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Fungi are fundamental to the human microbiome, the collection of microbes distributed
across and within the body, and the microbiome has been shown, in total, to modify funda-
mental human physiology, including energy acquisition, vitamin-cofactor availability, xeno-
biotic metabolism, immune development and function, and even neurological development
and behavior. Here, a comprehensive review of current knowledge about the mycobiome,
the collective of fungi within the microbiome, highlights methods for its study, diversity
between body sites, and dynamics during human development, health, and disease. Early-
stage studies show interactions between the mycobiome and other microbes, with host
physiology, and in pathogenic and mutualistic phenotypes. Current research portends a
vital role for the mycobiome in human health and disease.

The collection of microbes across and with-
in the human body modifies inflammation

and immunity while providing a constellation
of physiological and metabolic functions not
otherwise innate in human physiology. As such,
the microbes in aggregate, the so-called human
microbiome, act as modifiers of fundamental
human physiology, including energy acquisi-
tion, vitamin-cofactor availability, xenobiotic
metabolism, immune development and func-
tion, and even neurological development and
behavior (Pflughoeft and Versalovic 2012).

Although the composition and dynamics
of the bacterial constituents of the microbiome
have been the focus of extensive studies in
health and disease, other members of the mi-
crobiome are much less well characterized.
These include fungi, viruses, and parasites/pro-
tozoa. In particular, the diversity and dynamics

of the so-called mycobiome, the fungi distribu-
ted on and within the body, is poorly under-
stood, particularly in light of the considerable
association of fungi with infectious diseases
and allergy (Walsh and Dixon 1996). Despite
being as low as �0.1% of the total microbiota
(Qin et al. 2010), the fungal constituents of the
microbiome may have key roles in maintain-
ing microbial community structure, metabolic
function, and immune-priming frontiers, which
remain relatively unexplored. Further questions
exist as to how fungi interact cooperatively and
noncooperatively with nonfungal constituents
of the microbiome.

Here, multiple facets of the study of the
mycobiome are reviewed, beginning with an
overview of the methodologies used to de-
scribe the constitution of the mycobiome and
to study its phenotype. Current knowledge of
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the mycobiome in health and during specific
states of disease is appraised, and critical ques-
tions for future studies of the mycobiome are
proffered.

MAPPING THE MYCOBIOME

The characterization of the microbiome and
the mycobiome within it begins with sample
collection. In the case of mycobiome analysis,
sample collection has several challenges. First,
fungi may be present in human-associated
niches at much lower abundance than bacteria,
which are plentiful throughout the enteric tract,
on the skin, and in the vagina. Second, human
cells (or model animal cells) may contaminate
samples and interfere with specific amplifica-
tion and sequencing of fungal sequences, such
as ribosomal RNA (rRNA). Third, isolation of
quality genetic material from fungi may be
more challenging than from many bacteria or
animal cells. These issues must all be considered
when planning protocols for sample collection.

For the skin mycobiome, scrapings and
swabs have been used, focusing on the wide
variety of dry, moist, and oily sites distributed
across the body (Park et al. 2012; Findley et al.
2013). For the oral mycobiome, sample collec-
tion may include oral washes from which cells
may be collected by centrifugation (Ghannoum
et al. 2010; Mukherjee et al. 2014). Gingival
and buccal (cheek) scrapings are also com-
plementary approaches for sample collection
(Wade 2013). For the human intestinal myco-
biome, feces are most frequently used as a con-
venient and noninvasive sample type from
which to obtain an overview of the types of
organisms present in the intestinal tract (La-
Tuga et al. 2011; Hoffmann et al. 2013). In
some circumstances, bowel biopsies or surgical
samples (oral cavity through to rectum) may be
available and processed to identify mucosal-
associated organisms, which may be dispropor-
tionately represented in the feces (Araújo-Pérez
et al. 2012; Huse et al. 2014). The lung may be
sampled through induced deep sputum sam-
ples or endoscopy and bronchoalveolar lavage
(BAL), in which the airways are directly visual-
ized, washed with saline, and sampled by vacu-

um suctioning of an applied wash (Cabrera-
Rubio et al. 2012; Lynch and Bruce 2013). Paired
oral washes and BAL samples are advisable to
distinguish oral contamination of deep lung
collections from the lung-associated organ-
isms. Extraction of fungal nucleic acids from
biological samples may entail rigorous physical
methods to lyse the organisms. Bead beating
and enzymatic combinations have been used
for this purpose. In general, protocols and com-
mercial reagent kits for soil microbial nucleic
acid extractions have been sufficient, although
a head-to-head comparison of different extrac-
tion methods to optimize the study of the my-
cobiome has not been published to date.

Molecular identification of fungal species
present within biological samples has primarily
relied on high-throughput, “next-generation”
sequencing of rRNA regions. Two regions have
been most frequently used for these studies.
First, the 18S rRNA has been used in sequencing
(Dollive et al. 2012). Second, regions internal to
the 18S, 5.8S, and 28S rRNA sequences termed
the internal transcribed spacer regions (ITS)
have been sequenced (White et al. 2013). Refer-
ence databases have been established for each
sequence type (Kõljalg et al. 2005; Pruesse
et al. 2007; Mahé et al. 2012; Santamaria et al.
2012; Hoffmann et al. 2013; White et al. 2013).
Each region targeted for sequencing may be am-
plified using primers designed to hybridize to
conserved sequences among most fungi with
variable regions between the primer sites that
have sequence variations specific to different
groups of taxa. The polymerase chain reaction
(PCR) may be used to amplify the variable re-
gion using primers directed against the con-
served flanking regions. In most circumstances,
the template is total genomic DNA, which has
the advantage of greater stability compared with
rRNA and less bias because of rRNA expression
levels. Multiple sequencing technologies have
been used for sequencing the mixtures of am-
plicons obtained from PCR of different samples.
These include Roche 454, Illumina HiSeq-
MiSeq, and Ion Torrent (Di Bella et al. 2013).
The sequencing information obtained from
these platforms produces millions to trillions
of sequences, which the investigative group
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must be prepared to store and process in an
informatics analysis. Although it is beyond the
scope of this review, there are a growing number
of reference databases and analysis tools to use
for assignment of taxa to the sequences and
compare sample composition between samples
and study groups (Cole et al. 2003; Kõljalg et al.
2005; Pruesse et al. 2007; Schloss et al. 2009;
Caporaso et al. 2010; Mitra et al. 2011; White
et al. 2013).

The constitution of the microbiome may
also be determined through sequencing and
analysis of total genomic DNA, or transcripts
in processes called shotgun metagenomics and
metatranscriptomics (Qin et al. 2010; Gilbert
and Hughes 2011). For bacteria, phage, and vi-
ruses, whole genomes have been reassembled
from sequences obtained by shotgun metage-
nomics. In so doing, function may be inferred
for different organisms; however, as a result of
the low abundance of fungi in most biological
specimens, these approaches have proven chal-
lenging and have yet to produce data sets with
sufficient sequence data to assemble the ge-
nomes of the fungi from complex samples like
human feces (Qin et al. 2010).

Despite the power of next-generation se-
quencing to detail the membership of fungi
within the microbiome as a whole, culture-
based methods remain important. Because of
the low abundance of many fungi within com-
plex microbial communities, selective culture
methods may be required to isolate fungi of
interest, sequence their genomes, and perform
functional analyses, including studies of me-
tabolism, host interactions, and antibiotic sus-
ceptibility.

DEVELOPMENT OF THE MYCOBIOME

Over the past decade, the microbiome has been
shown to broadly alter the physiology of its host,
including metabolism, immunity, and even
neurological development. Thus, there has been
strong interest in understanding the assembly
of the microbiome in the developing animal,
as early life configurations appear to herald later
stages of health and disease. To date, the study of
the naturally assembling microbiome, particu-

larly in humans, remains early stage and has
been largely focused on bacterial constituents
within the larger microbiome, with much less
effort in understanding the diversity and timing
of assembling fungi into the microbiome and
their contribution to the microbiome pheno-
type on the whole.

The prevailing view is that the healthy
full-term infant is born sterile, although recent
evidence is challenging this notion (Estrada-
Gutierrez et al. 2010; Aagaard et al. 2014; Cao
and Mysorekar 2014). Although it is outside
the scope of this paper to debate this theory,
the passage of the full-term infant through
the vaginal canal is likely the first major expo-
sure to the microbial world from which the
earliest colonizers of the infant are derived. In-
terestingly, although the bacterial components
of the vaginal microbiome have been the sub-
ject of intensive study (Ravel et al. 2011; Ma
et al. 2012), the fungal components of the vag-
inal microbiome are primarily understood
through culture-based methods and only a sin-
gle large culture-independent study of nonpreg-
nant Estonian women (discussed later) (Drell
et al. 2013). Because of this limitation, a discus-
sion of the degree to which the vaginal myco-
biome alters infant colonization is not yet fea-
sible.

Fungal colonization of the term infant re-
mains poorly characterized. Although it is
known that fungi, such as Candida, are preva-
lent constituents of the vagina through which
most infants are delivered, transmission to the
newborn is not well documented, and assem-
bly of additional environmental fungi into the
microbiome has not been monitored in the oth-
erwise healthy infant. Previously, in a micro-
array-based, culture-independent study of 10
infants’ microbiomes during the first 18 mo of
life, investigators performed general PCR-based
quantification of fungi from infant stool sam-
ples using PCR primers to the small subunit
rRNA (Palmer et al. 2007). Here, variable levels
of fungi were identified in samples throughout
the study. Two circumstances of interest were
noted; fungal sequences were identified in the
vaginal sample of a mother who had a vaginal
birth of a healthy infant who did not have fun-
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gal sequences in the initial stool samples. In
this case, the presence of fungi in the vaginal
microbiota did not necessarily result in signifi-
cant colonization of the infant. Of course, these
data are limited because of the single case and
lack of specific taxonomic information about
the fungi in the vaginal microbiota. Of the in-
fants with the most abundant and consistent
fungal sequences amplified from stool, one de-
veloped a Candida-type diaper rash consistent
with fungal overgrowth in the microbiota.

Although the microbiome of the healthy
term infant remains poorly understood, more
effort has been placed on understanding fungal
colonization of preterm infants. Infants born
8 or more weeks before term and weighing
�1500 g at birth are at significantly increased
risk for invasive fungal disease, primarily with
Candida species (spp.). In addition to prema-
turity of intestinal and systemic immunity, mul-
tiple factors put these infants at risk of Candida
colonization and infection. First, these infants
are likely to have broad antibiotic exposure be-
fore and following birth. Second, they are more
likely to be delivered by caesarian section and
have delayed feeding. Finally, culture-based sur-
veillance data suggest .50% of these very pre-
term infants have intestinal colonization with
Candida spp. within the first 6 wk of life (Kauf-
man et al. 2006).

In a recent study, LaTuga et al. (2011) inves-
tigated the broader microbiome of the preterm
infant, including bacteria and fungi. Among 11
infants born weighing ,1500 g, seven had stool
samples from which fungal ITS amplification
was successful. The infant stool had a diverse
fungal constituency even by 2 wk of age. The
most abundant order was Saccharomycetales
with at least six different predicted species of
Candida, four different predicted species of
Cladosporium, three different predicted species
of Cryptococcus, and Saccharomyces cerevisiae.
Also present in most samples were Malasse-
ziales, Eurotiales, Botryosphaeriales, and Filo-
basidiales. Although this study highlights re-
markable fungal diversity within the intestinal
microbiome at an early age among preterm in-
fants, it was limited by the small number of
samples and lacked serial sampling from which

the assembling mycobiome and its dynamic na-
ture would be observed.

THE MYCOBIOME IN HEALTH AND DISEASE

The Oral Mycobiome and HIV

The oral cavity is the major portal of entry into
the enteric and respiratory tracts. Its intersec-
tion with the nasal passageway and diverse mi-
croniches in the postdentition human leads to a
complex environment for microbial communi-
ty formation, geodiversity, mixing effects, and
dynamic changes in response to environmental
perturbations. The oral environment may filter
incoming microbes, and its microbes may alter
local and systemic innate and adaptive im-
munity.

Based on culture-dependent or genus/spe-
cies-focused culture-independent methods of
identification, the fungi of the oral cavity were
previously believed to be few and relatively
nondiverse. The genera Candida, Saccharomy-
ces, Penicillium, Aspergillus, Scopulariopsis, and
Genotrichum were among those previously re-
ported (Schuster 1999; Salonen et al. 2000; Wil-
liams and Lewis 2000; Jabra-Rizk et al. 2001).
Additional studies of oral mycoses indicate the
presence of additional pathogenic genera in-
cluding Cryptococcus, Histoplasma, and Mucor,
among others (Iatta et al. 2009). In most cir-
cumstances, however, these studies were limited
not only by reliance on culture or narrow PCR
methods of identification, but they were also
performed in otherwise immunocompromised
individuals, such as those with HIV-AIDS or
oncological processes in which the oral micro-
biota would be expected to be altered. Thus,
until relatively recently, the oral mycobiome in
the state of health using culture-independent
methods was not available.

Addressing the gap in knowledge about the
extent of the oral mycobiome, Ghannoum et al.
(2010) used the ITS sequencing with Roche
454 (Branford, CT) technology to elucidate
the oral microbiome in healthy adult subjects.
In the oral samples from 20 participants, most
had �15 fungal genera present. Only one indi-
vidual had more than 20 different fungal genera.

P.C. Seed

4 Cite this article as Cold Spring Harb Perspect Med 2015;5:a019810

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



To put this level of diversity into context, prior
studies have identified more than 50–100 bac-
terial genera in the healthy oral microbiome
(Zaura et al. 2009; Bik et al. 2010).

Of the oral fungal genera noted among each
of the healthy subjects from the Ghannoum
study (Ghannoum et al. 2010), Candida and
Cladosporium were most common, present
in 75% and 65% of participants, respectively.
Fungal genera associated with local oral and
invasive diseases, including Aspergillus, Crypto-
coccus, Fusarium, and Alternaria were also iden-
tified, indicating that these genera are present
in the oral microbiome even during a state of
health.

Although the number of participants was
small, the Ghannoum study points toward po-
tential racial, ethnic, and gender factors in var-
iation of the oral mycobiome (Ghannoum et al.
2010). Caucasian and Asians were overrepre-
sented among the study participants; however,
principle component analysis (PCoA) suggest-
ed different communities among Caucasian
and Asian males, whereas females, independent
of race or ethnicity, tended to cocluster more
closely together. Follow-up studies will be re-
quired to determine whether these differences
observed by PCoA are fundamentally a result of
the host or environmental differences, includ-
ing nutrition or smoking, for instance.

In the Ghannoum study (Ghannoum et al.
2010), all of the subjects had oral fungal genera
categorized as “noncultivatable” and not previ-
ously taxonomically classified. In 30% of the
participants, the noncultivatable group consti-
tuted 50% or more of the fungi identified. As
noncultivatable organisms without broader ge-
nomic data for the respective organisms, their
metabolic and physiologic capacity and interac-
tions with the microbial community cannot be
predicted. The discovery of previously uniden-
tified fungi is a reminder that the oral micro-
biome remains underexplored.

Dupuy et al. (2014) also recently performed
a study of the oral mycobiome in healthy adults.
Using the well-curated Fungal Metagenomics
Project ITS sequence database, they confirmed
most of the taxa found in the study by Ghan-
noum et al. (2010); however, there were nota-

ble differences, particularly in the most abun-
dant taxa. In contrast to the Ghannoum study
(Ghannoum et al. 2010), Dupuy et al. (2014)
identified the Malassezia and Epicoccum as
the most abundant genera at 38% and 33% of
the total fungi, respectively. Candida, Clados-
porium, and Alternaria were among the next
most abundant genera, constituting 9.5%, 3%,
and �2%, respectively. Candida, Cladosporium,
Alternaria, Aspergillus, Fusarium, Cryptococcus,
and Aureobasidium were common in both of the
studies, likely representing members of the core
oral fungi in the healthy mycobiome. Malas-
sezia, Irpex, Cytospora, Lenziles, and Sporobolo-
myces were uniquely represented in Dupuy et al.
(2014), whereas Dothioraceae, Teratosphaeria,
and Glomus were among the core taxa in Ghan-
noum et al. (2010). Sample collection and pro-
cessing methods were similar and do not ex-
plain the observed differences between the two
studies. These differences likely represent vari-
ation in the curation of the respective databases
used for each study and, to some extent, may
represent differences in the subjects involved in
each study.

The association of the oral mycobiome
and disease are currently under investigation.
In a recent study by Mukherjee et al. (2014),
the oral microbiome was compared with HIV-
infected and uninfected individuals. Oral in-
fections with Candida spp. are a well-known
complication of HIV infection and may precede
invasive infections of the esophagus, or even
the bloodstream. Remarkably, the core bacte-
rial taxa were similar between the two subject
groups, whereas the fungal taxa differed signifi-
cantly, suggesting differences in innate immune
and adaptive cellular immunity in the consti-
tution of the oral mycobiome. In particular,
Candida, Aspergillus, and Fusarium were more
abundant among the HIV-infected subjects. Pi-
chia and Candida abundance had a reciprocal
relationship. In functional studies, spent growth
medium from Pichia cultures was inhibitory
to Candida hyphae formation and invasive dis-
ease in a murine model of Candida infection.
The presence of oral Candida had a positive
association with oral Atopobium, Capnocyto-
phagia, and Fusobacterium. Pichia did not cor-
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relate negatively with these bacteria, suggesting
that changes in these bacteria are not likely in-
termediates to the reduction of Candida in the
Pichia-abundant oral mycobiome.

The Lung Mycobiome and Lung
Transplantation

Contrary to conventional thought, recent stud-
ies have shown that the respiratory tree is not
sterile (Hilty et al. 2010). Even the lower respi-
ratory tract has a complex dynamic microbiome
that is altered during diseases, such as cystic
fibrosis and chronic obstructive pulmonary dis-
ease (Pragman et al. 2012). Despite the exten-
sive knowledge of the bacterial constituency in
the lung during states of health and some pul-
monary diseases, knowledge of the fungal con-
stituency lags severely behind.

A recent study of BAL samples collected
from healthy individuals and lung transplant
patients provides some preliminary under-
standing of the lung mycobiome in healthy and
immunocompromised individuals (Charlson
et al. 2012). Oral and BALwashes were compared
with healthy controls and lung transplant pa-
tients. Overall, oral ITS sequences were of sim-
ilar abundance in both groups; however, con-
trols had much lower ITS sequence abundance
in the BAL samples compared with the trans-
plant subjects. Control subjects had Aspergillus,
Penicillium, and Davidiellaceae shared between
the oral and BAL samples. In contrast, the BAL
samples from lung transplant recipients had
abundant fungal sequences. Candida spp. were
moderate to high in abundance in 62% and
42% of the oral wash and BAL samples, respec-
tively. In each case that Candida was abundant
in the BAL, it was also abundant in that indi-
vidual’s oral wash sample. Only several BAL
samples had a moderate to high abundance of
Aspergillus and Penicillium; the fungi were oth-
erwise rare or undetectable in the BAL fluid.
When Aspergillus was detected in the BAL fluid
of lung transplant patients, it was rare or not
detected in the oral wash from the same indi-
vidual.

Principle coordinate analysis using phylo-
genetic and nonphylogenetic metrics showed

that the BAL sample was most similar to the
oral wash sample from the same individual,
mostly dictated by the bacterial constituency in
each sample but supporting the notion that
most of the lung microbiome arises from the
oral cavity. The lung transplant patients’ oral
wash and BAL sample communities were at
greater distances from each other compared
with intraindividual comparisons of control
subject samples, further suggesting an out-
growth of oral microbiota in the transplanted
lung environment within the immunocompro-
mised host.

The Intestinal Mycobiome, Inflammatory
Bowel Disease, and Clostridium difficile
Diarrhea

The intestinal microbiome contains the greatest
quantity and diversity of the human micro-
biome with an estimated one trillion organisms
(Qin et al. 2010). The intestinal microbiome has
been implicated in local and systemic metabo-
lism, immune maturation and function, ani-
mal behavior, and diseases of these different sys-
tems. Although the bacterial constituents of the
gut-associated microbiome have been intensely
studied, the diversity and function of gut-asso-
ciated fungi is understudied and lags far behind
other aspects of microbiome studies.

Only recently have larger studies specifically
focused on the gut mycobiome been performed.
Hoffmann et al. (2013) recently performed deep
sequencing of the ITS1 region for identifica-
tion of fungi in fecal samples from 98 healthy
individuals without known gastrointestinal dis-
ease. In total, the researchers identified 66 fun-
gal genera with 13 additional taxa for which a
genus-level classification was not possible. An
estimated 184 species were present in total.
Eighty-nine percent of the samples had Saccha-
romyces present. Candida and Cladosporium
were the second and third most prevalent, pres-
ent in 57% and 42% of samples, respectively.
The research was not able to definitively deter-
mine whether certain taxa were resident fungal
microbota or transient as part of dietary intake.
For example, sequences for Agaricus, the white
button mushroom, were identified in the feces
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and presumed to be derived from mushroom
consumption, and Saccharomyces were abun-
dant but may have come from dietary sources
or may have been part of the resident micro-
biota.

Hoffmann et al. (2013) evaluated correla-
tions between fungal and bacterial taxa in the
gut microbiota. They showed that Candida and
Saccharomyces were positively associated with
the archea Methanobrevibacter and the bacte-
ria Prevotella (Hoffmann et al. 2013). This group
of organisms was most abundant among indi-
viduals with high carbohydrate diets. In con-
trast, those individuals with diets rich in amino
acids and fatty acids had lower levels of Candida
per stool. The investigators suggest that Can-
dida, Prevotella, Ruminococcus, and Methano-
brevibacter may form a syntrophic guild with
Candida providing metabolisms of complex
carbohydrates, whereas Prevotella and Rumino-
coccus ferment the more simple sugars liberated
by Candida. In turn, Methanobrevibacter may
consume the bacterial fermentation products
to produce methane and carbon dioxide.

Mutualism between fungi and humans is
generally not well understood and has not
been well studied. However, several examples
related to the gut microbiome provide evidence
of a beneficial relationship. S. boulardii, closely
related to Saccharomyces cerevisiae, has been
studied in controlled trials for the prevention
and mitigation of antibiotic-associated diar-
rhea, including diarrhea caused by Clostridium
difficile. Trial data indicate that S. boulardii is
able to decrease the likelihood of antibiotic-as-
sociated diarrhea and developing C. difficile di-
arrhea, and reduce the duration of diarrhea
(Johnston et al. 2006; Tung et al. 2009).
S. boulardii has been shown to stimulate anti–
C. difficile toxin IgA production and gut anti-
inflammatory pathways (Qamar et al. 2001;
Pothoulakis 2009). These studies show the po-
tency of fungi to compete with pathogenic or-
ganisms, modify intestinal function, and atten-
uate inflammation, presumably because of an
interaction with the intestinal microbiota, al-
though the consequences of S. boulardii con-
sumption on the function and membership of
the gut-associated microbiome has not been

studied. A recent retrospective data review sug-
gested an inverse relationship between Candida
and C. difficile, pointing to some common im-
pact of yeast on the gut microbiome and the
exclusion of C. difficle outgrowth and/or toxin
production (Manian and Bryant 2013).

Initiation and exacerbation of inflammato-
ry bowel diseases, including Crohn’s disease and
ulcerative colitis, are believed to be incited and
exacerbated by the gut microbiota (Pothoulakis
2009; Chow et al. 2011). A recent study suggest-
ed that a mutation in DECTIN-1, encoding for
the widely expressed major fungal recognition
C-type lectin receptor, is associated with human
ulcerative colitis (Iliev et al. 2012). In wild-type
mice, the investigators showed a progressively
increasing abundance of fungal rDNA from
the proximal to distal enteric tract. They showed
that an adaptive antibody response against fun-
gi developed following an inflammatory in-
sult to the intestines. DECTIN-1 knockout
mice (Clec7a2/2) had enhanced tissue inflam-
mation scores and heightened TNF-a, IL-17,
and IFN-g responses in the intestinal tract after
an inflammatory stimulus. Antifungal thera-
py ameliorated inflammation in the DECTIN-
1 knockout animals, suggesting that the Dectin-
1 receptor is required to maintain inflammation
homeostasis in the presence of a fungi-contain-
ing microbiota.

The role of Dectin-1 in controlling gut fungi
and fungal-induced inflammation is compli-
cated by additional studies. In contrast to Iliev
et al. (2012), Tang et al. (2012) found that
DECTIN-1 mice had attenuated inflammation
following an inflammatory insult to the intes-
tinal tract. Subsequently, studies of mice with
macrophage-lineage-specific loss of Dectin-1
had lower inflammatory cytokine responses to
fungi (Heinsbroek et al. 2012); however, they
remained susceptible to inflammatory stress of
the intestinal tract and were able to develop co-
litis, suggesting redundant pathways for the de-
tection of fungi in the intestinal tract. Further
study of Dectin-1 expression in inflamed bowel
tissue from human subjects with ulcerative co-
litis did show increased Dectin-1 expression at
the sites of inflammation, but did not corrobo-
rate DECTIN-1 c.714T . G allele frequencies
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previously proposed to be associated with in-
flammatory bowel disease (Iliev et al. 2012;
Moyes and Naglik 2012). Together, these studies
of Dectin in the control of fungal colonization
and invasion show its importance; however,
the physiological context and its role in medi-
ating the host interaction with the mycobiome
remains to be further refined and are exciting
areas for future research.

Vaginal Mycobiome and Candida Vaginosis

The vaginal microbiome is a rich community
and is well studied with regard to bacterial con-
stituents (Ma et al. 2012). Although Candida is
a common cause of vaginitis, the vaginal myco-
biome is only recently being studied. In a recent
study of the vaginal microbiome of 294 healthy
Estonian women of reproductive age, ITS1-2
sequencing was performed on 251 samples to
elucidate the fungal composition of the vaginal
microbiome. Fifty-eight percent of the constit-
uents were Ascomycota with 37% being Saccha-
romycetales, among which 16 different original
taxonomic units of Candida spp. were most
abundant (34% of total). Additional Ascomy-
cota Davidiellaceae, Cladosporium, Eurotium,
Alternaria, and the basidomycota Rhodotorula,
were present as only 1% of the total. A large
percentage of the total sequences were unclassi-
fied within the fungal kingdom.

Regression analysis to associate vaginal fun-
gal composition with medical history and life-
style features was inconclusive. Although vagi-
nal pH and discharge status correlated with the
bacterial community composition, these and
other features did not correlate with the fungal
composition. In total, this study was not able to
identify bacterial community or health features
that may underlie the fungal composition in the
vagina. Further studies will be needed to iden-
tify dysbiotic states that permit Candida over-
growth and alter mucosal inflammation.

PROSPECTUS

Humans have a lifelong interaction with com-
plex microbial communities distributed across
the body, which fundamentally contributes
to the development and physiology of the mac-

ro-organism. Only recently has the diversity of
fungi within the human microbiome begun to
be determined, with early studies showing that,
although relatively nonabundant, fungi are di-
verse within the microbiome as a whole. Al-
though still in the early stage, studies suggest
complex interactions between fungal and bacte-
rial constituents of the microbiome.

Numerous questions remain regarding the
mycobiome. The early life development and
maintenance of the mycobiome remains to be
elucidated as does its susceptibility to perturba-
tions, including nutritional stresses, metabolic
alterations, such as diabetes and obesity, host
inflammatory disorders, and xenobiotic expo-
sure, including microbe-directed agents, such
as anti-infectives, and host-directed agents, in-
cluding agents chronically used for disease pre-
vention, such as statins, aspirin, and others.

Albeit relatively rare within the micro-
biome, fungi have established roles in immune
stimulation and dysregulation in conditions,
such as in allergy and asthma. Much work re-
mains to understand how fungi interact with
the innate and adaptive immune system in the
context of the microbiome.

Perhaps the most critical studies will be
to understand the syntrophic guilds formed
between fungi and bacteria within the micro-
biome. Through these studies, research will re-
veal the roles of fungi in communitystabilityand
resilience. These studies will also reveal how fun-
gi work within complex microbial communi-
ties to contribute to energy harvest, metabolic
homeostasis, and the balance of immunity, in-
flammation, and immunological tolerance.
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