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Significance: Culture-independent methods have revealed the diverse and
dynamic bacterial communities that colonize chronic wounds. Only recently
have studies begun to examine fungal colonization and interactions with the
bacterial component of the microbiome, their relationship with the host, and
influence on wound outcomes.
Recent Advances: Studies using culture-independent sequencing methods
reveal that fungi often go undetected in wounds. Candida spp. and Clados-
poridium spp. are the most commonly identified fungi in wounds. The wound
environment may promote multispecies biofilm formation between bacteria
and fungi in wounds, with implications for pathogenicity, treatment, and
outcomes.
Critical Issues: Identifying microorganisms that are problematic for healing
will require a comprehensive understanding of all members of the poly-
microbial wound community, including fungi and bacteria. Improved reference
databases and bioinformatics tools for studying fungal communities will
stimulate further research into the fungal microbiome.
Future Directions: Continued study of polymicrobial wound communities using
culture-independent methods will further our understanding of the relation-
ships between microbial bioburden, the host response, and impact on healing,
complications, and patient outcomes. Future studies should encompass all
types of microbiota, including fungi, and focus on potential multi-kingdom
interactions that contribute to pathogenicity, biofilm formation, and poor
outcomes.
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SCOPE AND SIGNIFICANCE

Microbiome analysis of chronic
wounds has progressed significantly in
recent years. Findings support the hy-
potheses that microbes contribute to
impaired wound healing, and wound
microbiomes encompass diverse spe-
ciesofbacteria.Onlyveryrecentlyhave
microbiome studies been published
that include an analysis of both fungal
and bacterial communities in chronic
wounds, suggesting fungi are under-
appreciated agents of complications.
This review will introduce the reader to
the state-of-the art technology for

studying fungi in the microbiome and
discuss the current literature regard-
ing fungi in chronic wounds. We will
discuss the interactions of fungi and
bacteria within biofilms and the rela-
tionship to clinical outcomes.

TRANSLATIONAL RELEVANCE

Application of next-generation se-
quencing has facilitated advanced in-
sight into the polymicrobial nature
of chronic wounds and eliminated bia-
ses associated with culture-dependent
techniques. Pioneering studies have
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delineated the dynamics of bacterial communities in
chronicwoundmicrobiomes. Incorporating the fungal
microbiome into bacteria-centric models will advance
our understanding of the complex wound environ-
ment, permitting researchers to begin determining
the mechanisms of microbial interactions, including
vastly understudied fungal-bacterial interactions.
This will lead to innovation of targeted treatment
strategies aiming to intercept synergistic interactions
that may lead to biofilm formation, enhanced viru-
lence, and clinical complication.

CLINICAL RELEVANCE

In recent years, the recognition of microbial bio-
film and its relationship to impaired healing has re-
sulted in the introduction of a ‘‘biofilm-based wound
care’’ concept1 that aims to prevent biofilm formation
in wound tissue. Advancing this concept further, is
the increasing body of evidence that biofilms are
polymicrobial communities more recalcitrant to in-
tervention, than their single-species counterparts.
This phenomenon is amplified in biofilms comprising
bacteria and fungi, where fungi can providea scaffold
for bacterial attachment and offer additional pro-
tection.2,3 High-throughput sequencing allows rapid
characterization of the microbiome, informing on the
presence of bacterial and fungal species to guide an-
timicrobial therapy that targets both.

DISCUSSION
Overview of microbiome research

Microbial communities assemble to form distinct
and stableecological systemswithin thehumanbody,
commonly referred to as the ‘‘microbiome.’’ With the
advent of next-generation sequencing technologies
comes the capability to study the microbiome with a
new lens, highlighting that traditional culture-based
approaches grossly underestimate the complexity
and total microbial diversity of human-associated
microbiota. As symbionts, the microbiome influences
higher host biology in a manner we are only begin-
ning to understand. In the context of the skin, when
the barrier is breached, microbes from the healthy
skin and the environment assemble in the wound
tissue, in some cases disrupting the highly orches-
trated phases of tissue repair. Discerning which mi-
crobial community types act to impede, promote, or
have a neutral effect on wound healing would dra-
matically change clinical practice. As a result, the
number of wound microbiome studies is continually
increasing. This review will focus on study of the
microbiome, and specifically the fungal microbiome
of chronic, nonhealing wounds with an emphasis on
diabetic foot ulcers (DFU).

One of the most popular approaches to charac-
terizing the microbiome involves polymerase chain
reaction (PCR) amplification and high-throughput
DNA sequencing of the bacterial 16S ribosomal
RNA (rRNA) gene, a highly conserved gene con-
taining hypervariable regions that are informative
for taxonomic identification.4 Classification is ac-
complished by clustering amplicon sequences into
operational taxonomic units (OTUs) based on the
percent similarity to each other (typically, *97%
for species-level assignment) and choosing a rep-
resentative sequence from each OTU. Taxonomy is
determined by alignment of the representative se-
quence against a reference database of bacterial
16S rRNA genes. Bioinformatics software pipelines
such as the Quantitative Insights Into Microbial
Ecology (QIIME)5 and mothur6 provide a suite of
tools to analyze data, including raw read proces-
sing, OTU picking, phylogenetic analysis, and de-
termination of diversity metrics. Furthermore, the
development of protocols for sample preparation,
sequencing, and downstream software tools has
enabled the noncomputer scientist to include mi-
crobiome research in their studies and push for-
ward molecular diagnostics in the clinic.

However, a limitation to 16S rRNA gene ampli-
con methodology is that this approach is ‘‘bacter-
iocentric’’ and excludes other microorganisms such
as fungi. Fungi are often overshadowed by their
bacterial counterparts of the human microbiome,
even though they are prominent members of some
ecosystems (e.g., skin), and fungal infection is of
serious concern.7,8 This is especially surprising,
given that foot mycosis and onychomycosis occur at
a high frequency in diabetic populations, with some
surveys confirming fungal foot infections in over
75% of diabetic individuals tested.9,10 In fact,
Candida infections can oftentimes be a first clinical
symptom of prediabetic or diabetic status and
should prompt further diagnostic measures on the
part of the treating physician.11 Fungal foot infec-
tions, although often overlooked, are dangerous in
that they create a portal of entry for secondary
bacterial infection through fissures and splits.12

Toenail infections in particular, left untreated, in-
crease the risk of developing a foot ulcer and sub-
sequent infection-related complications.13

Collectively, fungi in the microbiome are re-
ferred to as the ‘‘mycobiome’’ and can be classified
with culture-independent approaches by applying
the same general workflow as the bacterial micro-
biome, or ‘‘bacteriome.’’ This is accomplished by
sequencing the fungal rRNA gene operon (Fig. 1A).
Target regions within the ribosomal DNA include
the 18S small subunit (SSU) rDNA, 28S large
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subunit rDNA (LSU), or the internal transcribed
spacer (ITS) region.14 Typically, the LSU and SSU
are used for large-scale phylogenetic surveys be-
cause they are highly conserved, but have fewer
hypervariable regions than the bacterial 16S rRNA
gene, consequently limiting taxonomic resolution.
The internal transcribed spacer (ITS) region con-
tains two hypervariable regions, ITS1 and ITS2,
with the 5.8S rRNA gene between them.15 This
region has been adapted as the universal barcode
region for fungi by the Consortium for the Barcode
of Life because it has been shown to have superior
species discrimination and PCR success rates
across a broad range of fungi. Regardless of the
barcode utilized, the available fungal databases
represent a minor fraction (*1.5%) of total fungal
diversity on the planet, the vast majority of which

are currently unknown.15,16 Software pipelines
dedicated to fungal analysis are also available. PI-
PITS17 incorporates the RDP Classifier and curated
UNITE database18 for taxonomic classification, after
extracting the hypervariable ITS1 or ITS2 subre-
gions from paired-end sequence reads with ITSx.14

PIPITS and other fungal-specific bioinformatics
pipelines are reviewed in Gweon et al.17

The fungal microbiome of DFU
To date, the vast majority of research on chronic

wound microbiomes has focused on the bacterial
content (Fig. 2). Work by our group and others has
demonstrated that the bacteriome in DFUs contain
greater than 15 species on average and is associ-
ated with outcomes and clinical factors.19–21 Mi-
crobiome stability, measured as the change in

Figure 1. (A) Schematic of the fungal rRNA operon highlighting the ITS region and primer binding sites. (B) Bioinformatics workflow to process and analyze
ITS amplicons from microbiome specimens. After polymerase chain reaction amplification, OTUs can be clustered with standardized pipelines and classified
against fungal reference databases. The fungal ITS1 region can vary in size between different species, unlike amplification of hypervariable regions of the
bacterial 16S rRNA gene that result in the same size amplicon. *PIPITS is a fungal-specific software pipeline. ITS, internal transcribed spacer; OTU, operational
taxonomic units; QIIME, Quantitative Insights into Microbial Ecology; rRNA, ribosomal RNA.
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overall community structure over time is signifi-
cantly associated with slow healing wounds. That
is, the more stable the DFU microbiome, the longer
the healing time.20 However, each of these studies
exclusively profiles bacteria and fails to integrate
fungi into the prevailing model.

Exclusion of fungi from DFU microbiome analysis
is shortsighted because the healthy skin microbiome
comprises bacteria and fungi. Moreover, the feet
have been shown to exhibit the highest level of fungal
diversity within the skin microbiome, with many
species considered opportunistic pathogens.22,23

Culture-dependent and culture-independent studies
focusing on fungi have consistently revealed that a
significant portion of chronic wounds such as DFUs
are colonized or infected with fungi. For example,
Chellan et al. examined 518 diabetic lower leg

wounds by directly inoculating fungal selective me-
dia with deep wound tissue sections collected after
surgical debridement and saline cleansing. After
observing growth for 4 weeks, fungi spanning 18
different species were detected in 27.2% of speci-
mens. Approximately 6% of wounds solely contained
fungi, while 21.4% of specimens had mixed bacterial
and fungal flora.24

In 2011, the first study to employ culture-
independent analysis of yeast and fungi in chronic
wounds of mixed etiology found 23% of specimens
tested positive for fungi. However, when classified
by wound type, 40.8% of DFUs (n = 83) were fungal
positive and in many specimens, the predicted fun-
gal:bacterial ratio was predicted to be >50%.25 A more
recent study exclusively examined DFU (n = 105) and
found 28.6% of specimens were positive for fungi by

Figure 2. The microbiome of DFU contains many species of both bacteria and fungi that are not always detected by culture-dependent techniques.
Molecular-based approaches have primarily focused on bacteria as evidenced by the number of articles published since 2008. In comparison, only two studies
have profiled fungi in chronic wound microbiomes with molecular approaches. DFU, diabetic foot ulcers.
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microscopic examination, but only 20% were posi-
tive by culture, further supporting the premise that
culture-dependent methods underestimate diver-
sity and bioburden.26 Findings from these studies
suggest that over a quarter of all DFUs contain
fungi that are not detected or diagnosed by standard
microbiology laboratory protocols.

Recently, our group provided additional insights
by employing PCR-based amplicon sequencing of
the fungal ITS1 region to precisely define the
prevalence and structure of fungal communities
residing in DFUs over time (6 months), in an at-
tempt to link these polymicrobial, inter-kingdom
microbiomes to clinical outcomes.27 One of the most
important findings was that fungi are highly di-
verse and prevalent members of DFU microbiomes
(n = 100), occurring in 71.6% of specimens for at
least one time point, and in 79% of wounds during
the course of the 26-week study, far exceeding
previous predictions. Figure 3 demonstrates that
individual wound specimens contained >1 and up
to 30 different fungal OTUs. While the ‘‘myco-
biome’’ was highly heterogeneous both between
patients (interpersonal variation) and over time
(intrapersonal, temporal variation), we observed
that patients administered systemic antibiotics
had significantly higher fungal diversity in their
wounds than those who were not. This suggests
that using antibiotics solely targeting bacteria may
create an environment favorable to fungal coloni-
zation and expansion. Conversely, wound deterio-
ration was also marked by a significant increase in
fungal diversity,27 suggesting an alternate sce-
nario by which increased fungal colonization leads
to a worsening wound environment, suspected

bacterial infection, and subsequent increase in
prescribed antibiotics. Notably, *30% of the ITS
sequence reads were not classified beyond the
Kingdom level, likely due to poorly populated fun-
gal ITS reference databases.

Previous studies have reported that members of
the genus Candida spp. are the most commonly
isolated yeasts from DFUs.24,25 Over 75% of species
isolated by Chellan et al. were Candida species
(25% C. parapsilosis, 22.7% C. tropicalis, and
10.6% C. albicans). These same three species were
each detected in greater than 30% of fungi-positive
wounds by Dowd et al. with C. albicans found in
46% of fungi-positive wounds. We also observed
that, of the specimens’ culture positive for fungi,
Candida spp. was the most commonly isolated.
ITS1 sequencing confirmed that 22% of the speci-
mens were positive for C. albicans, but this was not
the most frequently detected fungal species. Cla-
dosporium herbarum, a ubiquitous and sapro-
phytic fungus, was present at multiple time points
in 56% of subjects. Dowd et al. also reported
C. herbarum in 9.32% of fungi-positive wounds of
mixed etiology, sampled at a single point in time.
While the C. herbarum species complex has a
worldwide distribution associated with diverse
substrates, isolates with clinical origins have been
associated with pathology, including subcutaneous
infection in humans and animals.28

We observed a clear distribution of wounds
containing either a high proportion of pathogenic
or allergenic fungi (Fig. 3). As an important agent
linked to allergic rhinitis and respiratory disease,
Cladosporium spp. along with other allergic fungi
such as Aspergillus spp., Penicillium spp., Alternaria

Figure 3. Number of observed fungal species detected in DFU. Individual subjects are labeled across the x-axis and the observed species along the y-axis for
multiple time points per subject. Box plots are colored by healing time (<12 weeks, blue; >12 weeks, pink). Each point represents a single sample and the fill
corresponds to the ratio of allergenic to pathogenic fungi (green, high allergens; purple, high pathogens; gray, equal allergens/pathogens).
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spp., Pleospora spp., and Fusarium spp. was detected
with high frequency in DFUs. Pathogenic and op-
portunistic fungi, such as Candida spp., Trichosporon
asahii, and Rhodotorula spp., were associated with
poor outcomes, such as stalled open wounds after
6 months’ treatment, or wounds resulting in an am-
putation. Specifically, polymicrobial pathogenic com-
munities of fungi tend to reside in wounds with
necrotic, nonviable tissue, in a significantly higher
proportion compared to wounds absent for necrosis.
However, with regular debridement and standard-
ized care, not all wounds become or remain necrotic,
and it is unclear if increased fungal bioburden con-
tributes to, or is a result of, necrosis.

It is intriguing that like DFUs and other chronic
wounds, chronic rhinitis is associated with poly-
microbial colonization and biofilm formation,29,30

suggesting that the involvement of fungi detected in
recalcitrant wounds is underestimated and warrants
further investigation. Further supporting this idea,
we found that allergenic fungi were positively asso-
ciated with wounds of longer duration and surface
area, but negatively associated with hemoglobin A1c
and white blood cell levels. On the contrary, patho-
gens had a positive association with the latter two
markers. This suggests that glucose control and the
microbiome intersect, resulting in different immu-
nological responses depending on the community
structure of the fungal microbiome.

Multi-kingdom wound biofilms
In the environment, groups of microorganisms

assemble into biofilms attached to surfaces for
more efficient nutrient cycling and enhanced pro-
tection from external threats. These highly struc-
tured, sophisticated microbial communities can
develop in wounds and require intervention to as-
sist host defenses in overcoming biofilm-associated
complications.31 Yet, despite the rapid increase in
laboratory biofilm research and the development of
biofilm-based wound care principles, the link be-
tween wound biofilm and clinical outcomes re-
mains ambiguous. This is, in part, because biofilms
in wound tissue are difficult to detect. Visual
identification of biofilm in a wound is debatable,
while the presence of the biofilm is not a strong
predictor of healing rate. The biofilm lifecycle, and
determination of subsequent biomarkers, is largely
studied in vitro with a single species laboratory
strain of bacteria. Because the wound microbiome
comprises mixed bacterial-fungal communities, we
postulate that this environment would support the
interaction of bacteria and fungi to form multi-
species biofilms. Interactions between some clini-
cally important bacterial and fungal species have

been described. Candida spp. have been reported to
interact with diverse bacteria such as Staphylococcus
aureus, Pseudomonas aeruginosa, Burkholderia
cenocepacia, Streptococcus spp, Acinetobacter bau-
mannii, Enterococcus faecalis, and E. coli (reviewed
in Ref.32). Consistently, it has been reported that
fungal hyphae can facilitate adhesion to surfaces and
provide a substrate for bacteria to bind. This action
can result in an increased resistance to antimicrobial
penetration in biofilms, as is the case when S. aureus
coats itself with secreted C. albicans cell wall poly-
saccharides enhancing aggregation and tolerance.3

Streptococcus gordonii also produces surface glycans
that bind C. albicans; however, it is the production of
the quorum-sensing molecule autoinducer-2 that is
required for dense biofilm formation, pointing toward
inter-kingdom chemical communication.

Kalan et al.27 used molecular-based computational
analysis as a guide to predict the establishment of a
biofilm in wounds with a stable bacteriome and my-
cobiome for a period of at least 4 weeks. Target or-
ganisms were then isolated directly from patient
specimens with genera-specific cultivation media.
Organisms that were co-isolated were tested for their
ability to form mixed-species biofilms. This approach
was tested on two wounds with disparate outcomes.
The first wound healed within 12 weeks, while the
second wound was open and led to an amputation
after 26 weeks. From the healed wound, C. albicans
and Citrobacter freundii were co-isolated and shown
to assemble into a structured, three-dimensional
biofilm in vitro. C. albicans provided the scaffold for
C. freundii to intimately attach and proliferate
(Fig. 4). Microscopic evidence of the interaction sug-
gests that the fungi themselves are critical to the
construction and establishment of the biofilm. Each
individual fungal or bacterial species also possessed
the capacity to form a biofilm, although less struc-
tured. This observation is important because C. albi-
cans hyphae can invade epithelial cells by active
penetration.33,34 This action facilitates bacterial epi-
thelial entry as they act as passengers adhered to the
hyphae. Work by Townsend et al. have demonstrated
similar findings in a tripartite inter-kingdom biofilm
model of C. albicans, Staphylococcus aureus, and P.
aeruginosa. In a two-dimensional culture, C. albicans
grew predominantly as hyphae, providing a scaffold
for S. aureus and P. aeruginosa attachment. When
this experiment was repeated with a hydrogel scaffold
to create three-dimensional culture and mimic a
wound surface, the phenotype shifted. Instead, C. al-
bicans grew predominantly as yeast cells coag-
gregated with bacterial cells.35 This suggests that the
microenvironment influences microbial gene expres-
sion to trigger different phenotypes.
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T. asahii and Staphylococcus simulans were co-
isolated from wound specimens collected after 22
weeks from a wound that ultimately resulted in an
amputation. This fungal-bacterial pair also formed
a mixed-species biofilm in vitro, with S. simulans
adhering to clusters of T. asahii cells (Fig. 4) in a
similar architecture to C. albicans + C. freundii
biofilms. There is little information regarding the
pathogenicity and host response of T. asahii biofilm
and it is virtually nonexistent for co-infection with
bacteria. Trichosporon species were the second
most common fungal genus, after Candida spp., to
be isolated by Chellan et al.24 Each of the T. asahii
isolates was identified as resistant to the antifun-
gal agent flucytosine. The Trichosporon genus was
first described from a hair (Trichos) infection, with
irregular nodules (sporon or spores) identified
along the hair shaft of a man’s beard in 1890.
T. asahii is a known biofilm-forming organism36

with the potential to cause superficial and invasive
infection, likely from their characteristic morpho-
logical diversity, including the capability to form
mycelia, blastoconidia, and arthroconidia.37 Taken
together, these data imply that T. asahii may be an
important emerging pathogen for skin and soft
tissue infection, which has the ability to go unde-
tected in chronic wounds such as DFU. Indeed,
compared to environmental isolates that grow
mainly as hyphae, clinical isolates of T. ashaii have

been reported to primarily grow as conidia with
higher levels of glucuronoxylomannan antigen, a
factor thought to be important for immune evasion
and antiphagocytosis.38

SUMMARY

As the microbiome field matures and expands into
new environments, a consistent theme emerges: mi-
crobes do not live in isolation. Chronic wounds are no
exception, hosting diverse microbiomes sensitive to
the changing tissue microenvironment. Fungi are
important members of the DFU microbiome; how-
ever the mechanisms driving their interaction with
cohabitating bacteria remain unclear. Current
treatments for wounds with suspected biofilm are
primarily focused on targeting bacteria. There is now
sufficient evidence to conclude that increased species
diversity of biofilms is correlated to increased resis-
tance to antimicrobials.3,39–41 Moreover, use of anti-
biotics targeting bacteria in mixed communities have
been shown to increase fungal diversity in wound
tissue27 and provide a niche for fungal expansion in
mixed bacterial-fungal biofilms.

Fluconazole, an antifungal drug, has been shown
tosignificantlyreduce themeanhealingtimeofDFUs
when compared to the standard of care in a random-
ized control study.42 More recently, it was demon-
strated that treatment of a tripartite bacterial-fungal

Figure 4. Inter-kingdom biofilms formed between fungi and bacteria isolated from the same DFU specimen. The fungi (yellow) form a three-dimensional
structure that bacteria ( purple) attach to. Candida albicans + Citrobacter fruendii (top) and Trichosporon asahii + Staphylococcus simulans (bottom).
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biofilm with antibiotics alone resulted in a
threefold increase of viable fungal cells,
whereasonlyacombinationtreatmentwith
antibiotics (ciprofloxacin and flucloxacillin)
and fluconazole resulted in decreased via-
ble cells of both bacteria and fungi.40 Cur-
rent literature, while limited, suggest that
wound care strategies could benefit from
inclusion of antifungal drugs such as flu-
conazole, amphotericin B, or caspofungin43

concurrent with antibacterial therapy, or
application of a broad-spectrum topical an-
timicrobial that targets both.
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DFU ¼ diabetic foot ulcers
ITS ¼ internal transcribed spacer

LSU ¼ large subunit rDNA
OTUs ¼ operational taxonomic units

PCR ¼ polymerase chain reaction
QIIME ¼ Quantitative Insights into

Microbial Ecology
rRNA ¼ ribosomal RNA
SSU ¼ small subunit
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