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Abstract

Fungi are increasingly being recognized as common members of the microbiomes found on nearly 

all mucosal surfaces, and interest is growing in understanding how these organisms may contribute 

to health and disease. In this review, we investigate recent developments in our understanding of 

the fungal microbiota or “mycobiota” including challenges faced in characterizing it, where these 

organisms are found, their diversity, and how they interact with host immunity. Growing evidence 

indicates that like the bacterial microbiota, the fungal microbiota is often altered in disease states, 

and increasingly studies are being designed to probe the functional consequences of such fungal 

dysbiosis on health and disease.

INTRODUCTION

The mammalian microbiota, the sum of microorganisms associated with body surfaces, is a 

key factor in host health and disease. The microbiota influences diverse functions including 

gut permeability and barrier function, vitamin synthesis, metabolism, neurologic activity, 

metabolism of pharmaceuticals, and inflammation and immunity (Thomas et al., 2017b). 

While characterization of microbiota has been hindered in previous decades by limitations in 

culture methods, targeted and shotgun high-throughput sequencing technologies have more 

recently revolutionized our understanding of microbial diversity at various body sites. While 

most research and interest has focused on bacterial microbiota, current evidence documents 

that nearly anywhere there is a bacterial microbiota, there are also fungal, viral, archae, and 

perhaps protozoan community members. Here we focus our discussion on the fungal 
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microbiota or “mycobiota”, where these organisms are found, their diversity, and what is 

currently known about their functional roles in health and disease. We have included a brief 

list of the fungi mentioned in this review (Table 1), and refer the reader to other materials for 

specific discussions of pathogenic fungi (Kohler et al., 2014).

Diverse fungi are found in the gut, on the skin, in the mouth, and other mucosal surfaces. 

Since microbial diversity measurements are typically derived from sequencing data that can 

be influenced by PCR primer usage, depth of metagenomics sequencing, and efficiency of 

microbial collection and DNA preparation, among other factors, good estimates of relative 

bacterial and fungal numbers can be difficult to obtain. However, in most cases, it can be 

assumed that bacteria vastly outnumber fungi, although when considering physiological and 

immunological functions, one should note that fungal cells are typically a hundred fold 

larger than bacterial cells, and that many fungal metabolic functions are likely unique to 

fungi.

Growing evidence indicates that like the bacterial microbiota, the fungal microbiota is often 

altered in disease states, and increasingly studies are being designed to probe the functional 

consequences of such fungal dysbiosis on health and disease. This is a rapidly growing area 

of research: a 2013 review noted that the term “mycobiome” appeared in only 10 papers 

indexed in PubMed (Cui et al., 2013), while today (2017) there are over a hundred and we 

can expect this to continue to grow.

CHALLENGES IN DEFINING THE MYCOBIOTA

Characterization of microbiota by current culture-independent sequencing methods requires 

efficient preparation of microbial DNA from anatomical sites. As with analyses of bacterial 

communities, analyses of fungal communities are influenced by methods of DNA 

preparation. Fungi are encased in thick cell walls, and methodology originally developed for 

isolating bacterial genomic DNA is not necessarily ideal for recovery of fungal DNA. One 

recent study on matched oral samples directly compared the fungal DNA signatures detected 

when using a variety of different DNA preparation methods. Fungal signatures proved to be 

more sensitive to DNA isolation methods than bacterial signatures (Vesty et al., 2017). To 

directly assess the relative efficiency of recovering DNA from different fungi and how this 

might skew signatures, we tested isolation and analysis approaches using model libraries of 

known ratios of 4 fungi commonly found in intestinal samples (Tang et al., 2015).

Once recovered, different methods of evaluating fungal content of DNA will yield different 

results. Shotgun sequencing of total genomic DNA is perhaps the least biased approach, but 

it requires enormously deep sequencing to distill the fungal signature from all of the other 

sequences (i.e. bacteria) typically also acquired in a sample. For comparison, using this 

approach Lewis et al. identified 5 fungi in human stool samples and 6.5 × 1011 bases of 

sequence (Lewis et al., 2015) whereas other fungal-specific approaches typically identify 

50–60 genera (Hoarau et al., 2016; Liguori et al., 2016). Such fungal-specific approaches 

typically involve PCR amplification and sequencing either of two fungal ribosomal DNA 

(rDNA) “internal transcribed spacer regions” (ITS1 or ITS2). Similar to the fact that PCR 

primers targeting different variable regions of bacterial rDNA in 16S sequencing can more 
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or less efficiently isolate and identify different groups of bacteria, so too can different 

primers targeting different ITS target regions prove more or less effective at isolating 

different groups of fungi (Bokulich and Mills, 2013). Compounding this challenge, unlike 

bacterial 16S regions targeted for bacterial community characterization, fungal ITS regions 

vary in length between fungi which adds an additional potential source of bias during PCR 

amplification and sequencing approaches (Schoch et al., 2012). In mixed samples, length 

dependent sequence recovery bias can lead to overrepresentation of the relative abundance 

of fungi with shorter ITS sequences when using common sequencing platforms such as the 

Illumina MiSeq and Ion Torrent PGM (Motooka et al., 2017).

After acquiring fungal ITS sequence information, investigators are faced with the challenge 

of identifying the organisms represented by these sequences. This effort is frustrated by a 

lack of quality-controlled reference databases, evolving recognition and definition of new 

fungal species/complexes, and confusion as to the taxonomic lineage of many species as 

well as common use of very different names for sexual and asexual forms of many 

frequently-encountered fungi. (Halwachs et al., 2017) Because GenBank acts primarily as an 

archive, many sequences submitted have been annotated with incorrect or poorly-defined 

species names. It is estimated that more than 10% of the publicly-available fungal ITS 

sequences are annotated incorrectly at the species level (Nilsson et al., 2006). Further, many 

fungal ITS sequences in GenBank are annotated as “unidentified fungus”. The most 

commonly-used and mature database of distilled fungal ITS sequences is the “UNITE” 

database (Koljalg et al., 2013). Some groups, including ourselves, have developed in-house 

manually-curated ITS databases for evaluation of specific types of samples (i.e. intestinal) 

(Tang et al., 2015) or for pathogenic fungi (Irinyi et al., 2015).

Once sequences are identified, a reader or investigator should be aware of what the 

identifications and numbers mean. Database alignments are good at finding the best 

matches, but further investigation is required to be certain as a user that any given sequence 

is correctly identified. Within some genera of fungi, sequence variability is high enough that 

species (and often sub-species) identifications are relatively strong. For example, ITS 

sequences can be pretty useful at discriminating important species of Candida and 

Aspergillus, genera containing many species that can be pathogens, especially in 

immunocompromised patients (Irinyi et al., 2015). In contrast, for other genera, variability 

between species is sufficiently low that it can be impossible to tell species apart even if the 

database alignment returns a match. For example, ITS variation is insufficient to 

discriminate between most species of Cladosporium (Schubert et al., 2007).

Together, these caveats make direct comparison of fungal microbiota profiles between 

different research groups and different sources problematic. Like any microbiome 

experiments, analyses of fungal communities require good experimental design, thoughtful 

interpretation, and internal controls.
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FUNGAL COMMUNITIES IN HEALTHY CONDITIONS

Gastrointestinal tract

The gastrointestinal (GI) tract is tasked with nutrient acquisition from various food sources, 

but it must also maintain homeostasis with a multitude of microbial residents. Of mucosal 

surfaces, it is by far populated with the most and most different kinds of microbes. The 

human GI tract has an average length of 30 feet from the oral cavity to the anus with varying 

niches and microenvironments capable of sheltering diverse microbial tenants and travelers. 

In the healthy state, studies in both humans and mice have revealed a greater diversity of 

fungal organisms than previously described using culture-based methods (Iliev and 

Underhill, 2013).

A culture-independent sequencing-based approach to the healthy oral mycobiota was first 

reported by Ghannoum and co-workers (Ghannoum et al., 2010). The study involved a 

cohort of twenty healthy individuals from varying racial backgrounds and ages ranging from 

21 to 60 years of age. In total they identified 85 fungal genera with enormous interpersonal 

diversity. The most commonly-encountered genera included Candida, Cladosporium, 
Aureobasidium, an unidentified Saccharomycetales, Aspergillus, and Saccharomyces. A 

followup study by a different group that used a limited number of study subjects (6), 

reported similar findings but added Malassezia and Epicoccum to the list of high-abundance 

organisms (Dupuy et al., 2014).

The intestines of mice harbor the common fungal genera Candida, Saccharomyces, and 

Cladosporium in addition to more than 50 other genera (Dollive et al., 2013; Iliev et al., 

2012). The highest concentration of fungal organisms is found in the colon as measured by 

fungal rDNA (Iliev et al., 2012). At least one study in mice has suggested that intestinal 

(fecal) mycobiota may be prone to episodic fluctuations and less stable than bacterial 

microbiota (Dollive et al., 2013). In a study looking at human fecal material from 96 healthy 

individuals, a total of 66 fungal genera were reported (Hoffmann et al., 2013). Similar to the 

murine gut, the most common genera were Saccharomyces, Candida and Cladosporium, 

being present in 89%, 57% and 42% of samples respectively. Of interest, recent 

consumption of carbohydrates correlated with an increase in the Candida fecal burden 

(Hoffmann et al., 2013). Further subsequent studies examining the stool of healthy 

individuals reported Candida, Penicillium, Wallemia, Cladosporium, and Saccharomyces as 

the most prevalent genera (Chehoud et al., 2015; Lewis et al., 2015; Mar Rodriguez et al., 

2015; Sokol et al., 2016). A healthy bacterial gut community may keep Candida and other 

fungal populations in check. Healthy mice are generally resistant to C. albicans colonization, 

but broad spectrum antibacterial treatment along with exposure to C. albicans can generate a 

high grade C. albicans colonization state. The mechanisms by which bacterial communities 

interfere with fungal colonization in the gut are largely unknown, but one study has 

demonstrated that selected commensal anaerobic bacteria (Bacteroides thetaiotamicron and 

Blautia producta) can induce secretion of anti-fungal peptides by colonic epithelial cells 

through mechanisms involving the hypoxia-responsive transcription factor, HIF-1α (Fan et 

al., 2015).
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Human infants from 1–4 months of age harbor an intestinal mycobiota predominantly 

encompassed by the Saccharomycetales, an order containing many common yeasts, and 

Malasseziales, an order containing many common skin fungi, which eventually matures 

from 5–11 months to a diminished Malasseziales presence while retaining the 

Saccharomycetales (Fujimura et al., 2016). A recent study in mice suggests that fungi in 

early life may play an important role in the maturation of secondary lymphoid organs by 

promoting intestinal trafficking of dendritic cells expressing the retinoic acid-synthesizing 

enzyme RALDH to peripheral lymph nodes where, via a mechanism involving production of 

retinoic acid, they promote homing of lymphocytes to both gut-associated lymphoid tissues 

and peripheral lymph nodes (Zhang et al., 2016). Whether a similar mechanism is at work in 

developing humans is not yet known.

Genitourinary system

The fungal microbiota of the vagina has not been as thoroughly investigated as the bacterial 

microbiota, which is dominated by Lactobacillus spp. (Human Microbiome Project, 2012; Li 

et al., 2012). A study of 494 Caucasian Estonian women between 15 and 44 years of age 

with no history of vaginal candidiasis reported a prevalence of Candida sp. dominated by C. 
albicans (34.1%), Pichia kudriavzevii (2.3%) and C. parapsilosis (0.3%) (Drell et al., 2013). 

A study in very low birth weight (VLBW) infants looking at Candida albicans transmission 

from mother to baby reported that of the infants (n=46) born to C. albicans-positive mothers, 

18 (39%) became colonized themselves. Vertical transmission from mother to baby 

accounted for 65% of Candida colonization in infants born to Candida-positive mothers, 

although the contributing sites could not be established (Bliss et al., 2008).

Respiratory tract

As recently as the 1990s, it was felt that the human lower respiratory tract was sterile except 

in states of disease (Cabello et al., 1997). With the use of non-culture-based sequencing 

techniques, it is now understood that microorganisms can be found at all levels of the 

respiratory tract. With the notable exception of cystic fibrosis patients, study of the lung 

microbiome is relatively young, with descriptions of non-culture-based profiling of 

respiratory microorganisms mostly appearing within the last decade.

Uniformly, when non-culture-based sequencing techniques are applied to look for fungi in 

respiratory specimens, a diverse array of fungal organisms is identified. This should not be 

surprising since human lungs continually exchange 5–8 L/min of air with an environment 

containing 102–104 or more fungal spores per cubic meter indoors and outdoors (Burge, 

2002). Spores and fungal fragments smaller than 2–3 microns can be inhaled deep into the 

terminal airways and alveoli where, if immune defenses are intact, they are usually cleared 

(Latge, 1999). In healthy individuals, studies examining the lower respiratory tract generally 

find a low burden of fungal DNA consisting predominantly of environmental organisms such 

as Aspergillus and Cladosporium (Charlson et al., 2012; van Woerden et al., 2013). In 

healthy hosts with no structural lung disease and intact immune defenses, the extent to 

which these fungal organisms represent transient inhaled environmental or microaspirated 

upper airway organisms versus a self-renewing microbial community is not known. A recent 

well-designed study of the respiratory tract bacterial microbiome suggests that 
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microaspiration is the primary source of lung bacteria in healthy humans, but this study did 

not examine fungi which may predominantly arrive in the lung via a different source such as 

inhalation of environmental spores (Dickson et al., 2017). It should be noted that the profile 

of fungal organisms in the healthy lower respiratory tract is likely distinct from the upper 

airway, as Candida is usually the dominant fungal genus identified in oral wash specimens 

from healthy individuals (Charlson et al., 2012; Ghannoum et al., 2010).

Skin

The skin also contains a community of commensal fungal organisms. The lipophilic fungus 

Malassezia, including several common species, is the dominant fungal skin organism on 

most adults (Findley et al., 2013; Paulino et al., 2006). Malassezia spp. require long chain 

fatty acids for optimal growth and are found on most skin areas, but are most closely 

associated with lipid-rich sebum secreted by sebaceous glands (Gaitanis et al., 2012). In 

children, who have less sebaceous gland activity on their skin than adults, fungal 

communities are more diverse and include organisms such as Aspergillus, Epicoccum, and 

Phoma in addition to Malassezia (Jo et al., 2016). It is unknown whether the presence of 

Malassezia provides any beneficial effects for the skin in healthy hosts, but Malassezia have 

been reported to produce potent aryl hydrocarbon receptor (Ahr) ligands that may promote 

epithelial cell health and protection from ultraviolet radiation (Velegraki et al., 2015). Still, 

use of antifungal medications that deplete Malassezia are generally not associated with 

adverse skin changes. Fungal pathogens can be asymptomatically carried on the skin of 

healthy individuals, and over 50% of health care workers may be carriers of Candida 
albicans on their skin, with several Candida outbreaks attributed to carriage by health care 

workers (Brunetti et al., 2008).

FUNGAL COMMUNITIES IN DISEASE

Fungi in the oral cavity and intestines

In the oral cavity, the pathogenic potential of Candida albicans was first reported in HIV+ 

individuals with a progressive CD4+ T cell loss who developed oral pharyngeal candidiasis 

(Klein et al., 1984). Pro-inflammatory TH17 CD4+ T cells are responsible for anti-Candida 
immune defense and help maintain a state of détente with the commensal organism (Cassone 

and Cauda, 2012). Interestingly, keeping Candida in a commensal state may also be 

promoted by fungal-fungal interactions as suggested by Mukherjee and co-workers 

(Mukherjee et al., 2014). In HIV+ individuals there is an inverse correlation between the 

abundance of Pichia and the level of Candida colonization. In healthy controls where Pichia 
was observed there was also an absence of Cryptococcus, Fusarium and Aspergillus, known 

fungal pathogens. Pichia-conditioned media was able to directly inhibit the growth of 

Candida, Aspergillus and Fusarium. The inhibitory effects of Pichia-conditioned media was 

attributed to a secreted protein, perhaps a mycotoxin (Mukherjee et al., 2014).

Inflammatory bowel disease (IBD) encompasses two gastrointestinal diseases: ulcerative 

colitis (affecting the colon) and Crohn’s disease (affecting the entire GI tract) with an 

affected population of about 2.5 million people (Xavier and Podolsky, 2007). Intestinal 

inflammation is believed to be attributed to an aberrant immune response against commensal 

Limon et al. Page 6

Cell Host Microbe. Author manuscript; available in PMC 2018 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gut microbes, but the exact pathogenesis remains to be elucidated. Genetic predisposing 

factors are also important, and in fact polymorphisms in CARD9 and IL23R, which 

respectively encode for a signaling adapter protein and the Interleukin 23 Receptor and are 

both important in anti-fungal defense, are strongly associated with IBD (Jostins et al., 2012). 

In addition, the mycobiota may exacerbate established disease since a polymorphic 

haplotype of CLEC7A (the gene for Dectin-1, an innate immune receptor essential for 

immunity to diverse types of fungi) has been linked to severe disease in patients with 

ulcerative colitis, and mice lacking Dectin-1 are more susceptible to colitis (Iliev et al., 

2012). Finally, high serum titers of anti-Saccharomyces cerevisiae antibodies (ASCA), 

which are specific for fungal cell wall-associated mannan, is a clinical biomarker for 

identifying a large portion of Crohn’s disease patients (Joossens et al., 2002).

One of the first studies to investigate mycobiota differences between healthy controls and 

IBD patients used 18S rDNA-based denaturing gradient gel electrophoresis (DGGE) (Ott et 

al., 2008). DGGE is limited in providing in-depth microbial analysis, and the main 

differences reported in the mycobiota between the study groups was an increase in the 

fungal diversity of Crohn’s patients. No single fungal organism was positively correlated 

with either Crohn’s disease or ulcerative colitis (Ott et al., 2008). Two recent papers from the 

same investigative groups have reported on the mycobiota of pediatric IBD using high-

throughput sequencing (Chehoud et al., 2015; Lewis et al., 2015). In the first paper IBD was 

associated with both a lower bacterial and fungal diversity and a higher abundance of 

Candida in IBD samples (Chehoud et al., 2015). In a close follow-up study, Crohn’s disease 

severity and antibiotic use correlated with greater fungal proportions of Saccharomyces 
cerevisiae, Clavispora lusitaniae, Cyberlindnera jadinii, Candida albicans and 

Kluyveromyces marxianus (Lewis et al., 2015). A related study in familial CD noted a 

positive correlation between Candida tropicalis and CD (Hoarau et al., 2016). Decreased 

intestinal fungal diversity was also reported in a study examining the stool of 235 adult IBD 

patients and 38 healthy controls (Sokol et al., 2016). A prominent feature of the IBD 

mycobiota in this study was a reduction in ascomycetes and a reciprocal increase in the 

abundance of basidiomycetes, with marked differences during IBD flare (Sokol et al., 2016). 

Ascomycetes and basidiomycetes are the two largest phyla in the fungal kingdom, and a 

change at this level suggests a fundamental change in the mycobiota. While Candida 
albicans abundance was increased in Crohn’s disease, it could not be statistically associated 

with disease in this study. Interestingly, a clear reduction in Saccharomyces and particularly 

Saccharomyces cerevisiae was observed in IBD and during active flare, which has also been 

reported in mouse model (Iliev et al., 2012; Sokol et al., 2016). How S. cerevisiae might 

function in the gut, perhaps as immune regulatory or directly antagonistic to Candida, 

remains to be determined.

A recent study suggests a role for the intestinal mycobiota in development of ethanol-

induced liver disease in people and mice (Yang et al., 2017). The investigators noticed that 

alcohol feeding of mice increases the intestinal fungal burden and heightens the levels of β-

glucan, a component of the fungal cell wall, in the circulation. In patients, alcohol-induced 

disease was associated with increased growth of Candida, increased ASCA in blood, and 

this increased ASCA correlated with mortality rates. In the mice, development of liver 

disease was found to be dependent on Dectin-1, probably on Kupffer cells detecting 
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circulating β-glucan. It will be interesting to see if genetic variations in Dectin-1 (CLEC7A) 

or CARD9 are similarly associated with the risk of developing alcohol-induced liver disease.

Fungi in metabolic disease

Metabolic syndrome in humans is diagnosed by several clinical markers which include 

elevated blood pressure and fasting glucose levels, high levels of triglycerides in the serum, 

abdominal obesity and low level of “good” cholesterol in the blood. Obesity is the excessive 

accumulation of body fat often defined by a body mass index (BMI) of greater than 30 

kg/m2 which predisposes individuals to develop metabolic syndrome (Garrow and Webster, 

1985). Obesity-related changes in the microbiota were suggested by early studies in humans 

and obese mice that reported decreased ratios of Firmicutes and Bacteroidetes, two common 

phyla of bacteria (Devaraj et al., 2013; Ma et al., 2014; Turnbaugh et al., 2006). 

Additionally, the obese bacterial microbiome was more metabolically active and thus 

harvested more energy from the diet (Turnbaugh et al., 2006). One study has specifically 

characterized the mycobiota in obese subjects (Mar Rodriguez et al., 2015). The 

investigators noted no alteration of the overall richness of the mycobiota in obese subjects, 

although family-level biodiversity was lower and Zygomycota (a phylum of fungi much less 

common that ascomycetes or basidiomycetes) appeared depleted in obese subjects. Among 

the zygomycetes, Mucor spp. were specifically noted as more prevalent in non-obese 

controls compared to obese subjects, and the decreased relative abundance of Mucor in 

obese subjects was reversed when patients lost weight. It is uncertain whether these 

mycobiota changes are simply a marker for obesity or whether fungal dysbiosis can actually 

contribute to the pathogenesis of obesity. If the latter is true, this could suggest that the 

mycobiota may be a potential therapeutic target to combat obesity and related metabolic 

disorders.

Mycobiota and lung disease

The most well-studied lung microbiome has been in cystic fibrosis (CF) patients. Patients 

with CF have abnormal mucous production and undergo lung colonization with 

microorganisms shortly after birth (Stoltz et al., 2015). Fungal “colonizers” are commonly 

detected in lungs of CF patients, with Aspergillus and Candida found in culture in over 50% 

of patients, but their impact on disease progression is controversial (Sudfeld et al., 2010; 

Valenza et al., 2008). Several small studies have applied non-culture-based sequencing 

techniques to profile lower respiratory tract fungi in patients with CF. Although these studies 

generally identify DNA from over a dozen fungal species in respiratory samples, they have 

consistently identified Candida species as the most prevalent (Delhaes et al., 2012; Kramer 

et al., 2015; Willger et al., 2014).

Several groups have examined lung mycobiota in patients with systemic 

immunosuppression. In a study of 21 lung transplant recipients on lifelong 

immunosuppression, these patients were found to have higher fungal burdens in lower 

respiratory tract bronchoalveolar lavage specimens compared to healthy controls (Charlson 

et al., 2012). Depending on the individual, Aspergillus or Candida were usually the 

dominant organism identified. Patients with high levels of Candida also generally had high 

levels in oral wash specimens, whereas patients with high Aspergillus in the lungs had little 
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detectable Aspergillus in oral washes. In another well-designed study that compared 32 

patients with HIV and 24 healthy controls, all patients underwent bronchoalveolar lavage 

(BAL), oral wash, and induced sputum collection (Cui et al., 2015). Patients with HIV had a 

distinct profile of fungi in the BAL compared to healthy controls and their own oral washes, 

characterized by increased detection of Pneumocystis jirovecii, even though these patients 

did not have Pneumocystis pneumonia (Cui et al., 2015).

In addition to lung-resident fungi, fungal organisms in the gut may impact lung disease. In 

mouse models of asthma, alteration of gut fungi induced by antifungal medications or a 

Candida colonization protocol have both been shown to enhance airway inflammation 

(Noverr et al., 2005; Wheeler et al., 2016). One study suggests that prostaglandin E2 

generated by Candida enzymes in the gut reaches the lungs and influences lung 

macrophages to alter allergic airway disease (Kim et al., 2014). In human infants the 

presence of Candida and Rhodotorula has been associated with an increased risk of 

developing asthma later in life, although the mechanisms that might lead to this are unknown 

(Fujimura et al., 2016).

Mycobiota and skin disease

Malassezia spp. have been implicated in a variety of skin diseases. Malassezia is a nearly 

ubiquitous commensal skin colonizer, but in selected individuals it can act as a pathogen. 

Pityriasis versicolor is the only common skin disease that is directly and unequivocally 

attributable to Malassezia. It is characterized by skin invasion of the hyphal form of 

Malassezia and can be caused by a variety of species including M. globosa, M. sympodialis, 

and M. furfur (Prohic et al., 2016). Malassezia has also been implicated in the pathogenesis 

of a variety of other immune mediated skin disorders such as seborrheic dermatitis, atopic 

dermatitis and psoriasis. These diseases are not consistently associated with higher burden of 

Malassezia on the lesional skin of affected individuals, but may be due in part to 

inappropriate immune reaction to Malassezia. Patients with atopic dermatitis have increased 

circulating IgE to Malassezia compared to healthy controls (Scalabrin et al., 1999). In vitro 

experiments have also shown that Malassezia activates C-lectin receptors including Mincle 

and Dectin-2, and interestingly, mast cells from patients with atopic dermatitis have 

decreased Dectin-1 expression compared to healthy controls (Ishikawa et al., 2013; Ribbing 

et al., 2011; Yamasaki et al., 2009).

Chronic skin wounds contain a heterogeneous mix of fungi that are likely distinct from 

healthy skin flora and may influence healing. In a study of 100 diabetic foot ulcers, 

Cladosporium and Candida were the most abundant fungi identified and Malassezia was 

rarely detected (Kalan et al., 2016). The authors demonstrated that two highly abundant 

fungi obtained from wounds (Candida albicans and Trichosporon asahii) may form a biofilm 

when co-cultured in vitro with selected bacteria, although whether this biofilm formation 

occurs in vivo or if it alters wound healing is not known.
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PROSPECTS FOR THERAPEUTIC MANIPULATION OF FUNGAL 

COMMUNITIES

If fungi are part of the healthy microbiota and are altered in disease, perhaps contributing to 

pathologies, it is attractive to imagine that therapeutic manipulation of the fungal microbiota 

could be a useful approach to treatment or prevention of disease. In fact, in the early 1900’s 

French microbiologist Henri Boulard observed people in Southeast Asia using a tea made 

from skins of tropical lychee and mangosteen fruits to alleviate symptoms of cholera. He 

isolated a yeast from this material and named it after himself, Saccharomyces boulardii, 
although it is now generally considered a subspecies of S. cerevisiae (Saccharomyces 
cerevisiae var. boulardii). Genomic sequencing reveals loss of multiple genes and elements 

relative to more common strains of S. cerevisiae (Khatri et al., 2017). S. boulardii is widely 

available and used today as a probiotic, and data are reasonably good that it has beneficial 

effects in combating certain intestinal bacterial pathogens including enterohemorrhagic 

Escherichia coli, Clostridium difficile, Vibrio cholera, and Helicobacter pylori infections 

(Kelesidis and Pothoulakis, 2012). Diverse mechanisms of protection have been reported, 

although rarely directly tested. For example, a secreted phosphatase is reported to 

dephosphorylate E. coli endotoxin, but whether this is important for the fungus’ therapeutic 

efficacy against E. coli is unknown (Buts et al., 2006). Similarly, a secreted protease 

inactivates Clostridium difficile toxins A and B in vitro and in vivo, but whether this 

protease is required for the protective effects of S. boulardii against C. difficile has not yet 

been fully established (Castagliuolo et al., 1999). S. boulardii may have broad 

immunomodulatory functions that influence resistance to pathogens; the fungus appears to 

boost overall intestinal IgA production, although how is still unclear (Qamar et al., 2001).

β-glucan purified from S. cerevisiae cell walls is promoted as a nutritional supplement 

helpful for weight loss, cancer treatment and prevention, boosting immune responses against 

infection, lowering cholesterol, and radioprotection (Saber et al., 2017; Volman et al., 2008). 

However, little is established mechanistically to support such claims at this time. Injectable 

soluble β-glucans are being investigated as adjunctive immune-potentiating agents together 

with antibodies or chemotherapy in cancer therapy (Thomas et al., 2017a). This appears to 

work primarily through complement mobilization and activation/recruitment of neutrophils 

to tumor (Chan et al., 2016). Oral delivery of particulate glucans has mimicked some of the 

benefits of injectable soluble β-glucans in animal models, and at least one study has 

observed that orally-delivered particulate glucans are taken up by intestinal phagocytes, 

trafficked to bone marrow and lymphoid organs, and ultimately are released as soluble β-

glucan fragments in circulation which can activated neutrophils to kill tumor cells (Figure 1) 

(Hong et al., 2004). Whether endogenous commensal fungi, at “normal” levels or during 

fungal blooms, are similarly converted into immune-activating circulating β-glucan 

fragments is not clear. Clinically, β-glucan blood assays are generally used to detect invasive 

fungal disease (White et al., 2017), and fungal colonization of the intestines (without 

invasive disease) may contribute to the variable baseline levels of circulating β-glucans 

detected.
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Oral antifungal medications are another potential tool to therapeutically alter gut fungal 

communities. However, treatment of mice with an antifungal medication such as fluconazole 

or amphotericin does not result in elimination or near-elimination of commensal gut fungi. 

Rather, the relative distribution of fungal species is altered as some fungi decrease in 

abundance while others (presumably resistant to the antifungal medication) actually increase 

in relative and even absolute abundance. We have observed that disruption of fungal 

communities by antifungal medications enhances the severity of DSS colitis and allergic 

airway disease in mice (Wheeler et al., 2016).

Fungal communities affect, and are affected by bacterial communities (Figure 1). In studies 

profiling fungal and bacterial microbiota, significant positive and negative associations 

between specific types of fungi and bacteria are commonly noted. For example, in a recent 

analysis of bacterial and fungal organisms in fecal samples from patients with Crohn’s 

disease, a statistically significant association was observed between Candida tropicalis, 

Serratia marcescens, and Escherichia coli (Hoarau et al., 2016). Interestingly, the 

investigators noted that these three organisms can be coaxed into forming a mixed biofilm 

which they hypothesize could facilitate their co-colonization of the intestines. It has also 

been reported in an animal model that S. boulardii interacts with and alters commensal 

bacterial microbiota (Yu et al., 2017) (Figure 1). Similarly, a recent study demonstrated that 

oral administration of the dietary yeast Candida kefyr (also known as Candida 
pseudotropicalis or Kluyveromyces marxianus) was protective in mouse models of colitis 

and experimental autoimmune encephalomyelitis (Takata et al., 2015). This was 

accompanied by alterations in the bacterial microbiota, and transfer of the microbiota into 

new animals could confer protection that was associated with an increase in mesenteric 

lymph node regulatory T cells and reduction in lamina propria Th17 cells.

Oral antibiotic treatment is often associated with fungal expansion in the gastrointestinal 

tract, indicating that in the steady-state, bacterial communities keep fungi (especially 

Candida spp.) in check. In this context, animal models suggest that overgrowth of Candida 
can alter the recovery of the bacterial microbiota after antibiotic treatment is stopped (Erb 

Downward et al., 2013; Mason et al., 2012). Similarly, treating animals with oral anti-fungal 

drugs has been reported to alter the bacterial microbiota (Wheeler et al., 2016). The 

mechanisms by which bacteria and fungi regulate each other in commensal communities are 

undoubtedly diverse and may offer novel targets for manipulating the microbiome.

Like any other organism, fungi consume and release metabolites and are thus expected to 

influence the metabolome of a microbial community (Figure 1). A recent study looking at 

intestinal metabolites produced when germ-free mice were colonized with S. cerevisiae 
noted an increase in purine metabolism leading to increased uric acid production that the 

investigators could experimentally link to the ability of S. cerevisiae to exacerbate colitis in 

their animals (Chiaro et al., 2017). A Rhodotorula did not have this affect in the animals, 

suggesting that this is not an effect that is common to all fungi. However, whether other 

fungi influence purine metabolism to affect disease and whether this effect is significant in a 

steady-state mixed microbial community remains to be established. Tantalizingly, the 

investigators noted a positive correlation between ASCA (linked to IBD in patients, as 
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discussed above) and uric acid levels in the serum of healthy adults, suggesting a link 

between altered immune interactions with fungi and uric acid production.

CONCLUSIONS

Fungal members of microbial communities on mucosal surfaces are part of the normal 

ecology of our bodies. We have evolved to tolerate these passengers and likely to make use 

of them in diverse ways that we are only beginning to understand. Future studies designed to 

further our understanding of how fungi interact with the microbiome and our immune 

systems may lead to novel therapeutic approaches to fighting infection, treating cancer, and 

managing health.
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Figure 1. Alterations in commensal fungi may affect the host in diverse ways
Changing intestinal fungi either by adding (probiotic) or subtracting (anti-fungal drugs) 

organisms can alter the makeup of the bacterial microbiota (1). Fungi detected by the 

intestinal immune system can lead to inflammatory or tolerant immune responses and can 

direct immune cell trafficking (2). Phagocytes digesting fungi can release fungal-derived 

molecules into circulation that may have immunoregulatory effects (3). Finally, intestinal 

fungi release and consume metabolites that can lead to activation or suppression of immune 

responses.
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Table 1

Fungi mentioned in this review

Fungal organism
Scientific Classification (Phylum, 
class) Morphologies Interaction with mammalian host Principal Habitat

Aspergillus spp. Ascomycota, Eurotiomycetes Mold, hyphae Pathogen, Opportunistic pathogen, 
Commensal

Soil dwelling, 
ubiquitous in the 
environment

Aureobasidium spp. Ascomycota, Dothideomycetes Mold, hyphae, 
Yeast or yeast-like

Opportunistic pathogen, Commensal Soil dwelling, 
plant material

Candida albicans Ascomycota, Saccharomycetes Yeast and hyphae Opportunistic pathogen, Commensal Gastrointestinal 
tract, mucosa, 
skin

Candida parapsilosis Ascomycota, Saccharomycetes Yeast or yeast-like Opportunistic pathogen, Commensal Gastrointestinal 
tract, mucosa, 
skin, soil dwelling

Candida pseudotropicalis Ascomycota, Saccharomycetes Yeast or yeast-like Commensal Dairy products, 
fruit juices

Candida tropicalis Ascomycota, Saccharomycetes Yeast or yeast-like Opportunistic pathogen, Commensal Gastrointestinal 
tract, mucosa, 
skin, soil dwelling

Cladosporium spp. Ascomycota, Dothideomycetes Mold, hyphae Commensal Soil dwelling, 
plant material

Clavispora lusitaniae Ascomycota, Saccharomycetes Yeast or yeast-like Opportunistic pathogen, Commensal Gastrointestinal 
tract, plant 
material

Cryptococcus spp. Basidiomycota, Tremellomycetes Yeast or yeast-like Pathogen Soil dwelling

Cyberlindnera jadinii Ascomycota, Saccharomycetes Yeast or yeast-like Commensal Gastrointestinal 
tract, food sources

Epicoccum spp. Ascomycota, Dothideomycetes Mold, hyphae Commensal Soil dwelling, 
ubiquitous in the 
environment

Fusarium spp. Ascomycota, Sordariomycetes Hyphae Opportunistic pathogen, Commensal Soil dwelling, 
plant material

Malassezia furfur Basidiomycota, Malasseziomycetes Yeast or yeast-like 
(mainly), hyphae

Opportunistic pathogen, Commensal Sebaceous skin

Malassezia globosa Basidiomycota, Malasseziomycetes Yeast or yeast-like 
(mainly), hyphae

Opportunistic pathogen, Commensal Sebaceous skin

Malassezia restricta Basidiomycota, Malasseziomycetes Yeast or yeast-like 
(mainly), hyphae

Opportunistic pathogen, Commensal Sebaceous skin

Malassezia sympodialis Basidiomycota, Malasseziomycetes Yeast or yeast-like 
(mainly), hyphae

Opportunistic pathogen, Commensal Sebaceous skin

Mucor spp. Zygomycota, Zygomycetes Mold, hyphae Opportunistic pathogen, Commensal Gastrointestinal 
tract, soil 
dwelling, plant 
material

Penicillium spp. Ascomycota, Eurotiomycetes Mold, hyphae Commensal Soil dwelling, 
ubiquitous in the 
environment

Pichia spp. Ascomycota, Saccharomycetes Yeast or yeast-like Commensal Gastrointestinal 
tract, mucosa, 
skin, soil 
dwelling, plant 
material

Rhodotorula spp. Basidiomycota, Microbotryomycetes Yeast or yeast-like Opportunistic pathogen, Commensal Soil dwelling, 
water sources, 
Gastrointestinal 
tract
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Fungal organism
Scientific Classification (Phylum, 
class) Morphologies Interaction with mammalian host Principal Habitat

Saccharomyces boulardii Ascomycota, Saccharomycetes Yeast or yeast-like Commensal Gastrointestinal 
tract, food sources

Saccharomyces cerevisiae Ascomycota, Saccharomycetes Yeast or yeast-like Commensal Gastrointestinal 
tract, food sources

Wallemia spp. Basidiomycota, Wallemiomycetes Mold, hyphae Commensal Soil dwelling, 
house dust
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