton swap which was pre-

moistened in aqueous sampling buffer containing disodium phosphate (12.49 g/L, 

Merck), potassium dihydrogen phosphate (0.63 g/L, Merck) and 1 % Triton X-100 

(Sigma). The swap was vigorously shaken in a tube containing 2 mL of sampling 

buffer and then removed. The sample was stored at -20°C before DNA extraction. 

Skin hydration and sebum content were measured with a Corneometer (Courage + 

Khazaka electronic) and Sebumeter (Courage + Khazaka electronic), respectively. 

None of the volunteers had a history of skin disease, nor had undergone treatment 

with topical medicine or antibiotics in the last six months. Written informed consent 

was obtained from all volunteers and the study was approved by International 

Medical & Dental Ethics Commission GmbH (IMDEC), Freiburg (Study no. 67885). 

Cultivation of swab sample, CFU count and species identification 

The swab samples were diluted (back, cheek, forehead skin sample: 1:10 and 

1:1000; forehead skin sample: 1:1 and 1:100) in 0.9 % NaCl solution. Cultivation was 

done by plating on Columbia agar with 5 % sheep blood; agar plates were incubated 

at 37°C for 24 h. CFU count was determined with an automatic colony counter (IUL). 

Up to five colonies that resembled staphylococci based on colony size and color were 

randomly picked of each plate and pure cultures were obtained by sub-cultivation 

on the same agar. Each isolate (572 isolates in total) was assigned to species level 

by MALDI-TOF mass spectrometry (Additional File 1).   

DNA extraction from skin swab samples 

Prior to DNA extraction, skin swab samples were centrifuged (8.000 g, 30 min at 

4°C), and the supernatant was discarded. The pellets were lysed by using 

lysostaphin (0.05 mg/mL, Sigma) and lysozyme (9.5 mg/mL, Sigma). DNA was 

extracted using the DNeasy PowerSoil Kit (QIAGEN), following the manufacturer’s 
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instructions. DNA concentrations were measured with the Qubit dsDNA HS Assay 

(ThermoFisher Scientific) using a Qubit fluorometer. 

Amplicon polymerase chain reaction (PCR) 

The tuf2 amplicon PCR (for staphylococcal population analysis) was performed as 

described previously [27] using the primers tuf2_fw, 5’-ACAGGCCGTGTTGAACGTG-

3’ and tuf2_rev, 5’-ACAGTACGTCCACCTTCACG-3’. The SLST amplicon fragment (for 

C. acnes population analysis) was amplified using the primers: 

5’-TTGCTCGCAACTGCAAGCA-3’ and 5’-CCGGCTGGCAAATGAGGCAT-3’. PCR 

reaction mixtures were made in a total volume of 25 µl and comprised 5 µl of DNA 

sample, 2.5 µl AccuPrime PCR Buffer II (Invitrogen, Waltham, MA, USA), 1.5 µl of 

each primer (10 µM) (DNA Technology, Risskov, Denmark), 0.15 µl AccuPrime Taq 

DNA Polymerase High Fidelity (Invitrogen, Waltham, MA, USA), and 14.35 µl of PCR 

grade water. The PCR reaction was performed using the following cycle conditions: 

initial denaturation at 94°C for 2 min, 35 cycles of denaturation at 94°C for 20 sec, 

annealing at 55°C for 30 sec, elongation at 68°C for 1 min, final elongation step at 

72°C for 5 min. PCR products were verified on an agarose gel and purified using the 

Qiagen GenereadTM Size Selection kit (Qiagen, Hilden, Germany). The concentration 

of the purified PCR products was measured with a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).  

Amplicon-based Next-Generation Sequencing 

PCR products were used to attach indices and Illumina sequencing adapters using 

the Nextera XT Index kit (Illumina, San Diego). Index PCR was performed using 5 µl 

of template PCR product, 2.5 µl of each index primer, 12.5 µl of 2x KAPA HiFi 

HotStart ReadyMix and 2.5 µl PCR grade water. Thermal cycling scheme was as 

follows: 95 °C for 3 min, 8 cycles of 30 s at 95 °C, 30 s at 55 °C and 30 s at 72 °C and 

a final extension at 72 °C for 5 min. Quantification of the products was performed 

using the Quant-iT dsDNA HS assay kit and a Qubit fluorometer (Invitrogen GmbH, 

Karlsruhe, Germany) following the manufacturer’s instructions. MagSi-NGSPREP Plus 

Magnetic beads (Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany) were 

used for purification of the indexed products as recommended by the manufacturer 

and normalization was performed using the Janus Automated Workstation from 
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Perkin Elmer (Perkin Elmer, Waltham Massachusetts, USA). Sequencing were 

conducted using Illumina MiSeq platform using dual indexing and MiSeq reagent kit 

v3 (600 cycles) as recommended by the manufacturer. 

Amplicon-based NGS data analysis and visualization 

FASTQ sequences obtained after demultiplexing the reads and trimming the primers 

were imported into QIIME2 (v. 2019.7) [29]. Sequences with an average quality 

score lower than 20 or containing unresolved nucleotides were removed from the 

dataset. The paired-end reads were denoised and chimeras removed with DADA2 

via q2-dada2, and a feature table was generated [30]. These features were then 

clustered with VSEARCH using q2-vsearch at a cut-off of 99 % identity against allele 

databases. The database for the staphylococcal amplicon scheme contained all tuf 

alleles from all staphylococcal genomes available in GenBank (as of December 

2020). The allele database for the C. acnes SLST amplicon scheme is available online 

(http://medbac.dk/slst/pacnes/). Data was normalized, low abundant features 

were filtered with a threshold of 2.5 %, and figures were prepared in R (v. 4.0.1) 

with the packages phyloseq [31], ggplot2 [32] and gplots [33]. Shannon index was 

calculated using OUT reads. 

Whole genome sequencing of S. epidermidis isolates 

S. epidermidis isolates (n=69) were randomly selected for genome sequencing and 

cultivated on Columbia agar with 5 % sheep blood for 24 h at 37°C. Bacteria were 

lysed with lysostaphin (0.05 mg/mL, Sigma) and genomic DNA was extracted using 

the DNeasy UltraClean Microbial Kit by following manufacturer’s instructions. DNA 

concentration and purity were measured by Nanodrop. DNA integrity was checked 

with Genomic DNA ScreenTape (Agilent) at the 4200 TapeStation System. 

Sequencing was done as described previously [28]. 

Phylogenetic and pan-genomic analysis of S. epidermidis and C. acnes 

Genomes of S. epidermidis isolates (n=69) of this study and genomes of S. epidermidis 

(n=286) with N50 > 100 kb, taken from the NCBI RefSeq database (status 

03.04.2020) were aligned and clustered based on single nucleotide variants (SNVs) 

in their core genome using Parsnp (v 1.0) [34]. Their ST-type was determined with 
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CGE Bacterial Analysis Pipeline using the tool MLST (v 1.6) [35].  Visualization of the 

tree was done with iTOL (v 5.7) [36]. The presence/absence of the genes icaA (query 

locus tag: SEU43366), mecA (AHA36637) and IS256 (D9V02_13220) were 

determined by blastn. For pan-genomic analyses (69 S. epidermidis isolates of this 

study and 75 C. acnes genomes taken from the GenBank database) the Anvi’o [37] 

tool was used, following Anvi'o workflow for microbial pangenomics 

(https://merenlab.org/2016/11/08/pangenomics-v2/).  

Antagonistic plate assay 

All 572 CoNS isolates were screened for antimicrobial properties against the 

indicator strains S. aureus DSM799 and C. acnes DSM1897. First, bacterial lawn 

plates were prepared. Liquid cultures of C. acnes indicator strains and S. aureus were 

prepared in CASO broth. For staphylococci the liquid culture was adjusted to an 

optical density of OD600nm = 0.002; while for C. acnes strain cultures were adjusted 

to OD600=0.075. 6 mL of the adjusted culture was pipetted onto a rectangular 

Tryptic Soy Agar (TSA) plate and distributed evenly. For round TSA plates 3 mL 

bacterial suspension was used. After 30 sec excess liquid was removed and the 

plates were dried for 4 h. The plates were stored up to three weeks at 4°C. 

The CoNS isolates were cultivated for 20 h at 37°C shaking in 1 mL CASO broth in 

96-Deepwell plates. The 96-Deepwell plate were centrifuged at 2000 rpm for 5 min, 

500 µL supernatant was removed and the pellet was re-suspended in the remaining 

liquid. The concentrated bacterial cultures were transferred into 96-well U-bottom 

plates. With a replicator stamps bacterial cultures were transferred on rectangular 

lawn plates. After 4 h of drying, the plates were cultivated with varying conditions 

(S. aureus lawn plates: 24 h, 37°C; C. acnes lawn plates: 4-5 days, 37°C, in anaerobic 

container with AnaeroGen bag (Thermo Scientific)). A visible inhibition zone around 

a staphylococcal colony was regarded as antimicrobial activity. Staphylococcal 

strains that showed antimicrobial properties were verified in triplicates. These 

strains were further tested against eleven different C. acnes indicator strains from 

six different SLST classes. Strain names and accession numbers of all indicator 

strains are listed in Additional File 2. 
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Co-Cultures of S. epidermidis and C. acnes 

Lawn plates with C. acnes DSM1897 and C. acnes 30.2.L1 were prepared as described 

above. A liquid culture of S. epidermidis HAF242 was grown to exponential growth 

phase and diluted 1:106 in 0.9 % NaCl solution and plated on the C. acnes lawn plates 

with a spiral plater (Don Whitley Scientific). Plates were incubated for 4 h at 37°C 

under aerobic conditions and then 72 h in anaerobic conditions (AnaeroGen bag 

(Thermo Scientific)) at 37°C. The bacteria were harvested using a cell spreader and 

suspended in 10 mL 0.9 % NaCl solution and immediately frozen at -80°C. 

Experiments were done in triplicates. 

RNA extraction and RNA sequencing 

Harvested cells were resuspended in 800 µl RLT buffer (RNeasy Mini Kit, Qiagen) 

with β-mercaptoethanol (10 µl/ml) and cell lysis was performed using a laboratory 

ball mill. Subsequently, 400 µl buffer RLT (RNeasy Mini Kit Qiagen) with β-

mercaptoethanol (10 µl/ml) and 1200 µl 96 % [v/v] ethanol were added. For RNA 

isolation, the RNeasy Mini Kit (Qiagen) was used as recommended by the 

manufacturer, but instead of buffer RW1, the buffer RWT (Qiagen) was used in order 

to also isolate RNAs smaller 200 nt. To determine the RNA integrity number (RIN) 

the isolated RNA was run on an Agilent Bioanalyzer 2100 using an Agilent RNA 6000 

Nano Kit, as recommended by the manufacturer (Agilent Technologies, Waldbronn, 

Germany). Remaining genomic DNA was removed by digestion with TURBO DNase 

(Invitrogen, ThermoFischer Scientific, Paisley, United Kingdom). The Illumina Ribo-

Zero plus rRNA Depletion Kit (Illumina Inc., San Diego, CA, USA) was used to reduce 

the amount of rRNA-derived sequences. For sequencing, strand-specific cDNA 

libraries were constructed with a NEBNext Ultra II directional RNA library 

preparation kit for Illumina and the NEBNext Multiplex Oligos for Illumina (New 

England BioLabs, Frankfurt am Main, Germany).  To assess quality and size of the 

libraries, samples were run on an Agilent Bioanalyzer 2100 using an Agilent High 

Sensitivity DNA Kit, as recommended by the manufacturer (Agilent Technologies, 

Waldbronn, Germany). Concentration of the libraries were determined using the 

Qubit® dsDNA HS Assay Kit, as recommended by the manufacturer (Life 

Technologies GmbH, Darmstadt, Germany). Sequencing was performed on a 
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NovaSeq 6000  instrument (Illumina Inc., San Diego, CA, USA) using NovaSeq 6000 

SP Reagent Kit v1.5 (100 cycles) and the NovaSeq XP 2-Lane Kit v1.5 for sequencing 

in the paired-end mode and running 2x 50 cycles. For quality filtering and removing 

of remaining adaptor sequences, Trimmomatic-0.39 [38] and a cutoff phred-33 

score of 15 were used. Mapping against the reference genome was performed with 

Salmon (v 1.5.2) [39]. As mapping backbone a file that contained all annotated 

transcripts excluding rRNA genes and the whole genome sequence of the reference 

as decoy was prepared with a k-mer size of 11. Decoy-aware mapping was done in 

selective-alignment mode with “–mimicBT2”, “–disableChainingHeuristic”, and “–

recoverOrphans” flags as well as sequence and position bias correction. For –

fldMean and –fldSD, a value of 325 and 25 was used, respectively. The quant.sf files 

produced by Salmon were subsequently loaded into R (v 4.0.3) using the tximport 

package (v 1.18.0) [40]. DeSeq2 (v 1.30.0) [41] was used for normalization of the 

reads; foldchange-shrinkages were also calculated with DeSeq2 and the apeglm 

package (v 1.12.0) [42]. Genes with a log2-fold change of + 2/− 2 and a p-adjust 

value < 0.05 were considered differentially expressed. 

Statistical analysis 

Statistical analysis was done in R (v. 4.0.1) using the packages ggplot2 (v. 3.3.5), 

phyloseq (v 1.34.0), gplots (v 3.1.1.), corrplot (v 0.90) [43], ANCOMBC (v 1.0.5) [44] 

pheatmap (v 1.0.12) [45] and EnhancedVolcano (v 1.8.0) [46]. Unpaired two-sided 

Wilcoxon was used for comparison of two groups. Correlation analysis was done 

with Spearman analysis and visualized with ggplot2 and corrplots. Differential 

abundance with bias correction between was calculated with the ANCOMBC 

package (100 max. iterations, 0.80 zero cut-off). In case of multiple comparisons p 

values were FDR-adjusted with the Holm method. 
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Results 

Culture-dependent and -independent methods can determine 

staphylococcal populations with overall high congruency 

Samples for cultivation, amplicon-based NGS analysis and skin parameter 

measurements (hydration and sebum content) were taken from 30 healthy 

volunteers across four different skin sites (back, cheek, forearm and forehead; 

n=120 samples) (Fig. 1a). 572 bacterial isolates were obtained via selective 

cultivation, of which 557 were identified as staphylococci via MALDI-TOF mass 

spectrometry (Fig. 1b, Additional File 1). Across all skin sites, the majority of isolates 

were identified as S. epidermidis (n=374, 67.2 %), followed by 

Staphylococcus hominis (n=86, 15.4 %). Forehead, cheek and back skin sites were 

dominated by strains of S. epidermidis, followed by Staphylococcus capitis (relative 

abundance of 74.5% and 11.7 %, respectively), whereas on forearm skin sites, a 

larger number of strains of S. hominis and Staphylococcus haemolyticus (relative 

abundance of 38.7 % and 7.3%, respectively) were isolated (Fig. 1b). 

Moisture content (skin hydration) was highest on back and forehead skin as 

compared to cheek and forearm skin (Fig. 1c). The latter sites exhibited the highest 

sebum content and numbers of staphylococci per cm2 (colony forming units/CFU), 

whereas forearm skin sites were particularly low in sebum and numbers of 

staphylococci (Fig. 1c).  
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Figure 1 Skin parameters and distribution of staphylococcal isolates on four different skin sites. a Study 
design. b Number of isolates of identified staphylococcal species per skin site. c Skin hydration, sebum content 
and CFU per cm2 on back, cheek, forearm, and forehead skin (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
Unpaired Wilcoxon test). 

 

Next, we applied an NGS approach based on the amplification of a specific section of 

the tuf gene [27] to molecularly characterise the resident staphylococcal 

populations on back, cheek, forearm and forehead skin samples. In total, sixteen 

different staphylococcal species were identified (Fig. 2a). The majority of skin sites 

were populated by several different co-existing staphylococcal species (on average 

3.1 species) while in nearly one in ten samples (9.7 %) only one staphylococcal 

species was identified. Across all skin sites tested, S. epidermidis was the most 

abundant species detected (average relative abundance 41.1 %), followed by S. 

capitis (24.7 %), Staphylococcus saccharolyticus (10.2 %) and S. hominis (9.2 %) 

(Fig. 2a, 2b). 

The relative abundance profiles gained using the NGS-based amplicon approach 

were found to be in broad agreement with culture-based profiling (S. epidermidis, S. 

hominis and S. capitis were cultivated most frequently from samples). An exception 

was S. saccharolyticus, which was only detected using the amplicon-based NGS 
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approach; this is likely due to the fastidious growth requirements of 

S. saccharolyticus [27]. S. aureus was only detected in cheek skin samples (relative 

abundance of 2.5 %), possibly due to the proximity to the nasal cavity, the preferred 

niche of S. aureus [47] (Fig. 2a, 2b).  

To test for differential abundance, we performed an Analysis of Compositions of 

Microbiomes with Bias Correction (ANCOM-BC) between all the four skin sites. The 

results showed that S. hominis was significantly more abundant in forearm skin 

samples compared to the other skin sites (Additional File 3). Alpha diversity of 

staphylococcal populations was measured with the Shannon index and compared 

between the four skin sites. The highest staphylococcal diversity was observed in 

forearm skin samples, followed by back and cheek skin samples (Fig. 2c). Spearman 

correlation revealed a significant negative correlation of CFU count and 

staphylococcal alpha diversity (Fig. 2d). Spearman correlation analysis between 

staphylococcal species abundance and skin parameters showed that the abundance 

of S. hominis correlated with staphylococcal alpha diversity, and inversely 

correlated with CFU count and sebum content (Fig. 2e). The correlation analysis was 

performed for each skin site separately; on back, cheek and forehead skin the 

positive correlation between S. hominis and staphylococcal alpha diversity was 

observed (Additional File 4). 



Manuscript I 

  

 59 

 

Figure 2 Staphylococcal populations in 120 skin samples determined by amplicon-based NGS and 
correlation to skin parameters. a Relative abundance of staphylococcal species on back, cheek, forearm and 
forehead skin of 30 volunteers. b Stacked bar plot showing mean values of relative abundances of staphylococcal 
species overall and for the four skin sites. c Shannon diversity index of staphylococcal population per skin site 
(**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Unpaired Wilcoxon test showed highest diversity in forearm skin 
samples. d Spearman correlation between Shannon index of staphylococcal populations and CFU per cm2. e 
Spearman correlation between staphylococcal species abundance and skin parameter (FDR-adjusted p-value, 
***p ≤ 0.001).  
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S. epidermidis strains from healthy human skin are highly diverse and 

belong to non-nosocomial-associated phylogenetic lineages 

Given the abundance of S. epidermidis across all skin sites, we wanted to further 

delineate the population structure of the cultured isolates derived from healthy skin. 

69 isolates were genome-sequenced and phylogenetically compared to 286 

previously published S. epidermidis genomes (Fig. 3a). The sequenced S. epidermidis 

strains were highly diverse with distinct strain individuality, as judged by analysis 

of the pan-genome (Additional File 5). We also found that the accessory genome of 

S. epidermidis is substantially larger than that of C. acnes (Additional File 6). 

To further delineate the S. epidermidis strain diversity, the genomes were assigned 

to the three clades [11-13], with 42 strains clustering to clade A, four to clade B and 

23 to clade C (Fig. 3a). Only four isolates clustered within clade B, a clade that is 

thought to exhibit reduced pathogenic potential as compared to clades A and C [12]. 

Interestingly, a high number of isolates were assigned to clade C, which has not 

previously been associated with staphylococcal isolates from healthy skin. Notably, 

none of the S. epidermidis strains isolated here belonged to known 

infection-associated STs, namely the described types ST2, ST5 and ST23 [14]. To 

further ascertain strain-specific traits, we checked for the presence of mecA, icaA 

and IS256, genes known to be more prevalent in infection-associated S. epidermidis 

compared to commensal isolates [11, 48]. Out of the 69 S. epidermidis genomes 

sequenced, the mecA gene was identified in four and icaA in 18. Only one strain was 

found to have both mecA and icaA, and IS256 was not identified in any of the 

genomes analysed (Fig. 3b).  
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Figure 3 Phylogeny of S. epidermidis strains obtained in this study.  Phylogenetic trees are based on 
single nucleotide variants (SNVs) of the core genomes. a 286 S. epidermidis strains (genomes taken from 
RefSeq) (=black) and 69 strains isolated in this study (=green). Nosocomial sequence types (ST2, ST5, ST23) 
(=red) and non-nosocomial sequence types (=grey) are depicted. b 69 S. epidermidis strains isolated in this 
study. Highlighted are strains with mecA gene (=blue), icaA gene (=yellow) and one strain with mecA+icaA gene 
(=red). 
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Application of an amplicon-based NGS method enables profiling of 

resident C. acnes populations at phylotype resolution 

To gain deeper insight into the landscape of C. acnes populations resident on healthy  

human skin, we next applied a previously developed SLST amplicon-based NGS 

scheme to the 120 samples [17]. In total, 39 different C. acnes SLST types were 

identified. All of the ten C. acnes SLST classes (A to L) were found across the different 

samples from cheek and forearm skin, whereas the B- and G-class C. acnes were 

absent from forehead and back skin, respectively. On average, 3.6 different C. acnes 

SLST classes were found resident at each skin site. 

Across all skin sites, C. acnes strains belonging to the IA1 phylotype were most 

frequently detected (average 58.1 %) (Fig. 4a). Among the IA1 phylotype, SLST class 

A was the most abundant (27.6 %), followed by SLST classes D (20.7 %) and C 

(5.9 %). The second most abundant C. acnes phylotype was II (corresponding to 

SLST class K) (19.2 %), followed by IB (corresponding to SLST class H) (12.2 %) (Fig. 

4a, 4b).  

A-class C. acnes had a similar average relative abundance across all four skin sites 

(24.7 % to 30.0 %). A-class C. acnes were most abundant on cheek, forearm and 

forehead skin, whereas on back skin D-class C. acnes were dominant (37.3 %) (Fig. 

4b). An ANCOM-BC analysis confirmed this observation and showed a significant 

higher abundance of D-class C. acnes in back samples compared to forearm and 

forehead samples (Additional File 7). As expected, cheek and forehead skin had a 

more similar C. acnes SLST class composition, compared to back and forearm skin 

(Fig. 4b). L-class C. acnes were more abundant on the forearm skin (average of 5.0 

%) compared to the other three skin sites (< 0.7 %). 

Similar to the observation regarding staphylococcal populations (Fig. 2c), the alpha 

diversity of C. acnes populations from forearm skin samples was higher compared 

to the other three skin sites (Fig. 4c). Regarding the influence of skin parameters on 

C. acnes populations, it was found that the alpha diversity positively correlated with 

the abundance of K-class C. acnes (Fig. 4d). 
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Figure 4 C. acnes populations in 120 skin samples determined by amplicon-based NGS and correlation 
to skin parameters. a Relative abundances of C. acnes SLST classes of back, cheek, forearm and forehead skin 
of 30 volunteers. b Stacked bar plot showing mean values of relative abundances of C. acnes SLST classes overall 
and for the four skin sites (for color code see a). c Shannon diversity index of C. acnes populations per skin site 
(**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Unpaired Wilcoxon test). d Spearman correlation between relative 
abundances of C. acnes SLST classes and skin parameters (FDR-adjusted p-value, *p ≤ 0.05).  
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Staphylococcal isolates exhibit antimicrobial activity against acne- but 

not healthy skin- associated C. acnes phylotypes 

Correlation of the relative abundances of the four most abundant staphylococcal 

species and C. acnes SLST classes revealed a significant positive correlation between 

S. epidermidis and K-class C. acnes, as well as an inverse correlation between 

S. epidermidis and A-class C. acnes, albeit statistically non-significant (Fig. 5a). We 

therefore wanted to further understand the potential for microbial interference 

between staphylococcal and C. acnes populations. 

First, we conducted in vitro antagonistic assays to ascertain the antimicrobial 

activity of our isolated CoNS strains. All 572 isolates were screened against a 

S. aureus strain, an A-class and a D-class C. acnes strain to identify staphylococcal 

isolates with bioactivity (Additional File 8). The 30 strains identified with activity 

against the C. acnes strain were then further screened against eleven different 

C. acnes strains covering six different SLST classes (A, C, D, H, K, L) (Table 1), 

including both acne- and healthy skin-associated types, in order to identify any 

phylotype-specific bioactivity. In total, 4 % (22/557) of the tested staphylococcal 

isolates exhibited activity against S. aureus and 5 % (30/557) of them against one or 

more C. acnes strains. Of these 30 staphylococcal isolates, 17 were identified as 

S. capitis, six as S. hominis, five as S. epidermidis and two as S. warneri. Strains 

belonging to different C. acnes phylogenetic clades showed a remarkably different 

susceptibility to the antimicrobial activity of the various staphylococcal isolates. The 

two A-class C. acnes strains, DSM1897 and 12.1.L1, were most susceptible to this 

bioactivity, being inhibited by the antimicrobial activity and were inhibited by a 

total of 29 and 15 staphylococcal strains, respectively. In contrast, only one 

staphylococcal strain (S. epidermidis HAC26) was found to exhibit inhibitory 

bioactivity against D-class and H-class C. acnes strains (Table 1).  
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Table 1 Antimicrobial activity of staphylococci against C. acnes strains from six different SLST classes 
and S. aureus DSM799. 

 

C. acnes class* 

S. aureus 
DSM799                 Indicator 

strains 
 
CoNS strain 

A C D H K L 

S. capitis HAB177 + + - - - - - - - - - - 
S. capitis HAB198 + + - - - - - - - - - - 
S. capitis HAB200 + + - - - - - - - - - - 
S. capitis HAB276 + + - - - - - - - - - - 
S. capitis HAB277 + + - - - - - - - - - - 
S. capitis HAB278 + + - - - - - - - - - - 
S. capitis HAB280 + + - - - - - - - - - - 
S. capitis HAB56 + + - - - - - - - - - - 
S. capitis HAC349 + - - - - - - - - - + - 
S. capitis HAC470 + - - - - - - - - - - - 
S. capitis HAC49 + + - - - - - - - - - - 
S. capitis HAC507 + - - - - - - - - - - - 
S. capitis HAC508 + - - - - - - - - - - - 
S. capitis HAC509 + - - - - - - - - - - - 
S. capitis HAC510 + - - - - - - - - - - - 
S. capitis HAF401 + - - - - - - - - - + - 
S. capitis HAF403 + - - - - - - - - - + - 
S. epidermidis HAC26 + + + + + - + - - - + + 
S. epidermidis HAC588 + - - - - - - - + - + - 
S. epidermidis HAC590 + - - - - - - - + - + - 
S. epidermidis HAF242 + - - - - - - - + - + - 
S. epidermidis HAF424 + - - - - - - - + - + - 
S. hominis HAA254 + - - - - - - - + + - - 
S. hominis HAA272 + + + - - - - - + + + - 
S. hominis HAA273 + + + - - - - - + + + - 
S. hominis HAA274 + + + - - - - - + + + - 
S. hominis HAB257 + - - - - - - - + + - - 
S. hominis HAC286 - - - - - - - - - - + + 
S. warneri HAA333 + + + - - - - - + + + + 
S. warneri HAA334 + + + - - - - - + + + + 

*the following C. acnes strains were used: A class, DSM1897 and 12.1.L1; C class, 15.1.R1; D class, 30.2.L1 and 
09-193; H class, 11-90, KPA171202 and 21.1.L1; K class, 11-49 and 11-79; L class, PMH5. 
 
 
 

To provide insight into the in vivo relevance of these observations, we compared the 

relative abundance profiles of C. acnes populations originating from skin samples 

with and without the presence of antimicrobial active staphylococcal strains. 

Notably, the relative abundance of A-class C. acnes was significantly lower in skin 

sites that contained a staphylococcal strain exhibiting antimicrobial activity (Fig. 5b 

and c, Table 1). This inverse correlation of abundance was most pronounced in back 

skin samples; in samples containing antimicrobial-active staphylococci, there was a 
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marked increase in the relative abundance of D-class C. acnes and a corresponding 

decrease in A-class C. acnes respectively (p=0.004 and p=0.0013, respectively) 

(Additional File 9). 

 

 

Figure 5 Staphylococci and C. acnes co-existence and inhibition profiles. a A Spearman correlation between 
four most abundant Staphylococcus species and C. acnes SLST classes found on the skin was performed (FDR-
adjusted p-value; *p ≤ 0.05), revealing a correlation between S. epidermidis and K-class C. acnes and an inverse 
correlation between S. epidermidis and A-class C. acnes. b The mean relative abundances of C. acnes SLST classes 
on skin sites with (+) and without (-) antimicrobially active staphylococcal strains are depicted. The presence of 
staphylococcal strains with antimicrobial activity led to a decrease of the relative abundance of A-class C. acnes. 
c Boxplots of relative abundances of the six C. acnes SLST classes on skin sites with (+) and without (-) 
antimicrobially active staphylococcal strains are shown (FDR-adjusted p-value, **p ≤ 0.01. Unpaired Wilcoxon 
test). 
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Selective deregulation of the antimicrobial activity of S. epidermidis in 

response to sensitive and tolerant C. acnes strains 

In an initial effort to gain insight into the mechanisms underlying the selective 

bioactivity of CoNS strains in response to different C. acnes strains (Fig. 5), we 

undertook genome-wide transcriptional analyses in co-culture experiments. 

As a model organism, we chose S. epidermidis HAF242, as it was shown to exhibit 

antimicrobial activity against the A-class C. acnes strain DSM1897, but no lethal 

effects on the D-class C. acnes strain 30.2.L1 (Table 1). Genome sequencing of S. 

epidermidis HAF242 revealed the presence of the epidermin biosynthesis cluster 

(locus tag: LZT96_12010), which has previously been described as an important 

antimicrobial determinant [49]. For co-culture experiments, S. epidermidis HAF242 

was inoculated on a lawn of C. acnes DSM1897 and 30.2.L1, respectively. As 

expected, colonies of S. epidermidis HAF242 showed clear inhibition zones on the 

lawn of C. acnes DSM1897, but not on the lawn of C. acnes 30.2.L1 (Fig. 6a). Attempts 

to reproduce this observation in liquid culture failed, indicating that solid surface 

growth and/or direct contact is a requirement for antimicrobial activity. Plate-

grown co-cultures were harvested, subjected to RNA-sequencing and transcriptome 

analysis was carried out to determine any differential expression of S. epidermidis 

HAF242 genes in the two different co-cultures, representing sensitive and tolerant 

scenarios, respectively (S. epidermidis HAF242/C. acnes 30.2.L1 versus 

S. epidermidis HAF242/C. acnes DSM1897). Comparison of the transcriptome 

profiles from the co-culture experiments, revealed 33 significantly differentially 

expressed S. epidermidis genes: six genes were down-regulated, while 27 genes were 

up-regulated (Fig. 6b, Additional File 10). Notably, when in co-culture with C. acnes 

30.2.L1, S. epidermidis HAF242 exhibited a three-fold downregulation of the 

quorum-sensing auto-inducing peptide gene (agrD) (in comparison to co-culture 

with C. acnes DSM1897). Furthermore, three phenol-soluble modulin (PSM) beta 

genes (psmβ1, psmβ2, psmβ3) and the precursor peptide gene for epidermin (epiA) 

were also significantly downregulated (Fig. 6b, Additional File 10). To determine 

whether the differential gene expression profiles observed were due to up-

regulation in response to C. acnes DSM1897 (sensitive strain) or down-regulation in 
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response to C. acnes 30.2.L1 (tolerant strain), we conducted a comparative 

transcriptome analysis of S. epidermidis in monoculture (hereafter labelled as 

“control”) (Additional File 11 and 12). The resulting analysis revealed that the three 

psm genes were downregulated 3- to 11-fold in S. epidermidis grown in co-culture 

with C. acnes 30.2.L1 (tolerant strain) when compared to the control (Fig. 6c) 

(Additional File 12). In addition, the agrD gene was mildly down-regulated (2-fold), 

albeit not statistically significant. This indicates that C. acnes 30.2.L1, in contrast to 

C. acnes DSM1897, exerts an inhibitory effect on the antimicrobial activity of 

S. epidermidis HAF242 by down-regulating the expression of genes involved in anti-

C. acnes activity. 
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Figure 6 Differential expression of quorum-sensing regulated genes in S. epidermidis HAF242 co-
cultured with C. acnes 30.2.L1 (D-class) and C. acnes DSM1897 (A-class). a Colonies of S. epidermidis 
HAF242 exhibit inhibition zones on a lawn of C. acnes DSM1897 (A-class) but not on a lawn of C. acnes 30.2.L1 
(D-class). b Differential gene expression of S. epidermidis HAF242 (SE) grown in the two co-cultures (co-culture 
with C. acnes 30.2.L1 (D-class) versus co-culture with C. acnes DSM1897 (A-class)) (FDR-adjusted p-value, cut 
off: p ≤ 0.05 and fold-change >2 or <-2). c Heat map of all differentially expressed genes in S. epidermidis HAF242 
when grown in the two co-cultures (first column; genes encoding hypothetical proteins were excluded). Gene 
expression was also compared between S. epidermidis grown in co-culture (second and third columns) versus 
S. epidermidis grown in monoculture (“SE control”).  
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Discussion 

Here we highlight the importance of skin-resident staphylococci and the potential 

role of selective microbial interference for healthy skin homeostasis. Our analysis, 

encompassing both culture-dependent and -independent methodologies, reveals 

diverse populations of staphylococci resident on healthy skin with selective 

microbial interference activity. The tandem application of the amplicon-based NGS 

methods used within this study enabled a detailed delineation of the diversity of 

both staphylococci and C. acnes populations resident across multiple skin sites to 

provide species- and phylotype-level resolution, respectively.  The resident 

staphylococci were found to exhibit phylotype-specific antimicrobial activity 

against acne-associated C. acnes, while co-existing with C. acnes phylotypes that are 

more commonly associated with healthy skin.   

In agreement with previous studies [2, 3, 50], S. epidermidis was found to be the 

most abundant staphylococcal species detected across all skin sites tested, followed 

by S. capitis and S. saccharolyticus. S. epidermidis is known both as a skin commensal 

and an opportunistic pathogen, the latter especially in infections of indwelling 

devices [51]. Delineation of the S. epidermidis strains into clades and STs within the 

current study revealed that clonal lineages often associated with an elevated 

pathogenic potential were rarely found on healthy skin: None of the 69 

S. epidermidis isolates from healthy skin belonged to the three prominent infection-

associated sequence types ST2, ST5 and ST23 [14] (clade A). However, only four of 

the 69 S. epidermidis skin isolates were classified here as belonging to the B-clade, 

which is thought to consist mainly of commensal skin isolates [11, 12]. In addition, 

many strains were classified as belonging to the C-clade, for which very little 

knowledge is currently available [12]. The classification of the isolated strains 

across the range of different clades indicates that the current assignment provides 

limited information in terms of a strain’s particular health-beneficial or -detrimental 

properties. This assumption supports previous studies that have highlighted the 

difficulty of using core genome-derived phylogeny to differentiate pathogenic and 

commensal S. epidermidis strains [11, 48], due to the fact that pathogenic traits can 

be acquired through horizontal gene transfer [13]. Sequences associated with 
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pathogenicity such as the methicillin-resistance gene mecA, the biofilm operon 

icaADBC and the insertion sequence element IS256 are part of the accessory 

genome, and can thus be present in phylogenetically distinct strains [11, 48]. Of the 

69 S. epidermidis strains sequenced here, only 5.8 % were positive for mecA, 26.1 % 

for icaADBC and none for IS256, aligning with previous studies of commensal 

S. epidermidis (icaA: 13.3 % and 33.8 %; IS256: 0 % and 4.2 %; mecA: 6.7 % and 

15.5 %) [11, 48].  

In contrast to S. epidermidis, with its open pan-genome and variable genome 

content, C. acnes is more conserved with a relatively limited accessory genome [5] 

(Additional Files 5 and 6). Core genome-based phylogeny divides C. acnes 

populations into six main phylotypes. In total, 178 different SLST types 

(medbac.dk/slst/pacnes; status: 15th of January 2022) belonging to ten SLST 

classes (A-L) have been reported [17].  Here, we identified 39 distinct SLST types 

that covered all ten SLST classes, within the 120 healthy skin samples profiled. 

Overall, highest relative abundances were determined for A-class C. acnes (27.6 %), 

followed by D-class (20.7%), K-class (19.2%) and H-class (12.2%) C. acnes. All other 

SLST classes had lower average abundances, ranging between 5.9% and 0.2%.   

As yet, the SLST amplicon-based NGS method has not been used for samples from 

diseased skin, such as acne vulgaris-affected skin. Thus, a direct comparison of our 

data with samples from diseased skin is not possible at present. However, the SLST 

scheme has been used in culture-dependent studies, albeit with low patient 

numbers, highlighting that A- and F-class C. acnes strains are primarily associated 

with acne vulgaris [18, 22]. In addition, previous studies using other schemes for 

determining the phylogenetic basis of C. acnes isolates, such as MLST, have found 

similar results [15, 21, 52]. These studies have also revealed that healthy skin-

associated strains often belong to the SLST classes H and K. In our study, H- and K-

class C. acnes were also found at high relative abundances. However, the delineation 

of acne- and healthy skin-associated SLST classes might be oversimplified, as it 

seems likely that a high diversity of strains belonging to different SLST classes forms 

the basis of a healthy skin microbiome and thus, the loss of diversity is associated 

with acne [53]. We also noted a high relative abundance of D-class C. acnes, 
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especially on back skin samples. There is currently very limited information 

available on this SLST class. Given the dominance of this lineage on back skin sites 

of multiple healthy individuals, we propose that it could also be health-associated.  

The in vitro antagonistic assays conducted here enabled us to identify a range of 

CoNS strains with antimicrobial activity against A-class C. acnes, a class that is 

overrepresented in acne-affected skin [18-21]. This observation of phylotype-

specific activity against disease-associated C. acnes strains is in contrast to previous 

work [24, 25]. Our data indicates that active staphylococcal strains have the 

potential to modify the composition of resident C. acnes populations on skin. 

Importantly, we noted an inverse relationship between the abundance of 

staphylococcal strains exhibiting antimicrobial activity and specific phylotypes of C. 

acnes. Skin sites with resident antimicrobial-active staphylococci had a significantly 

lower abundance of A-class C. acnes in comparison to those lacking these active 

CoNS strains. These observations align with previous work that reported a 

decreased abundance of staphylococcal strains with antimicrobial activity on atopic 

dermatitis affected skin compared to healthy controls [54]. Moreover, a low 

abundance of competitive staphylococcal strains was found to correlate with 

S. aureus colonization [54], a species that is often found on atopic dermatitis lesions 

[55] and is associated with disease severity [56]. 

To gain insight into the mechanisms underlying the phylotype-specific microbial 

interference observed, we conducted co-culture experiments using the 

antimicrobial-active S. epidermidis strain HAF242, and a tolerant D-class strain 

(30.2.L1) or a sensitive A-class C. acnes strain (DSM1897) and analysed the resulting 

transcriptome profiles. Here, we observed differential expression of genes encoding 

the lantibiotic epidermin precursor peptide EpiA and the phenol soluble modulin 

PSMβ. The activity of epidermin against C. acnes has been previously reported [57], 

but the role of PSMβ is still not understood. Interestingly, a S. capitis strain was 

recently identified that secretes four PSMs, which act synergistically as 

antimicrobials against C. acnes [24], opening up the possibility that PSMβs might 

contribute together with epidermin to the antimicrobial activity of S. epidermidis 

HAF242.  
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The transcriptome analyses also highlighted a potential role for agrD, which is part 

of the agr quorum sensing (QS) system that encodes an autoinducing peptide (AIP) 

belonging to type I AIPs. It is detected by the histidine kinase AgrC, which in turn 

activates the response regulator AgrA. AgrA directly binds to the promotor region 

of target genes such as the psm locus and activates their expression [58, 59].  In our 

experiments, co-culture with the D-class C. acnes strain led to down-regulation of 

the expression of agrD, epiA and psmβ in S. epidermidis. Thus, we hypothesize that 

D-class C. acnes can interfere with the QS system of S. epidermidis and suppresses 

the production and activity of antimicrobial peptides. This interference with the agr 

QS system has been observed previously: inter- and intraspecies interference of 

staphylococci through their agr quorum sensing system (“quorum quenching”) can 

alter the expression of various target genes related to virulence and biofilm 

formation [6, 60-62]. While these interactions occur mainly between staphylococcal 

species [6, 60-62], one study found that Candida albicans can interfere with the 

alpha toxin production of S. aureus via the agr system [63]. It needs to be proven in 

future studies if C. acnes, in a phylotype-specific manner, can interfere with the agr 

QS system of staphylococci. This interference might not only have a benefit for C. 

acnes, i.e. guaranteeing its survival, but also for the staphylococcal strain exhibiting 

antimicrobial activity. It was shown that the production of antimicrobial peptides 

negatively affects the growth rate of the producing S. epidermidis strain [64]. 

Therefore, the suppression of antimicrobial peptide production could also be 

beneficial for the staphylococcal strain. 

The insights gained within this study are of course framed within the confines of 

relatively small sample size (30 individuals) and the semi-quantitative nature of the 

data generated by the amplicon-based NGS methods applied here (relative 

abundance). We also use two distinct NGS methods for profiling the CoNS and C. 

acnes populations, with differing analytical scope: The SLST scheme used for C. acnes 

populations provides phylotype resolution, whereas the tuf2 scheme used to dissect 

CoNS populations offers species level identification. Further work is required to 

dissect the CoNS population with strain level resolution. 
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Conclusions 

Overall, however, our results provide further insight into the importance of 

commensal staphylococci on healthy human skin and their crucial role for C. acnes 

population homeostasis. The knowledge and insights gained regarding the potential 

of CoNS strains to exclude and co-exist with disease- and healthy skin-associated C. 

acnes phylotypes has potential relevance for skin health maintenance and 

customized bacteriotherapy; for instance, applied to skin disorders that are 

associated with dysbiosis of C. acnes populations such as acne vulgaris. 
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5 Discussion 

The skin microbiome is composed of a multitude of different microbial species and 

strains. Besides Cutibacterium, Staphylococcus is the second most abundant 

bacterial genus on skin at most skin sites and their diverse populations play an 

important role in skin microbiome homeostasis (Dagnelie, Corvec, Timon-David, 

Khammari, & Dreno, 2021; Zhou et al., 2020). This study analyzed composition, 

abundances, geno- and phenotypic properties of commensal staphylococci on 

healthy human skin and their interaction with other skin microbiota. An 

amplicon-based NGS scheme was established to characterise the staphylococcal 

populations in a culture-independent manner and compared it with two other 

previously published NGS schemes (publication I). The results showed an 

unexpected occurrence of S. saccharolyticus, an abundant staphylococcal species on 

the skin (publication II). Furthermore, staphylococcal strains from healthy skin 

were isolated and characterised with regard to their antagonistic properties against 

S. aureus and C. acnes. Surprisingly, acne-associated A-class C. acnes strains were 

more susceptible to the antimicrobial activity of CoNS then non-acne-associated 

D- and H-class C. acnes (manuscript I). 

5.1 Establishment of a novel amplicon-based NGS approach for 

the characterisation of staphylococcal populations 

The staphylococcal populations on the skin make up a big part of the human skin 

microbiome. Staphylococci are of importance for the microbiome of healthy skin, as 

well as playing a role in skin diseases, e.g. atopic dermatitis (Leyden et al., 1974). 

NGS sequencing made it possible to get extensive insights into skin microbiota 

populations. A common approach for the characterisation of mixed bacterial 

communities is targeting fragments of the 16S rRNA gene. However, this 

amplicon-based approach, is not capable of distinguishing staphylococci beyond the 

genus level (Ghebremedhin, Layer, Konig, & Konig, 2008; Meisel et al., 2016).  
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To be able to determine staphylococcal populations accurately down to the species 

level, a novel scheme was developed in this study. It relies on the amplification of a 

tuf gene fragment, which codes for the elongation factor Tu (Ef-Tu) (publication II). 

Two previously published amplicon-based NGS schemes (designated ‘tuf1’ and 

‘rpsk’) were compared to the novel NGS scheme, designated the tuf2 scheme 

(publication I). The tuf1 scheme was first established by Martineau et al. (2001) and 

targets the tuf gene as well. The tuf1 and tuf2 schemes have overlapping target 

sequences. However, the tuf2 scheme is generating a longer amplicon then the tuf1 

scheme (467 bp and 366 bp, respectively). The rpsk scheme was established by 

Ederveen et al. (2019) and targets a 381 bp long sequence of the rpsk gene (Fig. 4).  

 

 

Figure 4 Target gene regions and amplicon lengths of the three amplicon-based NGS schemes (rpsk = 
red, tuf1 = green, tuf2 = blue) (reprinted from publication I, figure 1). 

 

First, different mock communities and skin swab samples were analysed by using 

the three schemes. All three NGS schemes performed comparatively well in 

capturing the staphylococcal populations. However, the tuf1 and rpsk schemes 

showed difficulties in detecting S. saccharolyticus. Furthermore, the tuf1 scheme did 

not properly capture the S. epidermidis abundance within the mock communities. 

This could be attributed to primer sequence mismatches, which can lead to no or a 

reduced PCR amplification (Sipos et al., 2007; Stadhouders et al., 2010). The primers 

used for the tuf1 and rpsk schemes have a mismatch with the sequence of 

S. saccharolyticus strains DVP4-17-2404 and 13T0028. Additionally, the tuf1 



Discussion 

  

 84 

scheme reverse primer has a mismatch to the genomes of the four S. epidermidis 

strains included in the mock community. One human individual’s skin is not only 

colonized by different CoNS species, but also different strains of one species from 

different phylogenetic backgrounds (Oh et al., 2016; Zhou et al., 2020). Of all CoNS, 

the population structure of S. epidermidis, which can be divided into three main 

clades (A, B and C), is best researched (Conlan et al., 2012; Espadinha et al., 2019). 

That is why the three amplicon-dependent schemes were compared in situ in their 

ability to distinguish the three phylogenetic clades of S. epidermidis. Therefore, a 

phylogenetic tree of S. epidermidis was constructed and the ability of the three 

schemes to depict the population structure was analysed. The tuf2 scheme could 

distinguish the three phylogenetic clades of S. epidermidis best. This is most likely 

due to the longer amplicon sequence of the tuf2 scheme, which could lead to the 

higher resolution power.  

While all three schemes were able to characterise the staphylococcal populations, 

the tuf2 scheme could differentiate between the phylogenetic clades of 

S. epidermidis and was superior in detecting S. saccharolyticus and S. epidermidis 

(publication I). Therefore, the tuf2 scheme was chosen for all following 

amplicon-based analyses of staphylococcal populations. 

5.2 Staphylococcal populations on healthy skin determined with 

culture-dependent and amplicon-based NGS approaches 

The staphylococcal populations of forehead, cheek, back and forearm skin of 30 

volunteers with healthy skin was determined with the amplicon-based tuf2 scheme 

(Fig. 5a). The most abundant staphylococcal species identified, was S. epidermidis 

(in average 41.1 %), followed by S. capitis. Surprisingly, S. saccharolyticus was the 

third most abundant staphylococcal species detected (manuscript I), and particular 

abundant on the back (publication II). While S. saccharolyticus was previously found 

on human skin via culture-based studies (Evans & Mattern, 1978; Evans, Mattern, & 

Hallam, 1978), the species was not described in metagenomic studies of the skin 

before. Many NGS-based studies of skin relied on the 16S rRNA gene or fragments 
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thereof. These are highly conserved in staphylococci, and therefore most 

microbiome studies based on 16S rRNA gene-based amplicon sequencing 

approaches, were unable to differentiate S. saccharolyticus from other CoNS species 

(Ghebremedhin et al., 2008; Meisel et al., 2016). Recently, shotgun metagenomic 

approaches were used to study the skin microbiome, which rely on reference 

genomes for taxonomic assignment (Oh et al., 2014; Oh et al., 2016). All publicly 

available genomes of S. saccharolyticus before 2019 were wrongly assigned to this 

species and actually belonged to S. capitis (Bruggemann et al., 2019). Therefore, no 

reference genome of S. saccharolyticus was available, which made shotgun 

metagenomic analyzes before 2019 unable to detect this species. Recently, correctly 

assigned genomes of S. saccharolyticus have been deposited (Bruggemann et al., 

2019), which should enable future shotgun metagenomic studies to detect 

S. saccharolyticus. 

In addition to the amplicon-based tuf2 scheme, the staphylococcal populations were 

characterised by a culture-dependent approach. An advantage of this approach is 

the ability to acquire bacterial isolates, which can be further characterised 

phenotypically. Of 572 bacterial isolates, the vast majority (n=557, 97.3 %) 

belonged to a staphylococcal species (manuscript I) (Fig. 5b). Similar to the NGS 

scheme, the culture dependent approach identified S. epidermidis as the most 

abundant staphylococcal species (n=374, 67.2 %). Furthermore, S. hominis (n=86) 

and S. capitis (n=53) were isolated frequently. Both, the NGS scheme and the culture-

dependent approach, found a high abundance of S. hominis on the forearm, 

compared to the other three skin sites. Future experiments assessing the phenotypic 

features of S. hominis isolates, could help clarify whether S. hominis is particularly 

adapted to the harsh conditions found on the skin of forearms. In contrast to the NGS 

scheme, S. saccharolyticus was not detected via the culture-dependent approach 

(Fig. 5). This can be attributed to the fastidious growth conditions of 

S. saccharolyticus (publication II). Previous studies showed the preference of 

S. saccharolyticus for anaerobic growth conditions (Evans & Mattern, 1978; Evans et 

al., 1978). Similar growth is observed when culturing S. saccharolyticus under 

aerobic CO2-rich conditions, while atmospheric conditions (aerobic, low CO2 

concentration) resulted in a reduced growth (publication II). The accelerated 
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growth under increased CO2 concentrations is most likely attributed to a 

nonfunctional MpsAB system (publication II). The MpsAB system is a dissolved 

inorganic carbon transporter and essential for the uptake of bicarbonate. 

Bicarbonate is essential for carboxylase reactions. Mutations of the MpsAB system 

in S. aureus leads to a growth defect caused by a bicarbonate deficiency, which can 

be compensated by increased CO2 levels (Fan et al., 2019). These fastidious growth 

requirements differ vastly from that of other common skin staphylococci species 

(Kloss, 1975). This led to an underrepresentation of S. saccharolyticus, not only in 

metagenomic studies, but also in culture-dependent studies. 

Interestingly, the diversity of the staphylococcal populations determined with the 

NGS scheme is higher compared to the culture-based analysis. Several other 

staphylococcal species besides S. saccharolyticus were only detected with the 

culture-independent NGS approach, such as Staphylococcus pettenkoferi, 

S. lugdunensis, S. equorum and Staphylococcus carnosus (Fig. 5). Some of the 

identified staphylococcal species are not commonly found on human skin and are 

rather associated with the colonization of animals or food products. For example, 

S. equorum is commonly found on pig skin (Strube et al., 2018), while S. carnosus is 

used in the fermentation of sausage (Schleiferi & Fischer, 1982). The 

culture-dependent approach could have missed these species because of their low 

abundance. For each skin sites, five isolates were randomly selected, when possible. 

This leads to an incomplete picture of the staphylococcal populations, with the most 

abundant species being overrepresented (Fig. 5b).  
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Figure 5 Staphylococcal populations on back, cheek, forearm and forehead from volunteers (n=30) with 
healthy skin. a Staphylococcal abundance analysed with amplicon-based tuf2 scheme (reprinted from 
manuscript I, Figure 2b). b Bacterial isolates gained after a culture-dependent approach (reprinted from 
manuscript I, Figure 1b). 
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One disadvantage of the NGS amplicon-based scheme: it cannot distinguish between 

DNA of live and dead staphylococcal cells. Thus, it cannot be ruled out that these 

staphylococcal species found in low abundances are dead bacterial contaminants 

aggregated on skin derived, e.g. from pet animals. An approach using benzonase to 

pre-digest dead bacterial DNA before amplicon-based sequencing, could enable the 

differentiation between living and dead bacteria within the microbiome (Amar et al., 

2021). This approach could be used in future studies to get a more realistic picture 

of the microbiome and the staphylococcal populations therein. Furthermore, it 

would be of interest to sample the same volunteers at different time points. This 

way, the staphylococcal species of the core microbiome could be distinguished from 

transient colonizers. 

CoNS are not only commensal skin colonizers but can also be opportunistic 

pathogens in nosocomial infections (reviewed in: Becker, Heilmann, and Peters 

(2014)). Exemplary, the role of S. epidermidis on skin and in infections is discussed 

in the next section. 

5.3 S. epidermidis – skin guardian or infection-causing pathogen? 

S. epidermidis was the most frequently detected staphylococcal species obtained 

with a culture-dependent and independent approaches in this study (manuscript I). 

Recent studies indicate that S. epidermidis may have a beneficial role in maintaining 

the skin microbiome homeostasis. Several S. epidermidis strains are able to secrete 

antimicrobial peptides such as epidermin, that inhibit the growth of S. aureus and 

C. acnes (Kellner et al., 1988), which are implicated in atopic dermatitis and acne, 

respectively. In this study, S. epidermidis isolates (n=374) were screened for their 

antimicrobial activity. The screen resulted in 5.6 % (21 of 374) of the isolates 

showing antagonistic activity against S. aureus and/or C. acnes (manuscript I). 

S. epidermidis can inhibit S. aureus biofilm formation through the secretion of 

protease Esp (Iwase et al., 2010) and S. aureus toxin production through quorum 

quenching (Williams et al., 2019). Both biofilm and toxin production of S. aureus are 

disease-promoting factors in atopic dermatitis (Allen et al., 2014; Brauweiler et al., 

2014; Travers, 2014). Furthermore, strains of S. epidermidis have been shown to 
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allegedly inhibit skin cancer cells through the secretion of 6-N-hydroxyaminopurine 

(6-HAP) (Nakatsuji et al., 2018) and in addition, certain strains showed beneficial 

effects in wound repair (Leonel et al., 2019) and UV-B induced damage 

(Balasubramaniam et al., 2020). Previous studies applied live cells of S. epidermidis 

or closely related CoNS species to harness their health-beneficial properties. In the 

study of Nodake et al. (2015), S. epidermidis was isolated from  the skin of 

volunteers, cultivated and then re-applied on the same volunteer (autologous 

transplantation). Transplantation of S. epidermidis resulted in increased lipid and 

water content as well as decreased water evaporation. No adverse reactions were 

reported. In Nakatsuji et al. (2017) antimicrobially active CoNS strains from patients 

with atopic dermatitis were isolated and then autologously transplanted on skin 

lesions. This approach resulted in a significant reduction of S. aureus numbers. 

However, no statement was made whether the disease severity improved. In the 

same study, a S. hominis strain with proven anti-S. aureus activity through the 

secretion of two lantibiotics (named Sh-lantibiotic-α and Sh-lantibiotic-β), was 

found. The S. hominis strain was applied on the skin of atopic dermatitis patients. It 

turned out that S. aureus was significantly reduced on the treated skin of atopic 

dermatitis patients compared to healthy controls. However, no significant changes 

in the atopic dermatitis severity score was observed (Nakatsuji et al., 2021). These 

contradictory results made in the few public available studies indicate that the 

application of live bacterial cells on the skin may have the potential to treat skin 

diseases. However, realizing these approaches is difficult and reports on the success 

are still lacking.  

Despite being a common colonizer of skin, S. epidermidis can be the cause of 

infections – especially with regard to indwelling devices and infections in 

immunocompromised patients (Otto, 2009). S. epidermidis is able to form biofilms 

on these indwelling devices, causing disruption of their function and bacteremia, 

which can lead to blood stream infection (Mishra et al., 2015; Otto, 2017). 

S. epidermidis is mostly the cause of subacute or chronic infections (Otto, 2009). 

But what differentiates a commensal skin-colonizing strain with health-beneficial 

properties from a pathogenic infection-causing S. epidermidis strain? To explore 
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these differences, S. epidermidis isolates (n = 69) from healthy skin were genome-

sequenced and compared to genomes from public databases (manuscript I). None 

of the isolates from skin belonged to ST types most frequently involved in infections, 

such as ST2, ST23 and ST5 (manuscript I). The phylogenetic tree of S. epidermidis is 

divided into three clades (A, B and C). Previous studies showed that the B-clade 

harbored mostly commensal S. epidermidis strains (Conlan et al., 2012; Espadinha 

et al., 2019). In contrast, the 69 S. epidermidis strains analysed in this study, mostly 

belonged to the A- or C-clade. Only four isolates clustered within the B-clade. The 

novel tuf2 NGS amplicon-based scheme is able to differentiate between all three 

phylogenetic clades of S. epidermidis (publication I). Therefore, the tuf2 scheme 

could be used in future studies to analyse S. epidermidis populations on skin down 

to a sub-species level. Furthermore, the S. epidermidis isolates from skin were 

checked for the presence of virulence markers, such as mecA (methicillin-resistance 

gene), icaADBC (biofilm operon) and IS256 (insertion sequence) (manuscript I). 

Only 5.8 % were positive for mecA, 26.1 % for icaADBC, and none for IS256. This is 

in line with previous studies of Rohde et al. (2004) and Conlan et al. (2012) where 

S. epidermidis derived from skin and infection were compared. A similar proportion 

of commensal skin isolates harbored these sequences, while a higher rate of 

S. epidermidis isolates from infections were found positive for these markers 

(icaA: 63.0 % and 93.8 %, mecA: 80.4 % and 87.5 %, IS256: 47.8 % and 93.8 %) 

(Conlan et al., 2012; Rohde et al., 2004). A genome wide association study compared 

S. epidermidis isolates from infection to commensal colonizers. The authors found 

k-mers containing sequences associated to infection isolates such as the 

staphylococcal cassette chromosome mec (SCCmec). In contrast to other studies, 

they did not find differences between infection and commensal S. epidermidis 

isolates when looking at their phylogenetic background based on the core genome 

(such as ST type or phylogenetic clades) (Meric et al., 2018).  

There is no clear-cut marker that differentiates pathogenic from commensal 

S. epidermidis strains. A multitude of different factors might play a role, such as ST 

type assignment and the absence/presence of virulence marker sequences (such as 

mecA, icaA, IS256). To harness the health-beneficial properties of S. epidermidis the 

absence of all so far identified factors implicated in infections has to be assured. 
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5.4 C. acnes populations on healthy skin 

Besides staphylococcal species, C. acnes is one of the major bacterial species found 

in the human skin microbiome. To understand the differences between the 

microbiome of healthy skin and acne-affected skin, the determination of the C. acnes 

populations is important. Therefore, the C. acnes populations was analysed on the 

forehead, cheek, forearm and back of 30 volunteers as part of this study 

(manuscript I). An NGS amplicon-based approach was used to differentiate between 

the SLST classes of C. acnes in skin samples (Scholz et al., 2014). 

The phylogeny of C. acnes distinguishes six main phylotypes (IA1, IA2, IB, IC, II, III) 

(Lomholt & Kilian, 2010; McDowell et al., 2013), which are subdivided into ten SLST 

classes (A-L) (Scholz et al., 2014). A-, C- and F-class C. acnes are found in high 

abundances on acne-affected skin, while K- and H-class C. acnes are more abundant 

on healthy skin. Furthermore, the overall C. acnes strain diversity is lower on acne-

affected skin (Dagnelie et al., 2018; Lomholt et al., 2017; McDowell et al., 2012; 

McDowell et al., 2011; Nakase et al., 2020; Nakase et al., 2017). On the skin sites of 

volunteers with healthy skin, all ten SLST classes were represented. The most 

abundant SLST class identified was A-class C. acnes with a relative abundance of 

27.6 %, followed by D-class with 20.7 %, K-class with 19.2 % and H-class with 

12.2 %. Even though a high abundance of acne-associated A-class C. acnes was 

identified, the abundance was lower than described for acne-affected skin 

(~50-90 %) (Dagnelie et al., 2018). In particular on the back, D-class C. acnes were 

highly abundant with 37.3 %. In general, it was the most abundant C. acnes SLST 

class on that skin site (manuscript I). A recent culture-dependent study showed the 

dominance of A-type C. acnes on acne-affected skin on the back (Dagnelie et al., 

2018). Hence, D-class C. acnes could be associated with healthy skin, despite being 

closely related to the acne-associated A-class C. acnes. Interestingly, a positive 

correlation of K-class C. acnes with alpha diversity was observed in this study, 

indicating a preference of this C. acnes class to skin with high bacterial diversity 

(manuscript I).  

This study shows few limitations due to sampling technics and study design. 

Sebaceous glands are the main habitat of C. acnes on skin (Kearney et al., 1984). The 
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swab sampling method used in manuscript I is not suitable to draw a conclusion 

regarding the C. acnes populations in the sebaceous glands. Therefore, the analysis 

of C. acnes populations done in this study, is only an overall average of all C. acnes 

from the skin surface. A study of Nakase et al. (2017) on Japanese acne patients, 

showed a strong association of F-class C. acnes to acne; in contrast, European studies 

have identified A- or C-class C. acnes as acne-associated strains. This indicates a 

strong influence of ethnicity or geographic location on the C. acnes populations on 

skin. Therefore, the C. acnes populations of healthy skin in this study are only 

representative for the European area. 

5.5 Interaction of CoNS and C. acnes on the skin 

Even though staphylococci mainly colonize the skin surface and C. acnes the 

sebaceous glands (Kearney et al., 1984), several mechanisms of interactions are 

described for these members of the skin microbiome. For staphylococci various 

antagonistic properties against C. acnes are described. Staphylococci can inhibit 

C. acnes by producing antimicrobial peptides, short-chain fatty acids or by activating 

the host immune system (Kellner et al., 1988; O'Neill et al., 2020; O'Sullivan et al., 

2020; Y. Wang et al., 2014; Xia et al., 2016). So far, only a few antagonistic properties 

are reported, which are emanated from C. acnes against staphylococci. Some H-class 

C. acnes strains can produce cutimycin, which can inhibit the growth of 

S. epidermidis in hair follicles (Claesen et al., 2020). Furthermore, C. acnes can reduce 

S. epidermidis biofilm formation through the production of short-chain fatty acids 

(K. Nakamura et al., 2020).  

To characterise the antagonistic properties of the staphylococcal isolates (n=557) 

obtained in this study, isolates were screened for their antimicrobial activity against 

a C. acnes indicator strain (manuscript I). Staphylococcal isolates that exhibited 

antimicrobial activity were subsequently tested against eleven different C. acnes 

strains from six different SLST classes. Overall, the two acne-associated A-class 

C. acnes strains were much more susceptible then other C. acnes SLST classes to the 

antimicrobial activity of the staphylococcal strains. In contrast, the non-acne-

associated D- and H-class-C. acnes strains were highly tolerant towards the 
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antimicrobial activity (manuscript I). This contradicts previous studies, where no 

specificity against acne-associated C. acnes classes was found (Christensen et al., 

2016; O'Neill et al., 2020). 

To gain insights into the underlying mechanisms of the interaction between CoNS 

with antimicrobial activity and acne-/non-acne-associated C. acnes strains, 

co-culture experiments were conducted (manuscript I). S. epidermidis HAF242, 

whose genome encodes an epidermin operon, was cultivated with A-class C. acnes 

strain DSM1897 and with D-class C. acnes strain 30.2.L1, respectively. Furthermore, 

as a reference, S. epidermidis HAF242 was grown as a monoculture. As expected, the 

S. epidermidis HAF242 inhibited the growth of A-class C. acnes, while the D-class 

C. acnes was not affected (manuscript I). The transcriptome of 

S. epidermidis HAF242 in each set-up was analysed subsequently. Surprisingly, 

S. epidermidis in co-culture with D-class compared to A-class C. acnes, showed a 

reduced expression of the phenol-soluble modulin operon (psmβ1-3), epidermin 

precursor gene (epiA) and autoinducing peptide (AIP) precursor gene (agrD) 

(manuscript I, Fig. 6b). Epidermin is described as inhibiting C. acnes even in low 

concentrations (MIC = 0.25 µg/mL); it is even more effective against C. acnes than 

against S. aureus (MIC = 8 µg/mL) (Kellner et al., 1988). Previous studies found that 

only PSMβ1 and PSMβ2 are produced by S. epidermidis, while a secreted PSMβ3 

peptide was so far not detected (Queck et al., 2009; Vuong, Kocianova, Yao, Carmody, 

& Otto, 2004). Antimicrobial properties for PSMβs of S. epidermidis are not reported 

yet. However, PSMγ of S. epidermidis was shown to be active against S. aureus and 

Group A Streptococcus (Cogen, Yamasaki, Muto, et al., 2010). Furthermore, a 

S. capitis strain was found which secretes four different PSMβs that act against 

C. acnes (O'Neill et al., 2020). PSMs often act in synergy with other AMPs and amplify 

their activity (Cogen, Yamasaki, Sanchez, et al., 2010; O'Neill et al., 2020). Therefore, 

the antimicrobial effect of S. epidermidis HAF242 through the secretion of epidermin 

could potentially be reinforced by the production of PSMβs. Additionally, the 

downregulation of agrD in S. epidermidis in co-culture with D-class C. acnes was 

observed in the transcriptomic dataset. The AIP precursor encoded by 

agrD, displays a central part of the agr quorum sensing system in staphylococci. The 

agr system is directly involved in the expression and activation of AMPs in 
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staphylococci. AIP activates the histidine kinase AgrC, which in turn activates the 

response regulator AgrA. AgrA directly activates the expression of the psmβ operon 

in S. epidermidis (Queck et al., 2008; Vuong, Durr, et al., 2004). Furthermore, the agr 

system regulates the activation of the epidermin precursor through the protease 

EpiP (Kies et al., 2003). Therefore, it is hypothesized that D-class C. acnes can 

interfere with the agr system of S. epidermidis through an unknown mechanism. 

This may lead to the suppression of expression and activation of AMPs in 

S. epidermidis (Fig. 6). 

 

 

Figure 6 Schematic model of the interaction between epidermin-producing S. epidermidis and A- and 
D-class C. acnes, respectively. S. epidermidis can produce epidermin and phenol-soluble modulins (i.e. PSMßs) 
that are antimicrobially active against C. acnes. The agr system controls the expression of PSMß and EpiP. EpiP 
is a protease, which converts the precursor EpiA into the active epidermin. D-class C. acnes inhibits the agr 
system by an unknown mechanism, probably by targeting the production of the autoinducing peptide (AIP). 
Through the inhibition of the agr system, both epidermin and PSMßs are not secreted in the presence of tolerant 
D-class C. acnes. A-class C. acnes does not inhibit the agr system of S. epidermidis and is killed by epidermin and 
PSMßs. 
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The suppression of AMP expression in S. epidermidis may not only be of benefit for 

D-class C. acnes. It could also achieve a beneficial effect for S. epidermidis itself, since 

the production of epidermin reduces the growth rate in S. epidermidis and thus, can 

be a burden for the producing strain (Ebner et al., 2018). 

The results obtained in this study provide a small insight into the extensive 

interaction network of bacterial members of the skin microbiome. Because of the 

high strain and species variety, there is still much to learn about occurring 

interferences between skin microbiome members. A next interesting step could be 

to analyse the influence of S. epidermidis on the transcriptomic profile of different 

C. acnes strains. It was previously shown that transcriptional changes in the vitamin 

B12 metabolism pathway of C. acnes could be implicated in acne pathogenesis 

(Kang, Shi, Erfe, Craft, & Li, 2015). Therefore, it would be of interest to see if 

S. epidermidis may have an influence on these genes in C. acnes. 

To explore if the CoNS strains influence the population structure of C. acnes in vivo, 

the C. acnes populations of skin sites with and without antimicrobially active CoNS 

were compared (manuscript I). Interestingly, skin sites colonized with antimicrobial 

active CoNS strains showed a reduced abundance of acne-associated A-type C. acnes. 

This is a first indication that these CoNS strains can shape the C. acnes populations 

on the skin in vivo and that they may have a crucial role in the prevention of skin 

microbiome dysbiosis in acne. 
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Appendix 

The appendix includes relevant additional files from the manuscript I. 

Additional File 1: Origin and strain name of bacterial isolates (n=572) obtained in this study. 

test person skin area species strain 

1 Forehead S. epidermidis HAF1 

1 Forehead S. haemolyticus HAF3 

1 Forehead S. epidermidis HAF4 

1 Forehead S. epidermidis HAF5 

1 Cheek S. epidermidis HAC6 

1 Cheek S. epidermidis HAC7 

1 Cheek S. epidermidis HAC8 

1 Cheek S. epidermidis HAC9 

1 Cheek S. epidermidis HAC10 

1 Forearm S. haemolyticus HAA11 

1 Forearm S. epidermidis HAA12 

1 Forearm S. epidermidis HAA13 

1 Forearm S. epidermidis HAA14 

1 Forearm S. epidermidis HAA15 

1 Back S. epidermidis HAB16 

1 Back S. epidermidis HAB17 

1 Back S. epidermidis HAB18 

1 Back S. epidermidis HAB19 

1 Back S. epidermidis HAB20 

2 Forehead S. epidermidis HAF21 

2 Forehead S. capitis HAF22 

2 Forehead S. epidermidis HAF23 

2 Forehead S. epidermidis HAF24 

2 Forehead S. epidermidis HAF25 

2 Cheek S. epidermidis HAC26 

2 Cheek S. epidermidis HAC27 

2 Cheek S. epidermidis HAC28 

2 Cheek S. epidermidis HAC29 

2 Cheek S. epidermidis HAC30 

2 Forearm S. hominis HAA31 

2 Forearm S. capitis HAA32 
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2 Forearm S. capitis HAA33 

2 Forearm S. hominis HAA34 

2 Forearm S. hominis HAA35 

2 Back S. epidermidis HAB36 

2 Back S. epidermidis HAB37 

2 Back S. hominis HAB38 

2 Back S. epidermidis HAB39 

2 Back S. epidermidis HAB40 

3 Forehead S. epidermidis HAF41 

3 Forehead S. epidermidis HAF42 

3 Forehead S. epidermidis HAF43 

3 Forehead S. epidermidis HAF44 

3 Forehead S. epidermidis HAF45 

3 Cheek S. epidermidis HAC46 

3 Cheek S. capitis HAC47 

3 Cheek S. epidermidis HAC48 

3 Cheek S. capitis HAC49 

3 Cheek S. epidermidis HAC50 

3 Forearm S. epidermidis HAA51 

3 Forearm M. luteus HAA52 

3 Forearm S. hominis HAA53 

3 Forearm S. hominis HAA54 

3 Forearm S. epidermidis HAA55 

3 Back S. capitis HAB56 

3 Back S. capitis HAB57 

3 Back M. luteus HAB58 

3 Back S. aureus HAB59 

3 Back S. epidermidis HAB60 

4 Forehead S. epidermidis HAF61 

4 Forehead S. epidermidis HAF62 

4 Forehead S. capitis HAF63 

4 Cheek S. epidermidis HAC66 

4 Cheek S. epidermidis HAC67 

4 Cheek S. epidermidis HAC68 

4 Cheek S. epidermidis HAC69 

4 Cheek S. epidermidis HAC70 

4 Forearm S. hominis HAA71 
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4 Forearm S. epidermidis HAA72 

4 Forearm S. hominis HAA73 

4 Forearm S. hominis HAA74 

4 Forearm M. luteus HAA75 

4 Back S. epidermidis HAB76 

4 Back S. epidermidis HAB77 

4 Back grampositive cocci HAB78 

5 Forehead S. epidermidis HAF81 

5 Forehead S. epidermidis HAF82 

5 Forehead S. epidermidis HAF83 

5 Forehead S. epidermidis HAF84 

5 Forehead S. epidermidis HAF85 

5 Cheek S. epidermidis HAC86 

5 Cheek S. epidermidis HAC87 

5 Cheek S. epidermidis HAC88 

5 Cheek S. epidermidis HAC89 

5 Cheek S. epidermidis HAC90 

5 Forearm S. epidermidis HAA91 

5 Forearm S. hominis HAA92 

5 Forearm S. epidermidis HAA93 

5 Forearm S. epidermidis HAA94 

5 Forearm S. hominis HAA95 

5 Back S. epidermidis HAB96 

5 Back S. epidermidis HAB97 

5 Back S. epidermidis HAB98 

5 Back S. epidermidis HAB99 

5 Back S. epidermidis HAB100 

6 Forehead S. epidermidis HAF101 

6 Forehead S. epidermidis HAF102 

6 Forehead S. simulans HAF103 

6 Forehead S. epidermidis HAF104 

6 Forehead S. epidermidis HAF105 

6 Cheek S. epidermidis HAC106 

6 Cheek S. epidermidis HAC107 

6 Cheek S. epidermidis HAC108 

6 Cheek S. epidermidis HAC109 

6 Cheek S. epidermidis HAC110 
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6 Forearm S. hominis HAA111 

6 Forearm Candida sp. HAA112 

6 Forearm Candida sp. HAA113 

6 Forearm grampositive cocci HAA114 

6 Forearm grampositive cocci HAA115 

6 Back S. hominis HAB116 

7 Forehead S. saprophyticus HAF121 

7 Forehead S. saprophyticus HAF122 

7 Forehead S. saprophyticus HAF123 

7 Forehead S. saprophyticus HAF124 

7 Forehead S. saprophyticus HAF125 

7 Cheek S. saprophyticus HAC126 

7 Cheek S. saprophyticus HAC127 

7 Cheek S. saprophyticus HAC128 

7 Cheek S. saprophyticus HAC129 

7 Cheek S. saprophyticus HAC130 

7 Forearm S. saprophyticus HAA131 

7 Forearm S. saprophyticus HAA132 

7 Forearm S. saprophyticus HAA133 

7 Forearm S. hominis HAA134 

7 Forearm S. hominis HAA135 

7 Back S. saprophyticus HAB136 

7 Back S. saprophyticus HAB137 

7 Back S. saprophyticus HAB138 

7 Back S. saprophyticus HAB139 

7 Back S. saprophyticus HAB140 

8 Forehead S. epidermidis HAF141 

8 Forehead S. epidermidis HAF142 

8 Forehead S. epidermidis HAF143 

8 Forehead S. epidermidis HAF144 

8 Forehead S. epidermidis HAF145 

8 Cheek S. epidermidis HAC146 

8 Cheek S. epidermidis HAC147 

8 Cheek S. epidermidis HAC148 

8 Cheek S. epidermidis HAC149 

8 Cheek S. epidermidis HAC150 

8 Forearm S. hominis HAA151 
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8 Forearm S. epidermidis HAA152 

8 Forearm S. hominis HAA153 

8 Forearm S. hominis HAA154 

8 Back S. hominis HAB156 

8 Back S. epidermidis HAB157 

8 Back S. epidermidis HAB158 

8 Back S. epidermidis HAB159 

8 Back S. capitis HAB160 

9 Forehead S. epidermidis HAF161 

9 Forehead S. epidermidis HAF162 

9 Forehead S. epidermidis HAF163 

9 Forehead S. epidermidis HAF164 

9 Forehead S. epidermidis HAF165 

9 Cheek S. epidermidis HAC166 

9 Cheek S. epidermidis HAC167 

9 Cheek S. epidermidis HAC168 

9 Cheek S. epidermidis HAC169 

9 Cheek S. epidermidis HAC170 

9 Forearm S. epidermidis HAA171 

9 Forearm S. epidermidis HAA172 

9 Forearm S. epidermidis HAA173 

9 Forearm S. epidermidis HAA174 

9 Forearm S. epidermidis HAA175 

9 Back S. epidermidis HAB176 

9 Back S. capitis HAB177 

9 Back S. epidermidis HAB178 

9 Back S. epidermidis HAB179 

9 Back S. capitis HAB180 

10 Forehead S. capitis HAF181 

10 Forehead S. capitis HAF182 

10 Forehead S. epidermidis HAF183 

10 Forehead S. epidermidis HAF184 

10 Forehead S. epidermidis HAF185 

10 Cheek S. capitis HAC186 

10 Cheek S. epidermidis HAC187 

10 Cheek S. epidermidis HAC188 

10 Cheek S. capitis HAC189 
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10 Cheek S. epidermidis HAC190 

10 Forearm M. luteus HAA191 

10 Forearm M. luteus HAA192 

10 Forearm S. hominis HAA193 

10 Forearm S. hominis HAA194 

10 Forearm S. epidermidis HAA195 

10 Back S. epidermidis HAB196 

10 Back S. epidermidis HAB197 

10 Back S. capitis HAB198 

10 Back S. epidermidis HAB199 

10 Back S. capitis HAB200 

11 Forehead S. epidermidis HAF201 

11 Forehead S. epidermidis HAF202 

11 Forehead S. epidermidis HAF203 

11 Forehead S. epidermidis HAF204 

11 Forehead S. epidermidis HAF205 

11 Cheek S. epidermidis HAC206 

11 Cheek S. epidermidis HAC207 

11 Cheek S. epidermidis HAC208 

11 Cheek S. epidermidis HAC209 

11 Cheek S. epidermidis HAC210 

11 Forearm S. hominis HAA211 

11 Forearm S. hominis HAA212 

11 Forearm S. hominis HAA213 

11 Forearm S. epidermidis HAA214 

11 Forearm S. hominis HAA215 

11 Back S. epidermidis HAB216 

11 Back S. epidermidis HAB217 

11 Back S. hominis HAB218 

11 Back S. epidermidis HAB219 

11 Back S. epidermidis HAB220 

12 Forehead S. epidermidis HAF221 

12 Forehead S. epidermidis HAF222 

12 Forehead S. epidermidis HAF223 

12 Forehead S. epidermidis HAF224 

12 Forehead S. epidermidis HAF225 

12 Cheek S. epidermidis HAC226 
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12 Cheek S. epidermidis HAC227 

12 Cheek S. epidermidis HAC228 

12 Cheek S. epidermidis HAC229 

12 Cheek S. epidermidis HAC230 

12 Forearm S. epidermidis HAA231 

12 Forearm S. epidermidis HAA232 

12 Forearm S. epidermidis HAA233 

12 Forearm S. epidermidis HAA234 

12 Forearm S. hominis HAA235 

12 Back S. epidermidis HAB236 

12 Back S. epidermidis HAB237 

12 Back S. epidermidis HAB238 

12 Back S. epidermidis HAB239 

12 Back S. epidermidis HAB240 

13 Forehead S. epidermidis HAF241 

13 Forehead S. epidermidis HAF242 

13 Forehead S. epidermidis HAF243 

13 Forehead S. epidermidis HAF244 

13 Forehead S. capitis HAF245 

13 Cheek S. epidermidis HAC246 

13 Cheek S. epidermidis HAC247 

13 Cheek S. epidermidis HAC248 

13 Cheek S. epidermidis HAC249 

13 Cheek S. epidermidis HAC250 

13 Forearm S. hominis HAA251 

13 Forearm S. epidermidis HAA252 

13 Forearm S. haemolyticus HAA253 

13 Forearm S. hominis HAA254 

13 Forearm S. epidermidis HAA255 

13 Back S. hominis HAB256 

13 Back S. hominis HAB257 

13 Back S. epidermidis HAB258 

13 Back S. epidermidis HAB259 

13 Back S. capitis HAB260 

14 Forehead S. epidermidis HAF261 

14 Forehead S. epidermidis HAF262 

14 Forehead S. epidermidis HAF263 
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14 Forehead S. capitis HAF264 

14 Forehead S. epidermidis HAF265 

14 Cheek S. epidermidis HAC266 

14 Cheek S. epidermidis HAC267 

14 Cheek S. epidermidis HAC268 

14 Cheek S. epidermidis HAC269 

14 Cheek S. epidermidis HAC270 

14 Forearm S. warneri HAA271 

14 Forearm S. hominis HAA272 

14 Forearm S. hominis HAA273 

14 Forearm S. hominis HAA274 

14 Forearm S. epidermidis HAA275 

14 Back S. capitis HAB276 

14 Back S. capitis HAB277 

14 Back S. capitis HAB278 

14 Back S. hominis HAB279 

14 Back S. capitis HAB280 

15 Forehead S. epidermidis HAF281 

15 Forehead S. epidermidis HAF282 

15 Forehead S. epidermidis HAF283 

15 Forehead S. epidermidis HAF284 

15 Forehead S. epidermidis HAF285 

15 Cheek S. hominis HAC286 

15 Cheek S. epidermidis HAC287 

15 Cheek S. epidermidis HAC288 

15 Cheek S. epidermidis HAC289 

15 Cheek S. epidermidis HAC290 

15 Forearm S. hominis HAA291 

15 Forearm S. epidermidis HAA292 

15 Forearm S. epidermidis HAA293 

15 Forearm S. simulans HAA294 

15 Forearm S. simulans HAA295 

15 Back S. simulans HAB296 

15 Back M. luteus HAB297 

16 Forehead S. hominis HAF301 

16 Forehead S. hominis HAF302 

16 Forehead S. hominis HAF303 
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16 Forehead S. hominis HAF304 

16 Forehead S. epidermidis HAF305 

16 Cheek S. epidermidis HAC306 

16 Cheek S. capitis HAC307 

16 Cheek S. hominis HAC308 

16 Cheek S. epidermidis HAC309 

16 Cheek S. epidermidis HAC310 

16 Forearm S. haemolyticus HAA311 

16 Forearm S. hominis HAA312 

16 Forearm S. warneri HAA313 

16 Forearm S. haemolyticus HAA314 

16 Forearm S. epidermidis HAA315 

16 Back S. epidermidis HAB316 

16 Back S. epidermidis HAB317 

16 Back S. epidermidis HAB318 

16 Back S. epidermidis HAB319 

16 Back S. epidermidis HAB320 

17 Forehead S. epidermidis HAF321 

17 Forehead S. capitis HAF322 

17 Forehead S. epidermidis HAF323 

17 Forehead S. epidermidis HAF324 

17 Forehead S. epidermidis HAF325 

17 Cheek S. epidermidis HAC326 

17 Cheek S. epidermidis HAC327 

17 Cheek S. capitis HAC328 

17 Cheek S. epidermidis HAC329 

17 Cheek S. epidermidis HAC330 

17 Forearm S. epidermidis HAA331 

17 Forearm S. epidermidis HAA332 

17 Forearm S. warneri HAA333 

17 Forearm S. warneri HAA334 

17 Forearm S. epidermidis HAA335 

17 Back S. epidermidis HAB336 

17 Back S. capitis HAB337 

17 Back S. epidermidis HAB338 

17 Back S. epidermidis HAB339 

17 Back S. epidermidis HAB340 
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18 Forehead S. epidermidis HAF341 

18 Forehead S. epidermidis HAF342 

18 Forehead S. epidermidis HAF343 

18 Forehead S. epidermidis HAF344 

18 Forehead S. epidermidis HAF345 

18 Cheek S. capitis HAC346 

18 Cheek S. capitis HAC347 

18 Cheek S. epidermidis HAC348 

18 Cheek S. capitis HAC349 

18 Cheek S. capitis HAC350 

18 Forearm S. epidermidis HAA351 

18 Forearm S. hominis HAA352 

18 Forearm S. epidermidis HAA353 

18 Forearm S. hominis HAA354 

18 Forearm S. epidermidis HAA355 

18 Back S. epidermidis HAB356 

18 Back S. epidermidis HAB357 

18 Back S. epidermidis HAB358 

18 Back S. epidermidis HAB359 

18 Back S. epidermidis HAB360 

19 Forehead S. epidermidis HAF361 

19 Forehead S. epidermidis HAF362 

19 Forehead S. epidermidis HAF363 

19 Forehead S. epidermidis HAF364 

19 Forehead S. epidermidis HAF365 

19 Cheek S. epidermidis HAC366 

19 Cheek S. epidermidis HAC367 

19 Cheek S. epidermidis HAC368 

19 Cheek S. epidermidis HAC369 

19 Cheek S. epidermidis HAC370 

19 Forearm S. epidermidis HAA371 

19 Forearm S. hominis HAA372 

19 Forearm S. epidermidis HAA373 

19 Forearm S. hominis HAA374 

19 Forearm S. epidermidis HAA375 

19 Back S. epidermidis HAB376 

19 Back S. capitis HAB377 
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19 Back M. luteus HAB378 

19 Back S. epidermidis HAB379 

19 Back S. epidermidis HAB380 

20 Forehead S. epidermidis HAF381 

20 Forehead S. epidermidis HAF382 

20 Forehead S. epidermidis HAF383 

20 Forehead S. epidermidis HAF384 

20 Forehead S. epidermidis HAF385 

20 Cheek S. epidermidis HAC386 

20 Cheek S. epidermidis HAC387 

20 Cheek S. warneri HAC388 

20 Cheek S. epidermidis HAC389 

20 Cheek S. warneri HAC390 

20 Forearm S. hominis HAA391 

20 Forearm S. hominis HAA392 

20 Forearm S. epidermidis HAA393 

20 Forearm S. epidermidis HAA394 

20 Forearm S. hominis HAA395 

20 Back S. warneri HAB396 

21 Forehead S. capitis HAF401 

21 Forehead S. capitis HAF402 

21 Forehead S. capitis HAF403 

21 Cheek S. epidermidis HAC406 

21 Cheek S. epidermidis HAC407 

21 Cheek S. epidermidis HAC408 

21 Cheek S. epidermidis HAC409 

21 Cheek S. epidermidis HAC410 

21 Forearm S. hominis HAA411 

21 Forearm S. hominis HAA412 

21 Forearm S. epidermidis HAA413 

21 Forearm S. epidermidis HAA414 

21 Forearm S. epidermidis HAA415 

21 Back S. hominis HAB416 

21 Back S. hominis HAB417 

22 Forehead S. epidermidis HAF421 

22 Forehead S. epidermidis HAF422 

22 Forehead S. epidermidis HAF423 



Appendix 

  

 118 

22 Forehead S. epidermidis HAF424 

22 Forehead S. epidermidis HAF425 

22 Cheek S. epidermidis HAC426 

22 Cheek S. epidermidis HAC427 

22 Cheek S. epidermidis HAC428 

22 Cheek S. epidermidis HAC429 

22 Cheek S. epidermidis HAC430 

22 Forearm M. luteus HAA431 

22 Forearm S. capitis HAA432 

22 Forearm M. luteus HAA433 

22 Forearm M. luteus HAA434 

22 Back S. epidermidis HAB436 

22 Back S. epidermidis HAB437 

22 Back S. epidermidis HAB438 

22 Back S. epidermidis HAB439 

22 Back S. epidermidis HAB440 

23 Forehead S. epidermidis HAF441 

23 Forehead S. epidermidis HAF442 

23 Forehead S. epidermidis HAF443 

23 Forehead S. epidermidis HAF444 

23 Forehead S. epidermidis HAF445 

23 Cheek S. epidermidis HAC446 

23 Cheek S. epidermidis HAC447 

23 Cheek S. epidermidis HAC448 

23 Cheek S. epidermidis HAC449 

23 Cheek S. epidermidis HAC450 

23 Forearm S. epidermidis HAA451 

23 Forearm S. epidermidis HAA452 

23 Forearm S. epidermidis HAA453 

23 Forearm S. epidermidis HAA454 

23 Forearm S. haemolyticus HAA455 

23 Back S. hominis HAB456 

23 Back S. epidermidis HAB457 

23 Back S. capitis HAB458 

23 Back S. capitis HAB459 

23 Back S. capitis HAB460 

24 Forehead S. hominis HAF461 
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24 Forehead S. capitis HAF462 

24 Forehead S. hominis HAF463 

24 Forehead S. hominis HAF464 

24 Forehead S. epidermidis HAF465 

24 Cheek S. hominis HAC466 

24 Cheek S. hominis HAC467 

24 Cheek S. hominis HAC468 

24 Cheek S. hominis HAC469 

24 Cheek S. capitis HAC470 

24 Forearm S. haemolyticus HAA471 

24 Forearm S. haemolyticus HAA472 

24 Forearm S. hominis HAA473 

24 Forearm S. haemolyticus HAA474 

24 Forearm S. haemolyticus HAA475 

24 Back S. hominis HAB476 

24 Back S. epidermidis HAB477 

24 Back S. hominis HAB478 

24 Back S. hominis HAB479 

24 Back S. haemolyticus HAB480 

25 Forehead S. epidermidis HAF481 

25 Forehead S. epidermidis HAF482 

25 Forehead S. epidermidis HAF483 

25 Forehead S. epidermidis HAF484 

25 Forehead S. epidermidis HAF485 

25 Cheek S. epidermidis HAC486 

25 Cheek S. epidermidis HAC487 

25 Cheek S. epidermidis HAC488 

25 Cheek S. haemolyticus HAC489 

25 Cheek S. epidermidis HAC490 

25 Forearm S. haemolyticus HAA491 

25 Forearm S. epidermidis HAA492 

25 Forearm S. hominis HAA493 

25 Forearm S. epidermidis HAA494 

25 Forearm S. epidermidis HAA495 

25 Back S. epidermidis HAB496 

25 Back S. epidermidis HAB497 

25 Back S. epidermidis HAB498 
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25 Back S. epidermidis HAB499 

25 Back S. epidermidis HAB500 

26 Forehead S. capitis HAF501 

26 Forehead S. epidermidis HAF502 

26 Forehead S. epidermidis HAF503 

26 Forehead S. capitis HAF504 

26 Forehead S. epidermidis HAF505 

26 Cheek S. capitis HAC506 

26 Cheek S. capitis HAC507 

26 Cheek S. capitis HAC508 

26 Cheek S. capitis HAC509 

26 Cheek S. capitis HAC510 

26 Forearm S. hominis HAA511 

26 Forearm S. epidermidis HAA512 

26 Forearm S. hominis HAA513 

26 Forearm S. hominis HAA514 

26 Forearm S. epidermidis HAA515 

26 Back S. capitis HAB516 

26 Back S. hominis HAB517 

26 Back S. hominis HAB518 

26 Back S. hominis HAB519 

26 Back S. hominis HAB520 

27 Forehead S. epidermidis HAF521 

27 Forehead S. epidermidis HAF522 

27 Forehead S. epidermidis HAF523 

27 Forehead S. epidermidis HAF524 

27 Forehead S. epidermidis HAF525 

27 Cheek S. epidermidis HAC526 

27 Cheek S. epidermidis HAC527 

27 Cheek S. epidermidis HAC528 

27 Cheek S. epidermidis HAC529 

27 Cheek S. epidermidis HAC530 

27 Forearm S. epidermidis HAA531 

27 Forearm S. epidermidis HAA532 

27 Forearm S. epidermidis HAA533 

27 Forearm S. epidermidis HAA534 

27 Forearm S. epidermidis HAA535 
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27 Back S. epidermidis HAB536 

27 Back S. epidermidis HAB537 

27 Back S. epidermidis HAB538 

27 Back S. epidermidis HAB539 

27 Back S. epidermidis HAB540 

28 Forehead S. epidermidis HAF541 

28 Forehead S. epidermidis HAF542 

28 Forehead S. epidermidis HAF543 

28 Forehead S. capitis HAF544 

28 Forehead S. epidermidis HAF545 

28 Cheek S. epidermidis HAC546 

28 Cheek S. epidermidis HAC547 

28 Cheek S. epidermidis HAC548 

28 Cheek S. epidermidis HAC549 

28 Cheek S. epidermidis HAC550 

28 Forearm S. epidermidis HAA551 

28 Forearm S. hominis HAA552 

28 Forearm S. hominis HAA553 

28 Forearm S. hominis HAA554 

28 Forearm S. hominis HAA555 

28 Back S. epidermidis HAB556 

28 Back S. epidermidis HAB557 

28 Back S. epidermidis HAB558 

28 Back S. epidermidis HAB559 

28 Back S. epidermidis HAB560 

29 Forehead S. epidermidis HAF561 

29 Forehead S. epidermidis HAF562 

29 Forehead S. epidermidis HAF563 

29 Forehead S. epidermidis HAF564 

29 Forehead S. epidermidis HAF565 

29 Cheek S. epidermidis HAC566 

29 Cheek S. epidermidis HAC567 

29 Cheek S. epidermidis HAC568 

29 Cheek S. epidermidis HAC569 

29 Cheek S. epidermidis HAC570 

29 Forearm S. hominis HAA571 

29 Forearm S. epidermidis HAA572 
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29 Forearm S. hominis HAA573 

29 Forearm S. epidermidis HAA574 

29 Forearm S. epidermidis HAA575 

29 Back S. epidermidis HAB576 

29 Back S. epidermidis HAB577 

29 Back S. epidermidis HAB578 

29 Back S. epidermidis HAB579 

29 Back S. haemolyticus HAB580 

30 Forehead S. hominis HAF581 

30 Forehead S. epidermidis HAF582 

30 Forehead S. epidermidis HAF583 

30 Forehead S. hominis HAF584 

30 Forehead S. epidermidis HAF585 

30 Cheek S. hominis HAC586 

30 Cheek S. epidermidis HAC587 

30 Cheek S. epidermidis HAC588 

30 Cheek S. capitis HAC589 

30 Cheek S. epidermidis HAC590 

30 Forearm S. hominis HAA591 

30 Forearm S. capitis HAA592 

30 Forearm S. hominis HAA593 

30 Forearm S. epidermidis HAA594 

30 Forearm S. hominis HAA595 
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Additional File 2: GenBank accession numbers and origin of indicator strains 

Indicator strains SLST-type Accession number origin 

S. aureus DSM799 - JXHV00000000 Germany, DSMZ 

C. acnes DSM1897 A1 AWZZ00000000 Germany, DSMZ 

C. acnes 12.1.L1 A1 CP012354 Scholz et al. 2016 1 

C. acnes 15.1.R1 C1 

CP012355 (chromosome); 

CP012356 (plasmid) Scholz et al. 2016 1 

C. acnes 30.2.L1 D1 CP012350 Scholz et al. 2016 1 

C. acnes 09-193 D1 LKVE01000000 Davidsson et al. 20172 

C. acnes 11-90 H1 MVCG00000000  Davidsson et al. 20172 

C. acnes KPA171202 H2 AE017283 Brüggemann et al. 20043 

C. acnes 21.1.L1 H1 CP012351 Scholz et al. 2016 1  

C. acnes 11-49 K1 MVCN00000000 Davidsson et al. 20172 

C. acnes 11-79 K2 MVCO00000000  Davidsson et al. 20172 

C. acnes PMH5 L1 LJAS00000000  Petersen et al. 20154 

 

1. Scholz CF, Brüggemann H, Lomholt HB, Tettelin H, Kilian M. Genome stability 
of Propionibacterium acnes: a comprehensive study of indels and 
homopolymeric tracts. Sci Rep 6, 20662 (2016). 

2. Davidsson S, et al. Prevalence of Flp Pili-Encoding Plasmids in Cutibacterium 
acnes Isolates Obtained from Prostatic Tissue. Front Microbiol 8, 2241 
(2017). 

3. Brüggemann H, et al. The complete genome sequence of Propionibacterium 
acnes, a commensal of human skin. Science 305, 671-673 (2004). 

4. Petersen R, Lomholt HB, Scholz CF, Brüggemann H. Draft Genome Sequences 
of Two Propionibacterium acnes Strains Isolated from Progressive Macular 
Hypomelanosis Lesions of Human Skin. Genome Announc 3, (2015). 
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Additional File 3: ANCOM-BC results (coefficient and adjusted p-value) for differences in abundances of 
staphylococcal species between skin sites (back = Ba, Ch = Cheek, Fa = Forearm, Fh = Forehead) 

 
Ba - Ch Ba - Fa Ba - Fh Ch - Fa Ch - Fh Fa - Fh 

 
coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p 

S. epider- 

midis 0.13 0.35 0.06 1.00 0.13 0.45 -0.12 0.68 -0.01 1.00 0.07 1.00 

S. capitis 0.01 1.00 0.00 1.00 0.01 1.00 -0.06 1.00 -0.02 1.00 -0.01 1.00 

S. sacch-

arolyticus -0.10 0.42 -0.03 1.00 -0.06 1.00 0.03 1.00 0.04 1.00 -0.04 1.00 

S. hominis -0.05 0.63 0.18 0.00 -0.02 1.00 0.19 0.03 0.01 1.00 -0.22 0.00 

below 

threshold 0.00 1.00 0.10 0.00 0.00 1.00 0.06 0.68 -0.01 1.00 -0.11 0.02 

 

 

Additional File 4: Spearman correlation between staphylococcal species abundances (determined by 
amplicon-based NGS) and skin parameters. This analysis was performed for each skin site separately: a 
back b cheek c forearm d forehead (FDR-adjusted p-value, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Additional File 5: Pan-genome of 69 S. epidermidis strains isolated in this study. Pan-genome analysis of 
the 69 strains was done with ANVIO. The pan-genome is composed of the core genome (i.e. genes shared by all 
strains) and a large accessory genomes (i.e. genes specific to single strains or subset of strains). Presence (black) 
and absence (grey) of gene clusters are depicted. The strains are sorted according to their average nucleotide 
identity (ANI) (red square; a higher ANI is depicted by a darker red color). 
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Additional File 6: Pan-genome of 75 C. acnes strains covering all SLST classes. Pan-genome analysis of the 
75 strains was done with ANVIO. The 75 strains were chosen among all published C. acnes genomes and included 
strains from all 10 SLST classes (Supplementary data 7). The pan-genome is composed of the core genome (i.e. 
genes shared by all strains) and a large accessory genomes (i.e. genes specific to single strains or subset of 
strains). Presence (black) and absence (grey) of gene clusters are depicted. The strains are sorted according to 
their average nucleotide identity (ANI) (red square; a higher ANI is depicted by darker red). 
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Additional File 7: ANCOM-BC results (coefficient and adjusted p-value) for differences in abundances of 
C. acnes SLST classes (A, C, D, E, F, H, G, K, L) between skin sites (back = Ba, Ch = Cheek, Fa = Forearm, Fh 
= Forehead) 

 
Ba - Ch Ba - Fa Ba - Fh Ch - Fa Ch - Fh Fa - Fh 

 
coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p coeff. adj. p 

A (IA1) 0.04 1.00 0.04 1.00 0.03 1.00 0.00 1.00 -0.01 1.00 -0.01 1.00 

C (IA1) 0.02 1.00 0.03 1.00 0.02 1.00 0.01 1.00 -0.01 1.00 -0.02 1.00 

D (IA1) -0.15 0.08 -0.16 0.03 -0.18 0.03 0.00 1.00 -0.02 1.00 -0.02 1.00 

E (IA1) -0.06 0.74 -0.06 0.75 -0.05 1.00 0.00 1.00 0.00 1.00 0.00 1.00 

F (IA2) -0.01 1.00 -0.03 1.00 0.00 1.00 -0.01 1.00 0.01 1.00 0.02 1.00 

H (IB) 0.10 0.19 0.02 1.00 0.05 1.00 -0.07 0.50 -0.04 1.00 0.03 1.00 

G (IC) 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 

K (II) 0.11 0.23 0.04 1.00 0.15 0.09 -0.06 1.00 0.04 1.00 0.10 0.56 

L (III) 0.00 1.00 0.02 1.00 0.00 1.00 0.03 0.99 0.00 1.00 -0.03 1.00 

unknown 0.00 1.00 -0.02 0.00 0.00 1.00 -0.02 0.00 0.00 1.00 0.02 0.00 

 

Additional File 8: Antimicrobial activity of staphylococcal strains against S. aureus DSM799, C. acnes 
DSM1897 and C. acnes 30.2.L1 

                     indicator strain 

 

 

staphylococcal strain 

S. aureus DSM 799 C. acnes DSM 1897 C. acnes 30.2.L1 

S. capitis HAB177 - + - 

S. capitis HAB198 - + - 

S. capitis HAB200 - + - 

S. capitis HAB276 - + - 

S. capitis HAB277 - + - 

S. capitis HAB278 - + - 

S. capitis HAB280 - + - 

S. capitis HAB56 - + - 

S. capitis HAC49 - + - 

S. capitis HAC509 - + - 

S. epidermidis HAA531 + - - 
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S. epidermidis HAA534 + - - 

S. epidermidis HAB357 + - - 

S. epidermidis HAB358 + - - 

S. epidermidis HAB359 + - - 

S. epidermidis HAB360 + - - 

S. epidermidis HAB440 + - - 

S. epidermidis HAC26 + + + 

S. epidermidis HAC526 + - - 

S. epidermidis HAC527 + - - 

S. epidermidis HAC528 + - - 

S. epidermidis HAC529 + - - 

S. epidermidis HAC530 + - - 

S. epidermidis HAC588 - + - 

S. epidermidis HAC590 - + - 

S. epidermidis HAF242 - + - 

S. epidermidis HAF243 +  - - 

S. epidermidis HAF424  - + - 

S. epidermidis HAF521 + - - 

S. epidermidis HAF522 + - - 

S. epidermidis HAF523 + - - 

S. epidermidis HAF525 + - - 

S. hominis HAA254 - + - 

S. hominis HAA272 - + - 

S. hominis HAA273 - + - 

S. hominis HAA274 - + - 

S. hominis HAB257 - + - 

S. hominis HAC286 + + - 

S. warneri HAA271 + - - 

S. warneri HAA333 + + - 

S. warneri HAA334 + + - 
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Additional File 9: Staphylococcal strains with antimicrobial activity influence C. acnes populations. 
Depicted are relative abundances of six C. acnes SLST classes (A, C, D, H, K, L) on a back b cheek c forearm 
d forehead skin sites with (+) or without (-) staphylococcal strains with antimicrobial activity (FDR-
adjusted p-value, **p ≤ 0.01. Unpaired Wilcoxon test). 

 

Additional File 10: Differentially expressed genes of S. epidermidis HAF242 (SE): growth of SE in co-
culture with C. acnes 30.2.L1 (D-class) versus growth of SE in co-culture with C. acnes DSM1897 (A-class) 
(FDR-adjusted p-value, cut off: p ≤ 0.05; fold-change range >2 or <-2). 

Locus tag curated annotation log2 fold-

change 

padj 

HBRUn20_25290 Hydrogen peroxide-inducible genes 

activator (oxyR) 

4,55 9,59E-03 

HBRUn20_14010 Extracellular matrix-binding protein (ebh) 4,13 2,26E-02 

HBRUn20_09740 helix-turn-helix transcriptional regulator 3,96 9,59E-03 

HBRUn20_03290 Staphylococcal secretory antigen (ssaA) 1,25 9,92E-04 

HBRUn20_19070 sulfite exporter TauE/SafE family protein 1,22 2,04E-02 

HBRUn20_12040 ACT domain-containing protein 1,06 1,39E-02 
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HBRUn20_17570 Amidophosphoribosyltransferase -1,11 3,40E-03 

HBRUn20_13570 FMN -1,13 2,72E-02 

HBRUn20_03800 N-acetyltransferase -1,14 3,79E-04 

HBRUn20_17630 N5-carboxyaminoimidazole ribonucleotide 

mutase 

-1,24 2,68E-02 

HBRUn20_22650 Phosphoglycolate phosphatase -1,24 9,59E-03 

HBRUn20_00990 lipase (gehD) -1,25 2,72E-02 

HBRUn20_17640 Bifunctional protein FolD protein -1,26 4,01E-03 

HBRUn20_16750 phenol-soluble modulin beta 2 -1,39 5,23E-03 

HBRUn20_02980 hypothetical protein -1,39 2,36E-03 

HBRUn20_13620 elastin-binding protein EbpS -1,42 3,30E-02 

HBRUn20_11060 hypothetical protein -1,44 3,54E-02 

HBRUn20_17580 Phosphoribosylformylglycinamidine 

synthase subunit  

-1,52 2,55E-04 

HBRUn20_16740 phenol-soluble modulin beta 1 -1,57 4,97E-03 

HBRUn20_11220 Formate-tetrahydrofolate ligase -1,57 1,29E-04 

HBRUn20_17620 N5-carboxyaminoimidazole ribonucleotide 

synthase 

-1,66 2,36E-03 

HBRUn20_05110 ABC transporter ATP-binding protein -1,77 4,92E-02 

HBRUn20_20370 DUF4887 domain-containing protein -1,78 3,04E-02 

HBRUn20_08240 agr autoinducing peptide -1,81 2,46E-03 

HBRUn20_08440 hypothetical protein -1,82 5,23E-03 

HBRUn20_02240 Mannose-6-phosphate isomerase (manA) -1,82 1,33E-02 

HBRUn20_05100 putative ABC transporter permease -1,83 4,55E-02 

HBRUn20_17610 Phosphoribosylaminoimidazole-

succinocarboxamide synthase 

-1,96 2,46E-03 

HBRUn20_09670 hypothetical protein -1,99 1,39E-02 

HBRUn20_24850 lantibiotic epidermin (epiA) -2,07 2,82E-02 

HBRUn20_16760 phenol-soluble modulin beta 3 -2,65 1,99E-02 

HBRUn20_19890 Ribonuclease M5 -2,65 3,89E-03 

HBRUn20_17470 glycopeptide resistance-associated protein 

(graF) 

-4,60 1,33E-02 

 



Appendix 

  

 131 

Additional File 11: Differentially expressed genes of S. epidermidis HAF242 (SE): growth of SE in co-
culture with C. acnes DSM1897 (A-class) versus growth of SE in monoculture (FDR-adjusted p-value, cut 
off: p ≤ 0.05; fold-change range >2 or <-2). 

locus tag curated annotation log2 fold-

change 

padj 

HBRUn20_25290 Hydrogen peroxide-inducible genes 

activator (oxyR) 

-4,84 1,61E-03 

HBRUn20_21940 hypothetical protein -4,53 3,34E-03 

HBRUn20_09740 helix-turn-helix transcriptional regulator -4,08 2,18E-03 

HBRUn20_14010 Extracellular matrix-binding protein (ebh) -3,98 9,60E-03 

HBRUn20_23870 Cystathionine gamma-lyase -2,49 4,89E-02 

HBRUn20_01500 HTH-type transcriptional regulator SsuR -2,35 5,69E-03 

HBRUn20_16250 Thiamine pyrophosphokinase -1,66 3,61E-02 

HBRUn20_04570 L-cystine-binding protein TcyA -1,64 3,77E-02 

HBRUn20_02890 Oxygen-dependent choline dehydrogenase -1,40 8,19E-04 

HBRUn20_03290 Staphylococcal secretory antigen SsaA -1,38 2,74E-05 

HBRUn20_14030 Chromosome partition protein Smc -1,37 4,05E-03 

HBRUn20_11890 T-box domain containing protein -1,36 2,02E-02 

HBRUn20_03430 3-hydroxy-3-methylglutaryl-coenzyme A 

reductase 

-1,35 1,81E-04 

HBRUn20_21890 Na(+)/H(+) antiporter subunit B -1,34 1,12E-02 

HBRUn20_03560 YitT family protein -1,21 3,79E-02 

HBRUn20_16730 Putative HAD-hydrolase YfnB -1,19 2,19E-02 

HBRUn20_05750 Staphylococcal secretory antigen SsaA -1,16 6,29E-04 

HBRUn20_01560 Lipase -1,15 3,11E-02 

HBRUn20_16280 Serine/threonine-protein kinase PrkC -1,13 1,90E-05 

HBRUn20_15400 HTH-type transcriptional regulator GlnR -1,12 1,13E-02 

HBRUn20_18800 Na(+)/H(+) antiporter subunit C1 -1,10 3,86E-02 

HBRUn20_03660 Ribokinase -1,09 1,12E-03 

HBRUn20_05170 Colistin resistance protein EmrA -1,09 1,77E-02 

HBRUn20_21440 Sugar efflux transporter C -1,07 2,62E-03 

HBRUn20_12990 putative metallo-hydrolase -1,03 3,21E-03 

HBRUn20_20930 Energy-dependent translational throttle 

protein EttA 

-1,02 9,06E-04 
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HBRUn20_21320 Vitamin B12 import ATP-binding protein 

BtuD 

-1,02 6,05E-04 

HBRUn20_10910 Riboflavin biosynthesis protein RibBA -1,00 4,27E-05 

HBRUn20_23090 Pyridoxal 5'-phosphate synthase subunit 

PdxS 

1,00 6,71E-04 

HBRUn20_03090 L-lactate dehydrogenase 2 1,01 2,67E-08 

HBRUn20_04830 HTH-type transcriptional regulator SarZ 1,01 5,92E-04 

HBRUn20_00090 Serine--tRNA ligase 1,01 9,44E-05 

HBRUn20_20340 Glyceraldehyde-3-phosphate 

dehydrogenase 1 

1,03 2,75E-04 

HBRUn20_08600 thioredoxin family protein 1,03 1,84E-02 

HBRUn20_03100 Acetolactate synthase 1,04 2,58E-09 

HBRUn20_11190 YtxH domain-containing protein 1,04 4,05E-03 

HBRUn20_11220 Formate--tetrahydrofolate ligase 1,06 2,27E-03 

HBRUn20_01900 putative poly-beta-N-acetyl-D-glucosamine 

export protein 

1,06 3,01E-03 

HBRUn20_19650 hypothetical protein 1,06 2,83E-02 

HBRUn20_20390 Epimerase family protein 1,07 1,08E-03 

HBRUn20_09820 YtxH domain-containing protein 1,08 4,07E-03 

HBRUn20_02450 MarR family winged helix-turn-helix 

transcriptional regulator 

1,08 2,14E-03 

HBRUn20_16710 putative N-acetyltransferase 1,09 2,39E-03 

HBRUn20_09660 Glucosamine-6-phosphate deaminase 1,10 2,18E-03 

HBRUn20_23730 Bacteria_large_SRP 1,10 5,41E-03 

HBRUn20_21140 Putative glycosyltransferase CsbB 1,11 1,54E-03 

HBRUn20_16690 Transcriptional regulator MraZ 1,11 2,91E-03 

HBRUn20_05460 PTS system maltose-specific EIICB 

component 

1,12 2,58E-02 

HBRUn20_20330 Phosphoglycerate kinase 1,12 1,81E-04 

HBRUn20_14530 N-acetylcysteine deacetylase 1,14 2,18E-03 

HBRUn20_00810 putative malate:quinone oxidoreductase 2 1,15 7,25E-03 

HBRUn20_01080 Diacetyl reductase [(S)-acetoin forming] 1,17 6,57E-04 

HBRUn20_09130 type 1 glutamine amidotransferase 1,18 2,10E-04 

HBRUn20_02240 Mannose-6-phosphate isomerase ManA 1,19 2,10E-02 
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HBRUn20_21150 putative oxidoreductase 1,20 4,05E-03 

HBRUn20_10950 HTH-type transcriptional regulator 1,21 5,92E-04 

HBRUn20_04160 Guanosine-5'-triphosphate-3'-diphosphate 

pyrophosphatase 

1,23 1,05E-04 

HBRUn20_03000 NADH peroxidase 1,25 7,38E-03 

HBRUn20_05400 flavin reductase family protein 1,25 3,81E-04 

HBRUn20_14540 Tetrahydropyridine-dicarboxylate N-

acetyltransferase 

1,28 1,12E-04 

HBRUn20_23460 Putative septation protein SpoVG 1,28 6,71E-04 

HBRUn20_24720  YIP1 family protein 1,30 2,88E-02 

HBRUn20_03350 General stress protein 39 1,33 1,29E-03 

HBRUn20_08990 aromatic acid exporter family protein 1,34 1,17E-03 

HBRUn20_23470 2-iminobutanoate/2-iminopropanoate 

deaminase 

1,35 1,04E-05 

HBRUn20_00140 Homoserine O-acetyltransferase 1,36 4,60E-02 

HBRUn20_14520 Alanine racemase 1,38 1,12E-04 

HBRUn20_22170 Aldo-keto reductase IolS 1,40 1,12E-04 

HBRUn20_05540 PTS system EIIBC component 1,45 1,06E-16 

HBRUn20_07170 DCC1-like thiol-disulfide oxidoreductase 

family protein 

1,46 1,12E-04 

HBRUn20_04910 general stress protein 26 1,46 1,12E-04 

HBRUn20_19890 Ribonuclease M5 1,50 2,04E-02 

HBRUn20_22100 Lactate racemase 1,50 2,09E-02 

HBRUn20_05370 Formimidoylglutamase 1,51 1,90E-05 

HBRUn20_14560 4-hydroxy-tetrahydrodipicolinate synthase 1,52 1,20E-04 

HBRUn20_06850 Heme oxygenase (staphylobilin-producing) 

2 

1,53 1,24E-02 

HBRUn20_14550 4-hydroxy-tetrahydrodipicolinate reductase 1,55 2,10E-04 

HBRUn20_05530 putative HTH-type transcriptional regulator 

YbbH 

1,58 1,29E-10 

HBRUn20_25110 rli28 1,60 2,21E-05 

HBRUn20_04170 Levodione reductase 1,70 5,24E-04 

HBRUn20_24700 putative ABC transporter ATP-binding 

protein YknY 

1,72 1,80E-03 



Appendix 

  

 134 

HBRUn20_19810 DUF368 domain-containing protein 1,74 1,61E-07 

HBRUn20_05390 putative oxidoreductase YghA 1,75 2,50E-04 

HBRUn20_03800 putative protein YjdJ 1,95 6,76E-14 

HBRUn20_06860 hypothetical protein 2,08 2,28E-09 

HBRUn20_03440 hypothetical protein 2,24 4,25E-10 

HBRUn20_01110 ABC transporter permease 2,50 2,31E-04 

HBRUn20_01100 ABC transporter permease 2,77 1,87E-06 

HBRUn20_19990 sterile alpha motif-like domain-containing 

protein 

4,06 8,14E-06 

 

Additional File 12: Differentially expressed genes of S. epidermidis HAF242 (SE): growth of SE in co-
culture with C. acnes 30.2.L1 (D-class) versus growth of SE in monoculture  (FDR-adjusted p-value, cut 
off: p ≤ 0.05; fold-change range >2 or <-2). 

locus tag curated annotation log2 fold-

change 

padj 

HBRUn20_25190 CsbD family protein -5,05 3,58E-03 

HBRUn20_16760 phenol-soluble modulin beta 3 -3,37 4,85E-04 

HBRUn20_05440 SRPBCC domain-containing protein -2,98 3,67E-06 

HBRUn20_23700 Nucleoid-associated protein -2,31 5,76E-04 

HBRUn20_15380 phage head morphogenesis protein -2,22 7,41E-03 

HBRUn20_16740 phenol-soluble modulin beta 1 -2,14 2,43E-05 

HBRUn20_20370 DUF4887 domain-containing protein -2,10 6,15E-03 

HBRUn20_15070 DUF896 domain-containing protein -2,04 9,36E-03 

HBRUn20_00170 50S ribosomal protein -2,01 6,16E-04 

HBRUn20_10050 helix-turn-helix domain-containing protein -1,93 2,76E-02 

HBRUn20_10030 hypothetical protein -1,90 1,22E-02 

HBRUn20_16750 phenol-soluble modulin beta 2 -1,86 1,84E-06 

HBRUn20_15830 Ribosome maturation factor RimP -1,75 1,59E-02 

HBRUn20_05280 DUF4097 family beta strand repeat-

containing protein 

-1,71 2,62E-02 

HBRUn20_11890 T-box domain-containing protein -1,68 5,49E-04 

HBRUn20_17580 Phosphoribosylformylglycinamidine 

synthase subunit PurL 

-1,61 4,57E-06 

HBRUn20_24670 Lipase 2 (gehD) -1,59 1,10E-04 
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HBRUn20_10020 hypothetical protein -1,57 4,77E-03 

HBRUn20_22200 hypothetical protein -1,55 6,71E-04 

HBRUn20_00830 hypothetical protein -1,55 2,95E-02 

HBRUn20_07820 Holo-[acyl-carrier-protein] synthase -1,50 3,29E-02 

HBRUn20_14150 Peptide methionine sulfoxide reductase 

MsrA 2 

-1,47 1,04E-02 

HBRUn20_08440 phage termise small subunit P27 family -1,44 5,42E-03 

HBRUn20_10710 Putative 8-oxo-dGTP diphosphatase YtkD -1,43 1,47E-03 

HBRUn20_17550 Phosphoribosylglycinamide 

formyltransferase 

-1,40 1,39E-02 

HBRUn20_00390 putative protein YdhK -1,34 2,66E-02 

HBRUn20_02200 Organic hydroperoxide resistance protein-

like protein 

-1,34 4,74E-03 

HBRUn20_10660 hypothetical protein -1,30 2,66E-02 

HBRUn20_06930 Iron-sulfur cluster carrier protein -1,17 2,64E-03 

HBRUn20_02890 Oxygen-dependent choline dehydrogenase -1,13 6,15E-03 

HBRUn20_03780 TM2 domain-containing protein -1,12 2,66E-02 

HBRUn20_17420 Phosphocarrier protein HPr -1,09 1,93E-02 

HBRUn20_00380 Multicopper oxidase mco -1,08 6,37E-03 

HBRUn20_15400 HTH-type transcriptional regulator GlnR -1,08 1,41E-02 

HBRUn20_14080 NifU N-termil domain-containing protein -1,07 1,92E-02 

HBRUn20_16380 Guanylate kinase -1,04 5,02E-03 

HBRUn20_17570 Amidophosphoribosyltransferase -1,04 1,34E-03 

HBRUn20_16850 Thioredoxin -1,04 1,58E-04 

HBRUn20_07170 DCC1-like thiol-disulfide oxidoreductase 

family protein  

1,01 6,15E-03 

HBRUn20_05530 MurR/RpiR family transcriptiol regulator 1,02 4,99E-05 

HBRUn20_16890 cell division protein ZapA 1,06 3,14E-02 

HBRUn20_05510 hypothetical protein 1,07 1,69E-03 

HBRUn20_19810 hypothetical protein 1,11 6,16E-04 

HBRUn20_01360 S35 1,20 2,66E-02 

HBRUn20_01090 ABC transporter ATP-binding protein 1,21 1,68E-02 

HBRUn20_06860 hypothetical protein 1,22 6,54E-04 

HBRUn20_03440 |CHAP domain-containing protein 1,74 4,40E-07 
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HBRUn20_01100 ABC transporter permease 1,90 4,37E-04 

HBRUn20_19990 sterile alpha motif-like domain-containing 

protein 

2,03 1,92E-02 
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