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Abstract 

Skin as the biggest organ with protective function in the human body, makes an 

equilibrium between microbial communities and immune system. Skin microbiome is defined 

as the genome of microorganisms found on the skin with which microorganisms have a 

complex relationship. Microbiota of healthy skin consists of resident and transient 

microorganisms. Two most common factors for delayed healing process in chronic wounds 

are infection and biofilm formation. Thus, it is important to analyze microbiome and 

mycobiome of chronic wounds. 
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Introduction  

Skin is the biggest organ in the human body. Its complex structure and functionality 

make it natural barrier, organ with protective function, which make an equilibrium between 

microbial communities of human body and immune system. Microbiota which is mandatory 

for a healthy skin is composed of many microorganisms on skin and scalp, either commensal 

or facultative pathogenic. Skin microbiome is defined as the genome of the microorganisms 

found on the skin with which microorganisms have a complex relationship[1,2]. 

Healthy skin microbiota consists of resident and transient microorganisms. The first 

one, known as fixed group, or the core microbiota are routinely found in the skin. These are 

commensal microorganisms, usually harmless and beneficial to a host. The other one, also 

known as transient microorganisms, or tourists are not permanent residents of skin, they 

disappear after few hours or days living on the skin[3,4]. The three most common genera in 

skin microbiota are: Corynebacteria, Propionibacteria and Staphylococci, and four main 

phyla are: Actinobacteria, Firmicutes, Proteobacteria and Bacteroides[5].  

The composition of microbiota depends on genetics, diet, lifestyle, environment, 

anatomical area. As a result, every human being has unique microbiota. Depending on 

anatomical microenvironment microbiota differs in moist, sebaceous, dry areas, and areas of 

apocrine, eccrine and sebaceous glands and hair follicles[1,3,5]. 

 

Microbiome in chronic wounds 

Chronic wounds have impaired prolonged healing process that lasts more than 

expected time frame of 3-6 weeks[6,7]. The first most common factor for this delayed healing 

is infection and associated pathological inflammation of the wound. The second one is 

biofilm formation[8]. Chronic wounds may not always be infected, but just colonized by a 

distinct microbiome that could impact the healing process and lead to an infection. The 

culture-independent studies from the past decade showed that wounds microbiota was diverse. 
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Most frequently are isolated Staphylococcus spp., Pseudomonas spp., Corynebacterium spp., 

Anaerococcus spp., and Enterococcus spp.[9-11]. Microbiome is a complex, diverse, microbial 

community within the human body. When skin barrier is breached, microbes from microbiome 

reach the wound tissue and impair the healing process[12].  

Clinical practice depends on the fact which microbial community types evade or have 

no effect on wound healing process. The new era of sequencing technologies for microbiome 

examination highlights that culture-based methods in fact underestimate the diversity and 

complexity of human microbiome[12]. This results in increasing the number of wound microbiome 

studies. Thus, bacterial microbiome of the chronic wounds and skin is well-defined.  

Wolcott et al.  in their study analyzed samples of chronic wounds from venous leg ulcers, 

diabetic foot ulcers, nonhealing surgical wounds, and decubitus ulcers. The most frequent 

species found in all wound types were Staphylococcus, Pseudomonas, Corynebacterium and 

Streptococcus[9]. The microbial composition of the microbiome of chronic wounds was not 

influenced by wound type nor by demographic characteristics of patients[9]. 

It is very important for chronic wound microbiome to identify correlations of the 

microbiome to healing outcomes. Loesche et al. found that positive healing outcomes were 

associated with temporal instability of communities, particularly the transition between 

several distinct community types[10]. It is important to know which organisms are beneficial 

or detrimental for evaluating prognosis or probiotic interventions. There are still no reports on 

specific metabolic types which could be predictive for healing outcomes[10]. 

The common skin commensals Micrococcus, Paracoccus, and Kocuria are associated 

with normal skin, such as Corynebacterium and Staphylococcus (S. hominis, S. haemolyticus, 

and S. cohnii). On the other side, wound colonizers and pathogens S. aureus, S. capitis, 

Proteus, Enterobacter, Helcococcus, and Pseudomonas. Staphylococcus spp. are associated 

with both skin and wounds[13].   

Verbanic et al. compared wound swabs before and after debridement of wounds, and 

there was no significant difference in the microbiome composition of wounds[13]. But that 

was not the case with healed vs. unhealed wounds, because there was the over-representation 

of facultative anaerobes in the microbiome of nonhealing wounds. On the other hand, anaerobes 

enriched healed wounds. As a result, infections in which anaerobes play a key role are easily 

healed and the level of oxygen increases in tissue, so anaerobic microorganisms are 

disfavoured[14]. On contrary, infections in which facultative anaerobes play the key role, 

would be more tolerant to the conditions of a healing which are changing and that is the 

reason for their persisting. All this has implications in treatments based on increasing oxygen 

tension in the wound, hyperbaric oxygen treatments[15]. Wounds with presence of pathogenic 

facultative anaerobes are refractory to oxygen therapies, hence these treatments should be 

used in wounds with low levels of facultative anaerobes. Recent studies have found that 

variable oxygen tension is a dominant stress in the environment of the biofilm, and having in 

mind the fact that facultative anaerobes may better tolerate the substantial oxygen gradients 

within the biofilm they cause biofilm persistence[16,17]. 

A biofilm is a community of cells adhered to a surface, encased in an extracellular 

matrix (ECM) which is self-produced (Figure 1). Microorganisms in biofilms transit from 

free-floating to sessile, and have increased antimicrobial tolerance and virulence compared to 

their planktonic counterparts[18,19]. The biofilm formation is controlled by the quorum sensing 

system. Quorum sensing (QS) is a cell-to-cell communication between bacteria in biofilm 

mediated with small molecules, chemical signals called autoinducers. When the bacterial density 

increases, the signalling molecules accumulate in the surrounding environment. When the 

minimal threshold of signalling molecules concentration is reached, they bind to receptor proteins, 

and the expression of genes is activated which is associated with biofilm formation. This 

communication can be stopped with QS inhibiting agents, including QS inhibitors and 



Mitrova Telenta J. et al. Mycobiome and microbiome in chronic wounds 
 

13 

 

quorum quenching enzymes, using variety of mechanisms, consequently inhibiting the 

formation of biofilms. QS inhibiting agents can increase bacterial sensitivity to antibiotics. The 

use of QS inhibiting agents can be one of the promising new treatment approaches to control 

bacterial infections[20]. 

 
Fig. 1. Structure of biofilm  

(Sangwan S, Pratibha P, Hemender T. Anti-biofilm enzymes: a strategy to remove biofilms: Agrobios Volume XVII, Issue No 12, 2019)  
 

Studies that have focused on biofilm infections in chronic wounds showed that 

Pseudomonas aeruginosa, an opportunistic pathogen that is not found in healthy skin 

microbiome, formed aggregates within the host and used many of the virulence factors such 

as the LasR quorum sensing system[21].  

It is important to note that the chronic wound microbiome is a complex entity, and 

biofilms are multi-species. Multi-species biofilms compared to single-species biofilms have 

increased recalcitrance to antimicrobials, which has been highlighted in recent studies. Inoculum 

consisting of S. aureus and P. aeruginosa was with higher rates of infection, which was 

observed in a rat model[22]. Similarly, in a murine infection model the anaerobic bacteria, 

Prevotella bivia increased pathogenicity of S. aureus[23]. Dalton et al. in their study found 

that complex multi-species biofilms, containing Enterococcus faecalis, Finegoldia magna, P. 

aeruginosa, and S. aureus, resulted in impaired healing process while remaining viable over a 

period of 12 days. They also reported that multi-species biofilms increased antimicrobial 

tolerance to treatments compared to single-species biofilm counterparts[24]. 

 

Role of fungi in chronic wounds - mycobiome 

Fungi are very important; they are more than 100 times larger than bacteria and make 

up a considerable part of the microbiome causing infections and high levels of mortality and 

morbidity[25]. 

The skin is home to bacteria, fungi, and viruses, and that is the first line of defense 

against foreign microorganisms[26]. The composition of mycobiome is often determined by 

the body site, with Malassezia spp. dominating most sites. The mycobiome of the foot and 

moist areas comprises genera such as Candida, Aspergillus, and Penicillium[26].  

Using culture-dependant techniques, and confirmed with the next generation sequencing 

methods, Malassezia, Aspergillus, and Candida species are found to be the most cultured 

fungi from the skin[12,27]. On the other side, the role that fungi play in chronic wounds and 

their effect on wound healing process is still debated in the literature. In 80% of samples 

culture-independent studies have identified fungi[27]. Most of the data refers to fungi isolates 

in diabetic foot ulcers. Chellan et al. in their study identified that 30% of cases with diabetic 

foot ulcers had fungal infections, with Candida spp. being the most prevalent, and the presence of 

Aspergillus spp. and Trichosporon spp. was also shown[28].  Kalan et al. found that longer 

healing time was associated with an increased abundance of Ascomycota[10]. These studies 
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confirm that mycobiome have impact on wound healing similarly as bacterial microbiota, 

where increased bacterial diversity is associated with delayed wound healing process[29]. 

Fungi are thought to be opportunistic pathogens, so when wound is treated with 

antibiotics and fungi are colonising the surrounding skin an ideal environment is created for 

fungal infection. Higher levels of blood glucose make Candida isolates to display higher 

activity of enzyme and that results in higher virulence, so Candida spp. from commensal 

becomes pathogen species[29].  

Kalan et al. by using PCR-based amplicon sequencing of the fungal ITS1 region 

precisely defined the prevalence and structure of fungal communities in diabetic foot ulcers 

over a period of 6 months, in an attempt to link the clinical outcomes with polymicrobial 

microbiomes[12]. The most important finding was that fungi were very diverse and prevalent 

members of diabetic foot ulcer microbiomes. The mycobiome was with interpersonal, 

intrapersonal and temporal variation, and patients with systemic antibiotics had significantly 

higher fungal diversity in their wounds than those who were not taking antibiotics. As a 

result, use of antibiotics targeting bacteria may create an environment favourable to fungal 

colonization and expansion[12]. The most commonly isolated yeasts from diabetic foot ulcers 

were Candida species with 3 most frequently detected (C. parapsilosis, C. tropicalis, and C. 

albicans).  

Mycobiome in diabetic foot ulcers is more frequently composed of Cladosporium spp. 

with other allergic fungi such as Penicillium spp., Aspergillus spp., Alternaria spp., Fusarium spp. 

and Pleospora spp. Candida spp., Trichosporon asahii, and Rhodotorula spp. as pathogenic 

and opportunistic fungi. They have been associated with poor outcomes in the healing 

process, such as amputation, or open wounds for 6 months and longer. These polymicrobial 

fungi communities in chronic wounds are mostly isolated from necrotic, nonviable wound 

tissue. It is still unclear if the polymicrobial mycobiome contributes to, or is a result of, 

necrosis of chronic wounds[12]. 

Dowd et al. in their retrospective study evaluated molecular diagnostic reports from 

915 chronic wounds, and the results showed that 23% of clinical specimens were positive for 

fungal species[30]. The classification of the wounds was made in 5 categories: pressure ulcers, 

diabetic foot ulcers, non-healing surgical wounds, venous leg ulcers and general chronic wounds. 

The results showed identification of 48 different species of fungi, from 34 genera with 

predominance of Candida genus in all wound types. The most frequently isolated were C. 

albicans and C. parapsilosis species. In four of five wound types, Malasezia restricta and 

Curvularia lunata were also identified. The other fungal species isolated from chronic 

wounds were Aureobasidium, Cladosporium, Ulocladium, Engodontium, and Trichtophyton, 

which were also prevalent components of these polymicrobial infections[30]. The study found 

a significant negative correlation between Staphylococcus and Candida and significant 

relationships between both bacterial and fungal genera and patient metadata, including gender, 

diabetes status, and cardiovascular comorbidities. The authors concluded that fungi were 

more important wound pathogens and opportunistic pathogens than previously reported, and 

with the application of modern cost-effective and comprehensive molecular diagnostics, 

clinicians could identify and address this significant component of chronic wound bioburden 

with targeted therapies, thereby improving healing trajectories[30]. 

The study by Mehra et al. investigated the incidence of mycotic (fungal) infections in 

diabetic foot ulcers. The study found that 30 of 105 patients (28.6%) were positive for fungal 

elements on direct microscopy in 10% KOH mount, while fungal cultures on Sabouraud’s 

dextrose agar [SDA] were positive in 21 (20%) patients. Candida species were the most 

common fungus isolated (11.43%), followed by Aspergillus (3.81%), Fusarium species (2.86%), 

and Trichophyton species (1.90%)[30]. 
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The study found that males with diabetes were more prone to developing foot ulcers 

and infection than females, and that most of the patients had diabetes for more than 10 years with 

poor glycemic control. The study suggests that treating clinicians often focus on bacterial 

infections in diabetic foot ulcers, which may lead to longer hospital stays and a protracted 

course of illness. The authors recommend further research to better understand the microbiological 

profile of diabetic foot ulcers and the role of fungal infections in their development and 

treatment[31].  

 

Multi-species wound biofilms  

The wound microbiome consists of mixed bacterial-fungal communities, which is a 

result of the interactions between some clinically important bacterial and fungal species[12]. These 

interactions are best studied in vitro to better understand the antagonistic and synergistic 

virulence potential of interkingdom interactions. It has been reported that Candida spp. 

interacts with diverse bacteria such as Staphylococcus aureus, Streptococcus spp, Pseudomonas 

aeruginosa, Esherichia coli, Enterococcus faecalis, Acinetobacter baumannii, and Burkholderia 

cenocepacia[32]. Fungal hyphae adhere to surfaces and make a substrate to which bacteria are 

bound. As a result, increased resistance to antimicrobial agent occurs in biofilms.  

The relationship between S. aureus and C. albicans, two pathogens often found in 

diabetic foot ulcers, is well studied. It is known that tolerance of S. aureus to antibiotics is 

increased because of increased production of extracellular DNA and fungal components of 

extracellular matrix of biofilm. Also, there is increased production of toxin, as a result of 

increased virulence by upregulating the agr quorum sensing pathway[33-35]. It is also found 

that this relationship is reciprocal, so that S. aureus upregulates C. albicans biofilm and 

virulence genes[36]. The presence of C. albicans within chronic wound biofilm was identified 

as one of the main reasons for antimicrobial tolerance. As a result, the importance of fungi in 

wound biofilm has been emphasized, and targeting the fungal scaffold within biofilms may 

yield better treatment outcomes[37]. There are reports that Streptococcus agalactiae inhibit 

formation of Candida albicans hyphae by inhibiting expression of HWP and EFG [38]. On 

contrary, Candida albicans increases colonisation of Streptococcus agalactiae in the murine 

model[39]. 

Polymicrobial nature of biofilm makes wound treatment more difficult, increasing 

antibiotic resistance and providing expansion of fungal infections. Current literature suggests 

use of antifungal drugs such as fluconazole, amphotericin B and antibacterial therapy, or use 

of a broad-spectrum topical antimicrobial that targets both[40]. 

The table below shows the most frequent bacteria and fungi isolated from normal 

skin, chronic wounds and biofilm in chronic wounds based on the current literature (Table 1). 

 
Table 1. The most frequent bacteria and fungi in normal skin, chronic wounds and biofilms in chronic 

wounds 

 Normal skin Chronic wound Biofilm in chronic wounds 

Bacteria 

Staphylococcus spp (St. 

hominis, St. haemolyticus, 

St. cohnii); Corynebacteria 

spp; Propionibacteria spp; 

Staphylococcus spp (St.aureus, 

St.capitis)  

Enterobacter spp; 

Pseudomonas aeruginosa; 

Streptococcus spp 

Staphylococcus aureus; 

Streptococcus agalactiae; 

Pseudomonas aeruginosa; 

Esherichia coli; 

Enterococcus faecalis; 

Acinetobacter baumannii 

Fungi 

Malasezia spp; Candida 

spp; Aspergillus spp; 

Penicillium spp; 

Candida spp (C. albicans, C. 

parapsilosis, C. tropicalis); 

Aspergillus spp; Trichosporon 

asahii; Ascomycota spp; 

Cladosporium spp; Fusarium spp 

Candida albicans 

 



Mitrova Telenta J. et al. Mycobiome and microbiome in chronic wounds 
 

16 

 

Conclusion 

Microbes do not live in isolation. Chronic wounds have polymicrobial nature, but the 

fungal component requires additional studies. The mechanisms of interactions between 

bacteria and fungi are still unclear. All these aspects play a key role in treatment of chronic 

wounds which is a challenge for further investigations.  
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