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for all comparisons. This may be partly attributable to the rel-
ative paucity of common fungal OTUs (i.e. those detected in 
multiple samples), and to the presence/absence distribution 
of gut fungi, compared with the continuous distribution ob-
served for gut bacteria. A negative association between skin-
associated fungi (Malassezia and Trichosporon) and Esch-
erichia/Shigella was observed at all levels above species 
(genus, family and order). Candida tropicalis showed a pos-
itive association with Bacteroides and a negative association 
with Eubacterium, while G. gigas showed a weak negative as-
sociation with Dialister; however, the possibility that these as-
sociations are artifacts of relative OTU abundance (especially 
for C. tropicalis and Bacteroides) cannot be ruled out.

Discussion

The most notable results of this study were: (1) the small 
number of fungal OTUs detected in multiple samples, and 
thus the extreme limitation or absence of an observed “core” 
fungal gut microbiome (in contrast with bacteria); (2) the 
prevalence of environmental micro-organisms; and (3) the 
consequent instability of the fungal microbiome over time. 
Environmental fungi (presumably from foodborne or air-
borne exposure) represent a long and unexhausted tail of 

OTU diversity and, predictably, are not stable components of 
a microbiome, as they fail to colonize. However, even poten-
tial “core” fungal microbiota (Saccharomycetalean yeasts, and 
yeasts in the Dipodascaceae) were rarely detected from the 
same individual in two samples collected 3–4 months apart.

The known human symbionts detected in this study 
range from commensals to opportunistic pathogens – usu-
ally within a given species. With the exception of Candida, 
fungi commonly associated with human disease (Aspergillus 
fumigatus, Cryptococcus neoformans, Histoplasma capsula-
tum, Coccidioides immitis, Penicillium marneffei) were not de-
tected; unsurprisingly as (1) participants were selected from 
healthy individuals who reported no recent antimicrobial use, 
while infection with such fungi usually results in morbidity 
unless treated and (2) diseases caused by these fungi are not 
normally associated with the gut.

Candida species are well-documented as opportunistic 
pathogens, causing disease ranging from vaginal yeast infec-
tions to bloodstream infections with a fatality rate approach-
ing 49 % ( Gudlaugsson et al., 2003). However, these yeasts 
are also commonly detected in healthy humans, with a car-
riage rate of from 30 to 60 % reported for the best-studied 
species, C. albicans ( Moran et al., 2012). We were, thus, not 
surprised to detect Candida yeasts as the dominant taxa in 
this study. What was somewhat unexpected was the relative  

Figure 1. Distribution of fungi in fecal samples from healthy humans. The bar graph shows the relative abundance of the 14 taxa 
present in five or more samples, plus the sum of all other taxa (in blue), for all samples.
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scarcity of C. albicans and abundance of C. tropicalis. Candida 
albicans is frequently reported as the most abundant Can-
dida species, both in disease studies (e.g. Silva et al. (2011)) 
and in healthy individuals ( Calderone, 2002), but was only 
detected in 16 % of our samples, while C. tropicalis was pres-
ent in 73 % of the samples. Candida albicans may have been 
over-reported relative to other species in earlier literature, 
where identification was based solely on culture; however, 
current culturing methods using chromogenic substrates 
such as CHROMagar® Candida, not to mention molecular 
methods, can reliably distinguish between C. albicans and C. 
tropicalis so that does not provide a complete explanation. 
Candida parapsilosis and C. metapsilosis are other opportu-
nistic pathogens that were detected in our study, but only at 
low levels (one sample contained both C. parapsilosis and C. 
metapsilosis, while another contained C. parapsilosis alone). 
Candida dubliniensis and C. glabrata, both commonly re-
ported as pathogens, were not detected in our study.

Candida sake, the third most widely distributed fun-
gus in our study (25 % of samples), and D. hansenii (=C. fa-

mata; 16  % of samples) both have a wide environmental 
distribution but are notable for their presence in food. The 
type strain of C. sake was isolated from sake, and the species 
has been isolated from a wide range of substrata, including 
grape juice, sauerkraut and frozen salmon ( Lachance et al., 
2011). Debaryomyces hansenii is a halotolerant yeast found 
in many cheeses; also preserved or fermented meats ( Ro-
mano et al., 2006). Its appearance in the gut has been noted 
and attributed to the diet (particularly cheese) by Desnos-Ol-
livier et  al. (2008). Neither C. sake nor D. hansenii grows at 
37 °C, and their presence in fecal samples must, therefore, be 
considered allochthonous.

DNA from both pathogenic (C. albicans, C. parapsilosis 
and C. tropicalis) and food-associated (C. quercitrusa) Can-
dida species was detected in the feces of 7 (out of 11) ex-
tremely low birth weight infants in a neonatal intensive care 
setting ( LaTuga et al., 2011).

Malassezia species are best known from their association 
with mammalian skin and the human scalp, where M. glo-
bosa and M. restricta are considered primary causal agents 
of dandruff ( Xu et  al., 2007), as well as composing a part 
of the healthy human cutaneous microbiota ( Sugita et  al., 
2010). Living Malassezia cultures have been obtained from 
canine feces, where they are considered cutaneous organ-
isms that survived passage through the gastrointestinal tract 
following ingestion by licking colonized skin/fur ( Raabe 
et  al., 1998); from human urine, and from neonatal feces ( 
Guého-Kellermann et al., 2011); and from an intestinal polyp 
of a Chinese man (culture CBS 5548, MRLL 3175; http://www.
cbs.knaw.nl). Hamad et  al. (2012) detected three Malasse-
zia species in fecal material from a healthy human subject 
in Senegal, including M. restricta, the primary species de-
tected in our study. Recent work by Dupuy et al. (2014) re-
ported Malassezia as a significant member of the oral micro-
bial community, significantly broadening our understanding 
of Malassezia ecology. Presently, there is little to no data to 
support the supposition that Malassezia is a gut organism, 
and the likeliest origin for Malassezia DNA in human feces 
is the oral or cutaneous microbiota. However, a role for Mal-
assezia in the gut cannot be ruled out and remains an in-
triguing possibility, especially in the light of this genus’s lack 
of fatty acid synthase genes and consequent reliance on the 
host for lipid provision ( Xu et al., 2007).

Scanlan and Marchesi (2008) reported Galactomyces – a 
yeast in the family Dipodascaceae – in fecal samples from 4 
out of 17 individuals in their study, and found Galactomy-
ces to be stable across multiple time points sampled. We de-
tected Galactomyces at a lower rate – 7 out of 69 samples 
– but found the related Geotrichum aff. gigas in 37 samples 
(54  %), second only to C. tropicalis in frequency of detec-
tion. The Dipodascaceae in our study (top BLAST hits = G. gi-
gas and G. geotrichum) provide comparatively poor matches 
to published sequences, with no more than 89 % identity to 
any sequences in the GenBank database. Our Dipodasca-
ceae, therefore, cannot be assigned to a species at this time. 
Our samples may be classed into two distinct OTUs, one with 
closest sequence identity to G. geotrichum and deposited in 
GenBank with accession numbers KC525750 – KC525757, and 
another with closest sequence identity to G. gigas and with 
GenBank accession numbers KC525758 – KC525781.

Figure  2.  Neighbor-joining tree showing diversity of fungal 
taxa sequenced from feces of 45 healthy volunteers. 72 distinct 
taxa were identified on the basis of ITS sequences; names are 
given for dominant and/or medically-relevant groups.
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We detected the filamentous ascomycete Cladosporium in 
14 samples (20 %). Hoffmann et al. (2013), also using 454 se-
quencing of fecal samples from healthy individuals, identified 
Cladosporium in 42 % of 96 samples. Cladosporium was also 
among the most common fungal genera isolated in a study 
of the indigenous flora of Apollo 14 and Apollo 15 astro-
nauts, second only to Candida ( Taylor et al., 1973). The Apollo 
spacecraft study reported multiple Cladosporium species from 
bodily samples of multiple origins, including fecal, and there 
have since been additional sporadic reports of Cladosporium 
in fecal samples from healthy humans ( Ott et al., 2008). Clad-
osporium is ubiquitous and is common in air samples; notably, 
in the astronauts, the same species was frequently detected 
in both the feces and the throat and/or gargle samples, sug-
gesting possible inhalation followed by swallowing.

Only ascomycetes and basidiomycetes were detected 
in our samples, despite the use of targeted PCR primers to 
broaden the taxonomic diversity, such as ITS4NA, which does 
not amplify DNA from ascomycetes while amplifying from 
other fungi including basidiomycetes, zygomycetes and chy-
trids (Parrent et  al., 2006), and CM2 and 1520R, which am-
plify DNA from the recently-described phylum Cryptomycota 
(Lefevre et al., 2007). There was no a priori reason for expect-
ing to find Cryptomycota in human fecal samples – the phy-
lum was described on the basis of isolates from pond wa-
ter, soils and aquatic sediments ( Jones et  al., 2011) – but 
given the diversity of Cryptomycota habitats we considered it 
worth investigating. Zygomycetes and Chytridiomycota play 
significant roles in many insect guts and the rumen of her-
bivores, respectively, and the zygomycete Rhizopus has been 
implicated in invasive infections in immunocompromised 
patients and isolated from the human GI tract ( Chen et al., 
2010  and  Ribes et  al., 2000). The present paper used DNA 
isolated from feces to study the fungal component of the gut 
microbiome. Due to the uninvasive nature of sampling, fecal 
studies have been widely used to characterize the gut micro-
biota ( Human Microbiome Project Consortium, 2012) includ-
ing eukaryotes ( Scanlan and Marchesi, 2008), with the un-
derstanding that fecal samples are biased towards colonic 
micro-organisms and may miss organisms adapted to the 
upper gastrointestinal tract.

In their analysis of the fungal component of the oral mi-
crobiome, Ghannoum et al. (2010) used 454 pyrosequencing 
of ITS PCR amplicons to detect more than 101 species from 
20 healthy individuals (the 11 unculturable genera were not 
sequenced). Species detected both in the oral (Ghannoum 
et  al., 2010) and gut (the present study) microbiome were 
C. albicans, C. metapsilosis, C. parapsilosis, C.  tropicalis, Fu-
sarium culmorum and Saccharomyces cerevisiae; both stud-
ies also detected fungi in the genera Alternaria, Aspergillus, 
Cladosporium, Cryptococcus and Penicillium, but from differ-
ent species in the different studies. Many Candida species 
have been reported from multiple body sites, and S. cerevi-
siae – brewers’ and bakers’ yeast, and used as a nutritional 
supplement – could easily enter both the mouth and the gut 
through dietary means. In the oral cavity, 39 genera (out of 
85) were detected in only one sample, comparable to the 38 
(out of 72) taxa detected at a single time in our study, sug-
gesting small-scale environmental impact (spores inhaled 
and/or swallowed).

The role of geographic origin and/or residence in fungal 
gut communities deserves further study. Scanlan and Mar-
chesi (2008), examining 17 healthy adults in Ireland for gut 
eukaryotes, found the most abundant fungus to be a species 
identified by ITS sequence as Gloeotinia temulenta/Paecilo-
myces fumosoroseus, present in seven of their participants in 
all time points surveyed (from 3 to 6 time points); this taxon 
was present in 62 % of their samples but entirely absent from 
ours. Conversely our samples (collected in Lincoln, Nebraska 
and Manhattan, Kansas) contained high levels of C. tropica-
lis, which was not detected in the Irish study. Hoffmann et al. 
(2013), sampling in Pennsylvania, found Saccharomyces in 
89 % of their samples, while it was only detected in 4 % of 
our samples, and at very low levels. As fungi may enter the 
gut through numerous pathways, including ingestion and 
possibly inhalation, locale may play a significant role.

Together with the study by Hoffmann et al. (2013) inves-
tigating both fungi and Archaea, ours is among the first to 
use next-generation sequencing techniques to identify gut 
fungi from healthy humans; 454 pyrosequencing of ITS am-
plicons has additionally been used to investigate oral fungi 
from healthy humans (Ghannoum et al., 2010), and gut mi-
croorganisms from premature infants (LaTuga et  al., 2011). 
The utility of the technique is suggested by the number of 
taxa identified – 79 (Hoffmann et al., 2013) and 72 (the pres-
ent study) in the feces; 101 in the oral cavity (Ghannoum 
et al., 2010), compared to 12 in Scanlan and Marchesi’s (2008) 
study, which used culturing and ITS sequencing of clone li-
braries – although geography or other factors may also play 
a role in the limited diversity observed in that study. It is likely 
that many of the fungi detected in only a single sample play 
a limited role, if any, in the gut, and that these fungi are sim-
ply indicative of environmental exposure (i.e. inadvertent in-
gestion or inhalation of food-, air- or soilborne fungi).

The composition of gut fungal communities differs no-
tably from that of bacteria, with healthy humans harboring 
thousands of bacterial OTUs in something approximating a 
normal distribution, while the same individuals harbor much 
lower fungal diversity (a dozen OTUs or less), and fungi ap-
pear to follow a binary distribution. Furthermore, the bac-
terial communities of healthy humans tend to remain stable 
over long time periods and are relatively resistant to per-
turbation (Costello et  al., 2009  and  Lozupone et  al., 2012), 
while our data suggests that fungal communities are much 
less persistent and more variable over time. In addition to 
the observed low levels of fungal persistence in the 24 par-
ticipants from whom two time points were sequenced, fun-
gal DNA could not be amplified from a second time-point for 
the other 21 participants. As bacterial DNA was readily ampli-
fied from all time-points for all participants, it is highly likely 
that fungal DNA was genuinely below the level of detection 
in samples which did not amplify. It would appear that the 
niche for fungi in the healthy human gut is limited and that 
there is little scope for ecological diversification among the 
gut fungi.
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Supplementary Figure S1. Alpha diversity of the fungal fecal community. 
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A. Shannon diversity index, and B. Simpson diversity index. 
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C.	
  albicans	
  	
  	
  	
  GATTTGCTTAATTGCA--CCACATGTGTTTTTCTTT-GAAACAAACTTGCT 	
  
C.	
  tropicalis	
  	
  GATTTGCTTAATTGCA--CCACATGTGTTTTTTATT-GAA-CAAA-TTTCT 	
  
C.	
  sake	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  G-TTTGCTTAATTGCATTACACAT--GTTTTTTTAGAGAA-----CTTGCT  
 
C.	
  albicans	
  	
  	
  	
  TTGGCGGTGGGCCCAGC-----TGCCGCCAGAGGTCTAAACTTACAACC-A  
C.	
  tropicalis	
  	
  TTGGTGGCGGG---AGCAATCCTACCGCCAGAGGTTATAACTA-GAAC---  
C.	
  sake	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  T--------------GCAA--------------------------AACCAA  
 
C.	
  albicans	
  	
  	
  	
  ATT 
C.	
  tropicalis	
  	
  ACT  
C.	
  sake	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ACT 
 
Sequence alignments for Candida albicans, C. tropicalis and C. sake over the 
5.8S region of the rRNA genes. Bolded nucleotides are conserved between the 
three species. 



Supplementary Figure S3. Rarefaction analysis showing saturation at approximately 4000 
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