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Abstract

Cutaneous microbial composition is driven by the microenvironment of the skin, as well as by 

internal and external factors. Local changes in the microenvironment can affect the 

configuration of the community, which may lead toward an imbalance of microbiota. 

Alterations in the microbial profile are common in both inflammatory skin diseases and chronic 

infections. A shift in balance within the microbiota, toward limited variation and a greater 

abundance of specific pathogens, may further worsen the pathogenicity of the diseases. These 

alterations may be prevented by topical treatment of probiotic solutions stimulating a balanced 

multispecies community. Compositional variations may further constitute potential biomarkers 

to predict flares or monitor efficacy during therapy. New approaches such as machine learning 

may contribute to this prediction of microbial alterations prior to the development of chronic 

infections and flares. This review provides insight into the composition and distribution of a 

healthy community of microorganisms in the skin and draws parallels with the community in 

chronic infections and chronic inflammatory skin diseases such acne vulgaris and Hidradenitis 

Suppurativa. We discuss the potential role of specific species in the pathogenesis and the 

possible prevention of disease exacerbation. 
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Introduction

The profile of the microbiome in human skin is considered a predictor of an individual´s health or 

potential cutaneous conditions. A good balance of microbiota maintains skin health by protection 

against pathogens and maintenance of the immune system (1). When this balance is shifted, due to 

host-specific or environmental circumstances, infections or systematics diseases can occur (2). 

Studies of the skin microbiota in humans have led to deeper insights into numerous cutaneous 

conditions and chronic infections, highlighting, not only the pathogens that act as precursors for an 

illness, but also important factors that foment them. In recent years, research have focused on 

understanding the interaction of a balanced microbiome with the immune system of the host (3). 

As a complex cutaneous ecosystem (4) may aid the immune system (5) and provide protection 

against colonization by pathogens (6), its presence is a crucial factor in skin health (7). An 

example is the antimicrobial activity against Staphylococcus aureus performed by commensal 

coagulase-negative Staphylococcus such as S. epidermidis and S. hominis. These species produces 

highly potent antimicrobial peptides that shape the community composition and exclusively kill S. 

aureus (8). Further, they directly control the keratinocytes’ production of antimicrobial peptides, 

and important mediators of immunity such as complement and IL-1 (1). These molecules enhance 

skin immunity using cytokines, increase cell microbial function and recruit effector cells. 

Additionally, increased production of IL-17 stimulate the keratinocyte effector function against 

invading microbes (1). 

The mutualistic relationship between host and microbiota lies in the microbial effect on functions 

in the immune system, as well as immunological factors that drive the composition of the 

microbiota (7) and is fundamental to the innate immune system´s first line of defense (9). The host 

benefits further from the mutualistic microbiota´s (10–12) ability to change rapidly in response to 

environmental changes (10) as the microbiota may provide vital functions that the host does not 

possess innately (13). The subtle stability of the commensal community (14) maintains healthy 

cutaneous conditions (11) as both invaders and commensals compete for metabolite resources (1). 

Preferably, a healthy microbiome ought to be highly diverse, with high resilience and adaptability 

towards its surroundings (10). Therefore, a personalized microbiota plays a pivotal role in the 

health of the individual (15).

A complex cross-talk between the immune system and the microbiota is evident (5) but is still 

being investigated (1,2,13). This communication is clearly influenced by alterations in the A
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microbiota, which in turn respond to fluctuations in the immune response and environmental 

changes (16). 

The depths of the skin are less affected by external factors (17), so the host-microbial cross-talk 

there may be even more prominent. The skin microbiota extends over more than just the outermost 

epidermal layers; it is most likely heterogeneously widespread across the entire stratified 

squamous epithelium that represents the skin. Knowledge of the spatial distribution, growth 

conditions and metabolic activity of the microbiota, based on the cutaneous communities´ gene 

expression in specific compartments, will improve our understanding of the interaction between 

host and microbiota in health and disease.

Healthy human skin microbiota

In the biosphere of human skin the different microbial habitats comprise an intricate 

interconnected society, consisting of numerous bodily habitats, each harboring a distinctive 

community of microbiota (18). The local microenvironment is defined by the resident chemical, 

biological and physical conditions (5,6,13,19–25) and adapted according to age and sex of the host 

(12,13,16,26).

The variability of the human microbiota is constantly driven by external changes in the 

environment (21). Such changes can in turn influence skin health (27), as the combination of 

genetics, immune status and life-style of the host, may promote a conversion of the commensal 

community (28). Commensal bacteria can occasionally become pathogenic (28) since no 

microorganism is exclusively beneficial (10). Indeed, pathogenicity depends more on the 

predisposition of the skin and its capability to resist infection, than on the microorganisms’ 

pathogenic properties (11).

Elucidating the role of the microbiota in health inequalities would improve the understanding of 

why divergences in the risk and severity of diseases and survival rates occur between different 

human populations (16). Investigation of the similarities and differences in healthy skin 

microbiota, and how their biology reacts to environmental factors, may further reveal a direct 

effect on risk and outcome of diseases (16). Distinctive patterns in microbial composition may 

predict or diagnose certain disorders (27). Therefore, determining the role of the microbiota in the 

pathogenesis and predisposition of disease is highly dependent on defining healthy microbial 

conditions (29). While limited investigations have approached the skin microbiome as a full-body A
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study, a comprehensive overview is required of the entire microbial composition and distribution 

throughout the skin habitats, compartments and microenvironments (20).

Microbial composition in healthy skin

Research into the compositional of the human skin microbiota is continuously expanded with  

advanced molecular methods revealing insights into such areas as metagenomics, transcriptomic, 

proteomics and metabolomics. 

The majority of the fungal skin microbiota belong to the Melassezia spp. (4), while the viral 

microbiota seemingly is much more variated. Common viruses are the human Papillomavirus, 

Poliomavirus, and Retrovirus (2), but investigations are complicated by the lack of an universal 

viral marker gene and the need of both shotgun metagenomics and RNA sequencing, so much 

more research is needed. 

In contrast, the bacterial microbiota have been thoroughly examined. The diversity of bacterial 

microbiota is found to vary systematically across different topographic habitats (5,20,23,30,31), 

and analogous composition is determined in matching anatomical locations (20). Many studies 

report high diversity and high interpersonal variation in the epidermal microbiota (12,14,20,23,31–

34). Seemingly, “individuality” is the most important influencing factor  on the epidermal 

microbiota (30), which is often referred to as a personal microbial fingerprint (15,24,32). The 

microbiota in this outermost skin layers have been tested for temporal variability, stability, and 

inter-individual differences (5,20,23,30,31,35,36), revealing an exceedingly resilient and 

comparatively time stable microbiota (20,32,37). The vast majority of variation—both 

interpersonal and temporal—is represented by the less abundant genera consisting of the 

remaining microbial profile (6). Within the group of sequenced species, novel bacteria have been 

identified (38) and it is possible that a few, rare microorganisms wield disproportionate influence 

on the microbial community (39).

High diversity is found in dry areas of the human skin, while low diversity was found in sebaceous 

areas (12,40). Furthermore, the stability of the bacterial composition is high in sebaceous habitats 

and low in moist and dry skin habitats (23) with the habitat acting as a determining factor in the 

co-exclusion and co-occurrence of microorganisms (41).

In the moist skin habitats of axilla and antecubital fossa, 66-72% and 27-31% of the bacterial 

microbiota belong to the Actinobacteria and Firmicutes phyla, respectively (30). In dry habitats 

such as arms and legs, the distribution between Actinobacteria and Firmicutes phyla is more even, A
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and percentages of 41% versus 46% have been reported (30). In sebaceous habitats of the face, 

scalp and upper back, up to 90% of the microbiota belong to the Actinobacteria (30). The 

dominant bacterial genera in healthy skin are Cutibacterium spp., Staphylococcus spp. and 

Corynebacterium spp., which are persistent in variable quantities across different 

microenvironments (4,20,23,24,42) (Table 1). The Cutibacterium spp. are dominant in sebaceous 

habitats (5,20,23,39), while Staphylococcus spp. and Corynebacterium spp. dominate moist 

habitats (39). Dry skin habitats contain the widest microbial diversity, including all of the 

mentioned species (13,20,23). In general, the human body can be divided into the upper body, 

including the moist areas of the back, face and armpit, and the lower body, including the groin and 

anorectal region. The upper body is typically colonized by the Gram-positive S. epidermidis, S. 

aureus, S. pyogenes, Corynebacterium spp. and Cutibacterium spp., while the lower body is 

colonized by a mixture of the above-mentioned species and occasionally a range of Gram-negative 

species related to the gut and groin microbiota, e.g., Enterobacteriaceae spp. and Enterococcus 

spp. (43) (Table 1). 

In our own recent study, we confirmed these findings of a highly variated epidermal microbiota. 

However, the dermal microbiota within the deeper skin layers, though a subgroup of the epidermal 

community, proved to be more distinct and well-conserved even between individuals (17). 

Furthermore, the universal microbiota of the dermis should be seen as a resilient core community 

(17), possibly present throughout the human body. This core microbiota is maintained and shaped 

by the local microenvironment and interactions with the immune cells of the individual. Such 

close host – microbial interaction in the depth of the skin may be pivotal for the delicate balance 

between health and disease. 

Separated cutaneous compartments, such as the epidermal and dermal layers, hair follicles and 

adipose tissue, seemingly harbor unique microbiota (44), although overall community shows high 

similarity (17). By using real-time qPCR analysis specifically for Cutibacterium acnes, 

Staphylococcus epidermidis and Pseudomonas spp., the specific prevalence of these species was 

found at these four cutaneous compartments. The epidermis and hair follicles were found to harbor 

all three species, while in adipose tissue and dermal layer a profusion of C. acnes and 

Pseudomonas spp. but a scarcity of S. epidermidis were discovered (44). Using specific antibodies 

for C. acnes, C. granulosum, C. avidum and Staphylococcus spp. on sebaceous and non-sebaceous 

tissue, C. acnes was found to be the dominant species. Moreover, in 58% of hair follicles in 

sebaceous skin, C. acnes was the only inhabitant (45). Although, C. acnes thrive in co-existence A
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with S. epidermidis, it produces the thiopeptide Cutimycin, an antibiotic to keep Staphylococcus 

spp. at bay (46).  C. acnes’ dominance within hair follicles further influences on the risk of post-

operational infections as they are not eradicated by normal pre-operational preparations (47) 

(Table 1).

A novel approach within mass spectrometry combines the compositional and distributional 

knowledge of microbiota to create a three-dimensional topographical map based on peptides, 

metabolites and microorganisms (48). A combination of mass spectrometry and DNA 

metabarcoding data is used to visualize the diversity and distribution of chemical and microbial 

compositions across the skin surface. Furthermore, this map provides an opportunity for studying 

the relationship between microbiota and the environment directly on the skin, and may even be 

used in developing future predictive models of cutaneous phenotypes (48). Such maps show a 

complex microbial profile distributed on the human body in high spatial resolution. The 

complexity of the microbiota is only surpassed by the complexity of the molecular profiles, which 

have numerous origins, not all of which derive from skin microbiota (48). An improved insight 

into the factors that affect microbial composition may be found by analyzing these chemical 

compounds. 

Microbial distribution and growth condition in healthy skin 

The distribution of microorganisms on healthy skin can be determined by quantitative 

measurement of the skin microbiota through molecular approaches and microscopy (45,49). 

Traditionally, it has been addressed in terms of area in 2D, assuming an equal distribution of 

bacteria within a given anatomic location. Yet, beyond this surface profile, the microbiota can 

expand in number and become more concentrated in some cutaneous compartments (44) 

especially in hair follicles (49,50). Seemingly, only a few studies have focused on the composition 

in the deeper skin layers and compartments within the dermis (17,44,45,51) and there is limited 

knowledge of the spatial distribution of microorganisms on the surface and in particular within the 

depths of the skin (51). Thorough investigations of deeper skin layers could highlight the role of 

microbial communication to the immune system and thereby gain more insight not only into the 

shaping of the dermal core microbiota (17) but also the alterations in the microbial profile in 

relation to skin diseases and infections.

On the skin surface, commensals are heterogeneously distributed as scattered single cells and 

bacterial aggregates attached to the enucleated corneocytes (49,50,52). Bacterial aggregates are A
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found in small niches of the stratum corneum and in infundibulum of hair follicles in both dry, 

moist and sebaceous skin habitats (45,49,50). When only considering bacterial aggregates that 

exceed >5 µm in diameter, according to the definition of an in vivo biofilm (49,53), a higher 

proportion of bacterial aggregates are present in the stratum corneum of moist (35%) (49,50) 

relative to dry skin habitats (2%). The epidermal microbiota are also heterogeneously distributed 

in the depth of skin layers (30) as 85% are present in the first six corneocyte layers while 25% 

derive from the infundibulum of hair follicles (54) (Table 2). 

Below the surface, bacterial aggregates have been visualized in eccrine glands, in the reticular 

dermis, in dermal adipose tissue and in other subcutaneous compartments (44) as well as within 

hair follicles (51,55). Hair follicles are tubular invaginations of the epidermis (3) in which 

bacterial aggregates are either attached to the hair shaft or the follicle wall, or fill the follicle´s 

entire inner lumen (51). The dimension of the follicles are approximately 580µm x 14µm (vellus) 

and 3864µm x 65µm (terminal) and the bulbs are sited in the dermis and the subcutaneous layer, 

respectively (56,57). The inner volume of the terminal hair follicle is thereby 10 times that of 

vellus hair follicle. Corresponding to the higher prevalence of terminal hair follicles, men have an 

increased risk of deep tissue post-operational infections (47). Considerable bacterial aggregates are 

found within hair follicles in particular in moist and sebaceous skin habitats (45,49,51) and, 

accordingly, serve as potential reservoir of the skin microbiota (30,54). When combining the inner 

lumen of hair follicles, sweat and sebaceous glands, the surface of human skin extends over 25m2, 

providing an enormous interface for interaction between host cells and microbiome (58).

Bacterial distribution is a commonality in healthy skin no matter the habitat or body location 

(43,45,49,50,52,59). The ratio of bacterial aggregates relative to scattered single cells, vary, 

however, depending on the habitat and body location. In the majority of dry skin samples, 

scattered single bacterial cells are the primary growth condition, while bacterial aggregates rarely 

occur. By comparison, in habitats with a substantial bacterial load the single cell versus aggregate 

ratio shifts toward aggregation. In a moist skin habitat, 65% of the microbiota are present within 

hair follicles as bacterial aggregates (40), with an average diameter of 50µm (49). This might 

indicate that aggregation is the preferred growth condition for bacteria that exceed a certain 

quantity. Seemingly, the threshold for this natural aggregation is approximately 10 bacterial cells 

(60) (Table 2).

In healthy skin, in a dry habitat in particular, the natural bacteria harbored are not only sparse but 

also show evidence of divertive metabolic activity (50). Since metabolic inactivity is considered A
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correlated to ribosomal content (61), specific fluorophore-labeled fluorescence in situ 

hybridization (FISH)-probes targeting the 16S rDNA region are useful tools to identify metabolic 

active and inactive bacterial cells in a specimen (62). A weak or absent fluorescent signal is 

associated with a low content of ribosomes in metabolically inactive or slow-growing bacteria 

(61,63,64). This depleted activity may be a natural feature for healthy skin microbiota. However, 

differences between skin habitats occur, since dry skin habitats show a higher occurrence of 

diverse activity within aggregates, relative to moist and sebaceous skin habitats (49,50). Notably, 

exceptionally sparse, metabolically inactive bacteria should be seen as a hallmark of healthy skin 

(Table 2). Nevertheless, these microorganisms, no-matter how metabolic inactive, should be 

acknowledged as uttermost important in the host-microbial communication in the depth of human 

skin (58). 

The indigenous core microbiota present in deeper skin layers are presumed responsible for the re-

colonization process of the superficial skin layers (30). In particular, the bacteria present within 

the hair follicle funnels are considered a reservoir for proliferation, for example after skin 

cleansing (54).

Diseased skin microbiota

The skin microbiota adapts and changes according to internal and external factors. An 

“unbalanced” skin microbiota or dysbiosis is per definition correlated to skin disease, but the 

terminology is indefinite. Dysbiosis refer to a shift in composition, but the composition per se may 

be of less importance compared to the functionality of the microbiota in the diseased skin (65).

The introduction of an acute wound, can lead to disturbance in the microbial homeostasis (50), 

which promotes the growth of considerable bacterial aggregates (50). These newly developed 

aggregates should be seen as an example of how environmental changes can trigger proliferation 

of commensal microbiota (50). Such proliferation of specific bacteria may cause a shift in the local 

microbial profile, leading to a further alteration of the microbiota and a possible dysfunction in 

communications between the microbiota and the immune system. Conversely, probiotic solutions 

of donor skin microbiota applied topically can modulate the skin microbiome towards a more 

healthy composition (66). This may be useful in future therapeutic treatments of the skin of 

patients suffering from vexing cutaneous conditions. Here the local microenvironment is already 

determined by genetic predispositions, as the underlying disease dictates the changes in the 

microenvironment, and consequently the microbial balance shifts.A
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Microbiota in chronic inflammatory skin diseases

Inflammatory skin disorders are frequently associated with cutaneous dysbiosis (12), defined as an 

imbalance in microbial composition, often seen as a lower diversity of microbial populations 

(12,67). The host-microbiota crosstalk can be influenced by a functional dysbiosis (10), as in 

psoriasis, acne vulgaris, atopic dermatitis or hidradenitis suppurativa, for example.

Hidradenitis Suppurativa 

Although the pathogenesis of hidradenitis suppurativa (HS) remains enigmatic, several factors 

point to potential involvement of the cutaneous microbiome (68). Insight into the cutaneous 

microbiome in HS using amplicon metagenomics has provided novel data on the microbiological 

diversity of the skin (69). Recently, several research groups have reported an association between 

HS lesions and certain Gram-negative anaerobic bacteria, such as Prevotella and Porphyromonas 

spp., using high throughput sequencing (HTS) as a research tool (40,70–73). Interestingly, these 

bacteria have not previously been detected by culture-based methods (74). Moreover, when 

comparing samples with healthy controls, a significant reduced presence of Cutibacterium acnes 

in HS lesions and in perilesional skin has been reported. In addition, Staphylococcus lugdunensis 

has also been associated with stage I Hurley lesions, although this has only been found in one HTS 

study (Table 3). Interestingly, Prevotella spp. and Porphyromonas spp. are not considered a part 

of the normal intertriginous cutaneous microbiome (69). Since these genera have consistently been 

described in early inflamed and suppurating lesions, however, it may be speculated that they are 

associated with the pathogenesis in HS, either as drivers or as biomarkers (49,75). Furthermore, 

the significantly reduced presence of Cutibacterium spp. in both lesional and perilesional HS skin 

may also represent a potential microbiological hallmark. 

This lack of Cutibacterium spp. can potentially provide a cutaneous dysbiosis in the early stages of 

the pathogenesis in HS. The reduced number of sebaceous glands and subsequent reduced 

secretion of sebum in intertriginous HS regions may potentially lead to a shift in the local 

microbial community of hair follicles. This may result in two different pathogenic events: a) 

impairment of the antimicrobial properties of local commensal bacteria such as C. acnes, leading 

to colonization of otherwise harmless bacteria (for example Porphyromonas spp., Prevotella spp. 

and Peptoniphillus spp.) and b) locally aberrant immune responses, which may lead to an 

increased presence of pro-inflammatory cytokines, such as TNF-alfa. Combined, these events may A
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hypothetically result in local inflammation of the hair follicle, including dilation and subsequent 

rupture, causing inflamed nodules (49,76).

Overall, the recent HTS findings indicate that the bacterial microbiota in enclosed HS cavities, 

such as dermal tunnels, govern non-cultivable bacteria, possibly in a biofilm mode of growth, 

eliciting an aberrant immune response. Although changes in the microbiota might be secondary to 

immune responses, this potential microbiological feature is supported by a study of chronic 

suppurating HS lesions in 42 patients using FISH probes and confocal laser scanning microscopy 

(CLSM) (55). The study showed that large bacterial aggregates (> 50 μm in diameter) are 

primarily situated in the dermal tunnels (63%) or in the infundibulum (37%) of the hair follicles. 

Moreover, the majority of the samples (73%) contained active bacterial cells, which are associated 

with inflammation. The findings suggest that bacteria exhibiting a biofilm mode of growth play a 

role in the pathogenesis of chronic lesions in HS, by promoting the chronicity as well as 

recalcitrance toward antibiotics. From the perspective of pre-clinical HS, the early stages of the 

pathogenesis are often characterized by a reduced presence of bacterial aggregates (dysbiosis) 

(49). Thus, the increased development of bacterial aggregates in the later stages of the 

pathogenesis is most likely a secondary event. 

Atopic Dermatitis

Atopic dermatitis (AD) is a chronic relapsing inflammatory skin disorder. This skin barrier defect 

is associated with filaggrin mutations, immune dysregulation and microbial imbalances (77). In 

depicting the etiology of AD, immune aberrations have tended to be the main focus of research 

(78), although the microbial profile could be considered a precursor of the disease, since it 

modulates its progression (78). 

Lower bacterial diversity is observed in skin sites favored by eczema, while the bacterial 

community is richer and more diverse in pre-clinical and post-treatment skin (10,79). The 

alteration of the commensal microbiota is associated with reduced antimicrobial protein 

production (10,80), which is normally induced by Coagulase-negative Staphylococcus (CoNS), 

such as S. epidermidis (14,81). 

Isolated CoNS strains from healthy individuals commonly exhibit antimicrobial activity, but this is 

rarely the case in individuals suffering from AD. Increased colorization of S. aureus correlate to a 

reduced number of antimicrobial producing CoNS, while reintroduction of these strains to AD 

skin reduce the abundance of S. aureus (8). Therefore, it has been hypothesized that commensal A
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communities promote skin health through the production of antimicrobial activity, while 

deficiency of this ability worsens the disease (8).

Flares of AD skin often contain an increased abundance of S. aureus (82), while the abundance of 

S. epidermidis (83), C. acnes (84) and Corynebacterium spp. (85), which normally regulate S. 

aureus invasion (86), are correspondingly decreased. Staphylococcus aureus is detected more 

often in lesional dermis (87), indicating easier access to deeper skin layers during flares. 

Furthermore, S. aureus occurs in 70% of lesional versus 39% of non-lesional or healthy skin (81). 

Non-lesional skin shares structural similarities to healthy skin and consequently the microbiota are 

more alike (79) (Table 3). Thus, the oscillated detection of S. aureus in AD lesions proposes 

diverse disease characteristics (83). Human cells normally produce antimicrobial peptides 

(AMPs), but in individuals with AD, the expression of specific AMPs are reduced, suggesting an 

inability to resist pathogens such as S. aureus (8). Accordingly, the prevalence of S. aureus in 

lesions and the corresponding lack of commensal-produced AMPs, due to a decrease in abundance 

of commensals, is of utmost importance in the pathogenesis of AD (86) and may—together with 

the remaining altered microbiome—be used as biomarkers in the prediction of disease (83,88). 

The severity of AD eczema is correlated to microbial dysbiosis, indicated by the ratio of S. aureus 

relative to S. epidermidis (79,85). The presence of specific strains also affects its severity (85,87). 

Increased abundance of specific S. epidermidis strains expressing ecpA mRNA coding for a 

cysteine protease involved in in vitro quorum sensing corresponded to disease severity in some 

AD patients (89). Increased inflammation, epidermal thickening and expansion of the Th2 and 

Th17 cells is induced on mice skin by S. aureus strains isolated from mild to severe AD lesions 

(85), suggesting not only a change in species abundance associated with severity, but also a 

displacement at strain level.

Staphylococcus spp. is seemingly not the sole player in AD. A recent study reports the loss of 

strictly anaerobic bacteria, such as Lactobacillus spp. and Finegoldia spp., changing the AD 

microbiota toward a more aerobic metabolism (83). These microorganisms are involved in the 

stimulation of the antimicrobial peptide response in keratinocytes and are diminished in filaggrin 

mutant skin (90). A lack of anaerobic microorganisms may therefore weaken vital skin barrier 

functions and favor potential pathogens (83). 

Overall, the AD microenvironment premeditated for specific microorganisms corresponds to the 

host gene expression, which in return is affected by the microbiota (83). This complex host-A
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microbial communication, consisting of the interplay between particularly S. aureus and the AD 

host cells (86), is central to skin homeostasis, as dysbiosis contributes in driving the disease (79). 

Acne Vulgaris

Acne vulgaris is the most prevalent chronic inflammatory skin disease in humans (80). The 

mechanisms involved are dysbiosis, altered keratinization and increased sebum production 

(10,91). Consequently, an inflammation in the pilosebaceous unit (hair, follicle, sebaceous gland 

and arrector pili muscle) appears (63,80,91). Cutibacterium acnes have long been suspected to be 

the primary bacteria involved (63,91) (Table 3). The cutaneous dysbiosis in acne is associated with 

the hormone-induced increase of lipid-rich sebum (92) which may provide C. acnes with an ideal 

environment inside anaerobic hair follicles (80). Since C. acnes is a commensal bacteria in healthy 

skin (13), it is not the presence of C. acnes that triggers the inflammation, but rather the virulence 

properties of C. acnes in the follicles (93) and the number of follicles infected (94). Overall, 

several case-control studies have demonstrated an immediate comparable increase in abundance of 

C. acnes of patients with acne vulgaris compared with healthy controls (95). It is however 

noteworthy that it previously has been demonstrated that C. acnes may be eliminated at the 

maximum of disease stages (86). 

Interestingly, microbiome studies have also indicated that acne is rather associated with certain 

virulence properties of C. acnes strains rather than the abundance of C. acnes itself (93,96,97). 

Fitz-Gibbon et al. examined C. acnes at strain and genome levels in 49 acne patients relative to 52 

healthy individuals, by sampling the pilosebaceous units on their noses. Metagenomic analysis 

demonstrated that although the relative abundances of C. acnes were similar, the strain population 

structures were significantly different in the two cohorts. Certain strains were highly associated 

with acne, and other strains were enriched in healthy skin (93). Nevertheless, studies investigating 

the microbial consequences of systemic antibiotics reported a decrease of C. acnes along with an 

increase of microbial diversity after various treatment sessions, suggesting the abundance of C. 

acnes may play a role in the pathogenesis of acne. 

The production of lipase, a virulence factor of C. acnes, has through in vitro studies been 

demonstrated to be significantly greater in sessile C. acnes compared with the single cells of C. 

acnes (98). This observation supports the hypothesis that biofilm formation in C. acnes could play 

a role in the pathogenesis of acne vulgaris as lipases are thought to contribute to the inflammatory 

process of acne vulgaris. A
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A case control study performed by Jahns et al. reported the presence of biofilms in the sebaceous 

follicles of acne patients (94). Facial skin biopsies were collected from 38 acne patients and 38 

healthy individuals. C. acnes biofilm in sebaceous follicles was observed more frequently in acne 

patients compared with the control group: 37% to 13% (p = 0.021), respectively. The C. acnes was 

directly visualized on the follicle wall using FISH probes and CLSM, supporting the hypothesis 

that biofilm is involved in the pathogenesis of acne vulgaris. 

Psoriasis

Psoriasis is a chronic inflammatory skin condition in which patients suffer from mild to chronic 

skin plaques. The pathogenesis is associated with an excessive inflammatory response in the skin 

due to complex interactions between different genetic and environmental factors. The potential 

influence of the microbiota in the pathogenesis has been investigated in recent years. 

Several microbiome studies have reported data indicating a dysbiotic skin in psoriasis patients. 

Indeed, a significant decrease in microbiome alpha-diversity as well as beta-diversity was found in 

psoriasis skin samples (99). Interestingly, significant decreases in richness and diversity were 

reported in lesional samples when compared with non-lesional and control samples. In particular, 

psoriasis samples showed significant univariate decreases in the relative abundance and strong 

classification performance of Cupriavidus, Flavisolibacter, Methylobacterium, and Schlegelella 

genera relative to controls (99).

Overall, several studies point to Corynebacterium spp. as a potential culprit in the pathogenesis of 

psoriasis (83,100). Several microbiome studies have found that psoriasis lesions are associated 

with a higher proportion of Corynebacterium spp. and a lower proportion of Cutibacterium spp. 

compared with unaffected skin and controls. Corynebacterium spp. has furthermore been 

correlated with the severity of local lesions, whereas Cutibacterium spp. shows a correlation with 

the abnormity of skin capacitance. Moreover, data show a positive correlation between 

Staphylococcus spp. and Corynebacterium spp. abundance and the psoriasis area severity index 

score used to assess the condition (Table 3). It has been speculated that Corynebacterium spp. may 

affect the interferon signaling pathway, which potentially could lead to skin dysbiosis (101–103). 

Microbiota in diabetic skin and chronic wounds 

Chronic wounds are an increasing health problem in prosperous countries. If the wounds develop 

into more severe stages of chronicity, they are difficult to treat. In extreme cases of, for example, A
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diabetic foot ulcers, amputation of limbs can become necessary. Normally, skin ruptures trigger an 

inflammatory cascade, but in diabetic skin, such immune responses are impaired (104). In 

addition, an altered microbiome can aggravate the condition. In the early stages of diabetes 

mellitus, the skin microbiota has a high resemblance to that of a healthy person. As the disease 

progresses, dynamic changes can occur as both the diversity and abundance of species shift (105). 

In general, the skin microbiota of diabetic feet are less diverse than those of healthy feet, and 

though the presence of the most abundant genera is unchanged, differences between diabetic and 

healthy skin microbiota are driven by a declining abundance of microorganisms. The three main 

genera Staphylococcus spp., Acinetobacter spp. and Corynebacterium spp. recur in the skin of 

both diabetic and healthy feet. The skin of diabetic feet additionally harbor Enterobacteriacea 

spp., whereas healthy skin further contains Kocuria spp. and Micrococcus spp. (106) (Table 3). 

Otherwise, despite sharing many similarities, the skin microbiota of diabetic feet skin are less 

diversified. Consequently, diabetic status can be predicted from the differences in the less 

abundant microbial species, of which the majority are only present in the healthy foot skin profile 

(106).

Diabetic feet skin has a generally low profusion of Staphylococcus spp. compared with healthy 

feet, but a high abundance of S. aureus (107). The high prevalence of S. aureus in the imbalanced 

skin microbiota may cause inflammatory variations and increase the risk of skin infections (108). 

Correspondingly, acute superficial ulcers are commonly correlated with S. aureus (109), while 

deep chronic ulcers have regular findings of anaerobic bacteria as well as P. aeruginosa (110–

112). In short, the depth of wounds is positively correlated with anaerobic microorganisms but 

negative correlated to Staphylococcus spp. Concurrently, wound prolongation has a positive 

correlation with microbial diversity and richness as well as an abundance of P. aeruginosa but is 

negatively correlated with an abundance of S. aureus (111). This shift in the microbial 

composition of the most abundant species, S. aureus and P. aeruginosa, contributes to retarding 

the healing process of extensive chronic ulcers in an inflammatory stage (113,114).

In diabetic osteomyelitis, bacterial aggregates are visualized attached to bone surfaces. The most 

prevalent bacteria are Corynebacterium spp., Staphylococcus spp. and Streptococcus spp., 

originating from the skin microbiota, but in addition the genera Porphyromonas spp., 

Anaerococcus spp. and Finegoldia spp. are detected (115) (Table 3). These strictly anaerobic 

genera are associated with deep ulcers or soft tissue infections (115). The altered microbiota in 

diabetic skin may escalate the risk of chronic foot ulcers, as the increased potential pathogens A
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worsen the condition. Nonetheless, some diabetic patients do not suffer from chronic wounds, so 

other factors must be involved too. Microbiome studies comparing diabetics with and without 

chronic infections could reveal details that can be used as diagnostic markers for predicting the 

risk of developing chronic wounds (104). Such signatures could further be used for personalized 

antibiotic treatment and therapeutic strategies (108). The use of probiotics has been proposed, or 

even used with success, in common inflammatory skin diseases such as acne vulgaris, AD and HS 

(75). A similar strategy of topical treatment with probiotics may be useful in regenerating a 

balanced microbiota (108) in the struggle to prevent chronic foot ulcers in diabetics.

Concluding remarks

The microbiota in both healthy and diseased skin have been characterized by culture-independent 

methods in various parts of the body. Investigations are now focused on the causation and 

functional relevance of the shifts in the cutaneous community associated with various chronic 

conditions and infections. The state of the specific microenvironment in certain compartments of 

the skin appears to be associated with both genetic and environmental factors. However, the 

interplay between the microbiota and the immune system affects the transition from health to 

disease. Future intriguing trends for research may include preliminary prognostics, intensified 

diagnostics, and personalized treatments based on our present understanding of the skin 

microbiota and its impact on the host.
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Figures
Table 1: Composition of the skin microbiota in epidermis and dermis in dry, moist or sebaceous habitats.

Composition in Epidermis
All habitats 85% known, cultivatable bacterial species (31,38,80)

All habitats Actinobacteria 16%-51%, Firmicutes 24%-43%, Proteobacteria 18%-27%, Bacteroides 6% 

(5,20,23,67), Malassezia spp. (4)

Dry habitat

Moist habitat

Sebaceous habitat

Actinobacteria 41%, Firmicutes 46%, Staphylococcus spp., Micrococcus spp., 

Corynebacterium spp., and Streptococcus spp. (5,20,23,30)

Actinobacteria 66-72%, Firmicutes 27-31%, Staphylococcus spp., Corynebacterium spp. 

(5,20,23,30)

Actinobacteria 90%, Cutibacterium spp. (5,20,23,30)

Upper body

Lower body

S. epidermisdis, S. aureus, S. pyogenes, Corynebacterium spp., Cutibacterium spp.

All of the above incl. Enterobacter spp. and Enterococcus spp. (43)

Composition in Dermis
All habitats

Dry habitat

Variances of Actinobacteria, Firmicutes, Proteobacteria, Bacteroides in dermis, hair follicles 

and adipose fat (44)

Dermal microbiota a subset of epidermal microbiota

Core dermal microbiota universal between individuals (17)

All habitats C. acnes and Pheudomonas spp. in dermis, hair follicle and adipose tissue (44)
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Table 2: Growth forms and distribution of bacteria in epidermis and dermis in healthy skin habitats. The 

distribution of scattered single bacterial cells (SSC) and bacterial aggregates (aggr.) is shown with the average size 

of the diameter of the aggregates. 

Epidermis
Stratum corneum and infundibulum of hair follicles

Dermis
Hair follicles

Dry habitat SSC, aggr.   6 µm (5-7µm), low metabolism (50) n.a.

Moist habitat SSC, aggr. 10 µm (5-15 µm), med. metabolism (49,60) aggr. 50 µm (20-200µm) (46)

Sebaceous habitat SSC, aggr. 10 µm (5-15µm), med. metabolism (45) aggr. <200 µm up to 1000 µm (51)
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Table 3: The key microbial findings in selected inflammatory skin diseases and chronic wounds. 

Key Microbial Findings
Hidradenitis 

Suppurativa

Corynebacterium spp. increased in lesions (49)

Higher prevalence of Poryphyromonas spp. and Prevotella (49,75). 

Atopic Dermatitis Increased S. aureus (116,117) are correlated to flares and disease severity (79) 

Increased Streptococcus spp. (79,116), C. acnes (79), and taxonomic normalization following 

therapy (117) 

Acne Vulgaris Specific C. acnes strains are associated with Acne Vulgaris skin (93,118)

Positive correlation between Cutibacterium spp. abundance and severity (119)

Psoriasis Higher Malassezia restricta abundance in lesions (120)

Decreased microbial diversity and richness and presence of Cupriavidus, Schlegelella, 

Flavisolibactor and Methylobactor (99)

Diabetic Foot Ulcer Pseudomonas spp. and Stapylococcus spp. incl. S. aureus and S. epidermidis are prominent 

(107,110)

Frequent colonization of CoNS, Corynebacterium spp., Cutibacterium spp. and anaerobics (110)
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