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Glossary of terms

Segal et al., Ann. Am. Thorac. Soc 2014



Human Microbiota

Lee YKL, Science 2010

Humans: Meta-organisms

10-fold greater numbers of 

microbial than human cells, 

metabolically and 

immunologically integrated,    

with a biomass >1 Kg



A non-exhaustive overview of human gut

microorganisms among bacterial, Archaea, viral, and 

Eukaryota domains

Lagier et al., Front. Cell Infect. Microbiol. 2012



From: Norman JM et al, Cell, 2015



From: Norman JM et al, Cell, 2015

• The enteric virome is abnormal in CD and UC patients. 

• In-depth analysis of preparations enriched for free virions in the intestine 

revealed that CD and UC were associated with a significant expansion of 

Caudovirales bacteriophages. 

• It did not appear that expansion and diversification of the enteric virome 

was secondary to changes in bacterial populations. 

• These data support a model in which changes in the virome may 

contribute to intestinal inflammation and bacterial dysbiosis. 

• So the virome is a candidate for contributing to, or being a biomarker for, 

human inflammatory bowel disease and speculate that the enteric virome 

may play a role in other diseases. 



The fungal microbiome

(mycobiome) in humans

Fungal communities inhabiting 

our skin and mucosa represent 

the so-called ‘‘mycobiome’’. 

While bacteria nearly completely 

constitute the microbial load of 

our feces, however, the less 

abundant components of the 

microbiome (termed the ‘‘rare 

biosphere’’), including fungi, also 

have significant impact on 

human health, either as a

reservoir for potential pathogens 

(such as Candida species) or as 

a cofactor in diseases such as 

inflammatory disorders.

The composition of the mycobiome

differs between the different body 

surfaces, and therefore may play 

different roles in disease, either 

causally or as a marker of 

underlying disease.



The fungal microbiome (mycobiome) 

in humans: the oral cavity

• A study by Ghannoum et al. (PLoS Pathog. 

2010) from 20 healthy volunteers aged 21–60 

years with different ethnic backgrounds, 

revealed fungi to be present in all individuals. 

• One hundred and one species were detected 

with a diverse individual distribution: Candida 

species were most prevalent (isolated in 75% 

of the study participants), followed by 

Cladosporium (65%), Aurobasidium (50%), 

species belonging to the family of 

Saccharomycetales, other than Candida (50%), 

Aspergillus (35%), Fusarium (30%), and 

Cryptococcus (20%).

• A later study by Mukherjee et al. (PLoS Pathog. 

2014) using the aforementioned MTPS among 

12 healthy volunteers showed similar results, 

with Pichia species being a prominent 

representative of the family of 

Saccharomycetales. 



Pichia as an antagonist of 

opportunistic fungi
• Decrease in abundance of Pichia (a 

resident oral fungus) in uninfected 

individuals coincided with increase 

in abundance of Candida, 

suggesting an antagonistic 

relationship. 

• In vitro testing showed that Pichia

spent (“conditioned”) medium 

(PSM; i.e., Pichia supernatant) 

inhibits growth of pathogenic fungi; 

these findings were validated in an 

experimental mouse model of oral 

candidiasis.

• The mechanism by which Pichia

antagonizes Candida involves 

nutrient competition and secretory 

factor/s that inhibit the latter’s ability 

to adhere, germinate, and form 

biofilms.

Histology analyses of tissue section of tongue from mouse 

infected with Candida, followed by (C) no treatment or treated 

with (D) vehicle control, (E) nystatin, or (F) PSM, showing that 

PSM was efficacious in treating oral candidiasis in vivo. From: 

Mukherjee et al. ,PLoS Pathog. 2014.



• In a recent assessment of the skin mycobiome 

at 11 core-body and arm sites, Findley et al. 

(Nature 2013) showed the large presence of 

the genus Malassezia, with only 11 species-

level classifications revealing differences 

between sites in fungal composition. M. 

restricta and M. globosa are primary and 

opposing drivers of variation. 

• For bacteria, Propionibacterium contributes to 

sebaceous site variation, while 

Corynebacterium, and Turicella contribute 

heavily for moist sites. 

• A different picture was apparent at three foot 

sites - plantar heel, toenail and toe web - which 

displayed a high diversity of fungi. 

• Amongst clinically uninvolved feet sites, 

community structure is fairly consistent at 

plantar heel, toenail and toeweb. For clinically 

involved sites, plantar heel has much greater 

shared community structure and toenails have 

much lower shared community structure. 

The fungal microbiome

(mycobiome) in humans: the skin



• An insight into the fungal microbiome of 

the intestinal tract comes from the recent 

study from Hoffmann et al. (PLoS One 

2013). 

• Fungi were present in all stool samples, 

with the two phyla Ascomycota and 

Basidiomycota having reciprocal patterns 

of abundance. 

• At genus level, Saccharomyces (89%), 

Candida (57%), and Cladosporium (42%) 

were most prevalent, and the fungal 

burden, but not the types of fungi, 

correlated positively with the 

Prevotella/Bacteroides ratio.

• Interestingly, recent consumption of 

carbohydrates, as assessed by three 24h 

diet recalls within 1 week before stool 

collection, was associated with high 

Candida abundance.

The fungal microbiome (mycobiome) 

in humans: the intestinal tract



• Very little is known about the existence and 

composition of the lung mycobiome. Culture 

of exhaled breath condensate and bronchial 

brushing in healthy volunteers with a mean 

age of 65 years revealed no fungi, as 

opposed to Aspergillus niger, A. ochraceus, 

and Penicillium species found in lung cancer 

patients (Carpagnano et al., BMC Pulm. Med. 

2014). The authors of this study also found 

that  sequencing of bronchoscopic alveolar 

lavage samples from healthy volunteers 

detected scant fungal amplification.

• In another study (Charlson et al., Am. 

J.Respir. Crit. Care Med. 2012), a low 

abundance of Aspergillus was detected in 

bronchoscopic alveolar lavage samples; 

however the presence of predominantly 

environmental fungi in these samples and in 

simultaneously obtained oropharyngeal wash 

samples, suggests carry-over from the upper 

respiratory tract.

The fungal microbiome (mycobiome) 

in humans: the lung

Relative abundance of fungal taxa derived 

from pyrosequencing data. 

Fungal taxa identified in bronchoalveolar lavage 

and oropharyngeal wash samples are shown. 

Fungal operational taxonomic units (OTUs) 

were collected into classes, so some rows 

represent multiple OTUs. Along the top is the 

concentration of ITS DNA post-PCR for each 

sample, keyed by gray-scale at top right. From: 

Charlson et al., Am. J. Respir. Crit. Care Med. 

2012.



FUNGI IN THE HUMAN 

GASTROINTESTINAL TRACT
• The fungal microbiota is an integral part of 

the gastrointestinal (GI) microecosystem 

with up to 106 microorganisms per gram of 

feces. 

• Previously, fungi have typically been 

viewed as pathogenic microbes, and their 

role as commensals has been 

underappreciated. It is now evident, 

however, the commensal fungal microbiota 

is an important part of the human GI 

ecosystem. 

• Early studies based on culture-dependent 

methods reported that fungi (yeasts) could 

be detected in the digestive tract of 70% of 

healthy adults and that the number of fungi 

in the human stomach, jejunum, ileum, and 

colon is 0–102, 0–102, 102–103 and 102–106

CFU/mL, respectively; most of these are 

aerobes or facultative anaerobes.

• Next-generation sequencing of the fungal 

18S rRNA gene has allowed better 

characterization of the GI mycobiota.



Categories of gut fungi

• Fungi detected in the human gut can be split into resident

and non-resident. As a minimum requirement, a resident 

(or autochthonous) fungus must be able to grow at 37°C 

to colonize the gut. For a few species of the wide and 

diverse yeast genus Candida, the mammalian digestive 

tract can be considered the primary niche.

• Malassezia is another genus of yeasts whose primary (and 

known) niche is the mammalian skin. However, 

Malassezia has also been reported in significant 

abundance in fecal samples and may play a role in the gut.

• Two further groups of fungi reported repeatedly in gut 

fungal studies likely do not have the gut as their primary 

niche but may be considered potential colonizers: 

Cladosporium, and yeasts in the Dipodascaceae (includes 

Geotrichum/Saprochaete and Galactomyces).

• Finally, Saccharomyces cerevisiae in the gut presumably 

originates in food. It would not consider S. cerevisiae an 

autochthonous gut organism nor a true human commensal 

(although it is often called commensal in the literature); it is 

a domesticated species of fermentations whose “wild”

niche is associated with plants.



Influence of diet on gut fungi
• The diet is an obvious influence on gut microbial 

composition. It was observed that broad, reproducible, 

dietary-induced changes in the gut microbiome were 

dependent on whether volunteers consumed a plant-

or an animal-based diet. 

• While bacterial composition showed a clear response 

to nutrient availability (carbohydrates/fiber vs. proteins 

and fats), fungal composition appeared to be driven by 

food colonization. Notably, the same species of fungi 

were detected in participant fecal samples and in 

cheese fed to those participants (David et al., Nature 

2014). 

• Also, Suhr et al. (Mycologia 2015) examined 16 

samples from 15 vegetarians, while Hallen-Adams et 

al. (Fungal Ecology 2015) used the same 

methodology in the same laboratory to isolate and 

sequence fungal DNA from 69 samples from 45 

people on a conventional Western diet.

• The distribution of fungi differed considerably between 

the 2 groups. Malassezia and (presumed) foodborne 

Penicillium and Aspergillus were also present in more 

than 50% of vegetarian samples but much rarer in 

conventional diet samples. Common fungi were also 

proportionally more common in vegetarian samples.

Conversely, David et al. (Nature 2014) found a 

significant enrichment of Penicillium in participants 

on an animal-based diet than on a plant-based; 

however, their controlled animal-based diet was rich 

in cheeses, including Camembert and blue cheese 

which are processed with Penicillium and were 

absent from the plant-based diet. The vegetarian 

subjects in Suhr et al. (Mycologia 2015) included 

lacto-ovo vegetarians, who consume dairy.

Additional studies, involving multiple locations and 

populations and incorporating detailed dietary 

information, would be valuable in clarifying the 

impact of diet on fungi.



Stability of the gut mycobiome
Overall, many unanswered questions remain about 

those fungi whose niche is the gut.

 What are they doing in a healthy host, and would 

their absence be detrimental? 

 Are species interchangeable, i.e., is there any 

effect in replacing Candida albicans with C. 

tropicalis or C. parapsilosis in an individual host? 

 Do species, or strains of the same species, 

compete and, if so, are there predictable 

outcomes?

Given the importance of Candida yeasts as 

opportunistic pathogens, answering these questions 

could provide insight into limiting or preventing yeast 

infections or candidiasis. Whether there are gut-

resident strains or species of Malassezia or 

Cladosporium remains to be answered as well.

• While the stability of the bacterial 

microbiome is now well-

documented, the situation in fungi 

is less clear.

• Mouse studies have shown 

variability over time (Dolive et al., 

PLoS One 2013), leading Underhill 

and Iliev (Nat Rev Immunol 2014) 

to generalize that “(t)his suggests 

that commensal fungal populations 

are more variable than those of 

bacteria and that they may be 

influenced by fungi in the 

environment.”

• More studies, with samples 

collected over multiple time points, 

are needed to address the matter 

of gut mycobiome persistence.



FUNGAL–MICROBIAL INTERACTIONS

• Fungal–fungal interactions 

Physical and molecular interactions occurring among fungi themselves

• Fungal–bacterial interactions

Quorum-sensing molecules often being the basis of the interaction 

between fungi and bacteria

• Fungal–microbial interactions in GI tract

Disturbances of the bacterial community in the GI tract that promote C. 

albicans colonization



The bacteriome-

mycobiome interaction

• Candida is a member of the healthy 

microbiome, but under certain 

circumstances this commensal state can 

change into pathogenicity and give rise to 

either life-threatening systemic infections or 

to less dangerous, yet still morbidity-

inducing mucosal infections. Both host and 

microbial factors influence the derailment of 

fungal  colonization, leading to invasion and 

culminating in a fungal infection (Oever and 

Netea, Eur J Immunol 2014).

• A second important aspect of the 

relationship between the microbiome, host 

defense, and fungal infection is represented 

by the modulation of host antifungal immune 

responses by bacterial commensals (Oever 

and Netea, Eur J Immunol 2014).



THE IMMUNE RESPONSE TO FUNGI

• Fungal pathogens elicit innate immune 

responses at mucosal epithelial cell 

surfaces of the GI, respiratory and 

genitourinary tracts and in the skin.

• The immune responses mediated by PRRs 

on related host cells include fungal binding 

and phagocytosis, induction of anti-fungal 

effector mechanisms and the production of 

various soluble mediators including 

defensins, cytokines, chemokines and 

some inflammatory lipids. In addition, PRRs 

also direct and modulate the development 

of adaptive immunity, particularly the TH1 

and TH17 responses induced by dendritic 

cells.

• We should note that multiple PRRs could 

be stimulated by fungal PAMPs in different 

combinations depending on the fungal 

species and on the host cell types.

Wang et al., Aliment Pharmacol Ther 2014; 39:751–766



Wang et al., Aliment Pharmacol Ther 2014; 39:751–766



Wang et al., Aliment Pharmacol Ther 2014; 39:751–766



The fungal microbiota and its metabolites: impact on 

gastrointestinal function and contribution to the 

pathogenesis of digestive diseases

Some evidence from studies performed in the pre-(meta)genomics era 

suggests a role for

• imbalance between GI commensal fungal and bacterial microbiota, 

• invasion of host niches by pathogenic fungi, or 

• fungal metabolites

in inflammatory bowel disease (IBD), peptic ulcers, irritable bowel 

syndrome (IBS), antibiotic-associated diarrhea (AAD), and 

chemotherapy-induced enteric disorders, but the potential mechanisms 

still remain unclear. 

Thus, analysis of fungal 18S rDNA/ITS and bacterial 16S rDNA 

sequences may be the optimal and cost-effective method for the 

investigation of the biodiversity and function of the microbiota which 

exists in GI as in each part of the human body.



Role of fungi in the pathogenesis of IBD

• Unlike the intestinal bacterial microbiota, only a few 
investigations on intestinal fungal microbiota and its relationship 
with IBD have been conducted. However, much evidence has 
shown that fungi and their communities may be involved in the 
pathogenesis of IBD, especially Crohn’s disease (CD).

• The colonization of C. albicans can exacerbate intestinal 
inflammation in a murine colitis model, and obvious improvement 
can be observed after antifungal treatment (Zwolinska-Wcislo et 
al., J Physiol Pharmacol 2009). Consistently,  C. albicans can be 
isolated from the intestine more frequently in CD patients and 
their healthy relatives, but the positive association between anti-
Saccharomyces cerevisiae antibodies (ASCAs) level and the 
amount of intestinal C. albicans in CD still remains controversial 
(Standaert-Vitse et al., Am J Gastroenterol 2009).



• There were dominant differences in fungal community 
structure related to IBD compared with that of 
controls. Fungi sequences could be detected in all IBD 
patients’ colonic mucosa, and the diversity of the 
intestinal mycobiome was clearly increased among IBD 
patients, but the proportion of the mycobiome in the 
whole intestinal microbiota was very low (Ott et al., 
Scand J Gastroenterol 2008).

• Recently, a study connected intestinal fungal 
microbiota with the host immune system through 
Dectin-1 in a murine model of colitis, in support of a 
possible fungal etiology for IBD (Iliev et al., Science 
2012).

Role of fungi in the pathogenesis of IBD



Fungal microbiota in the intestinal 

mucosa and feces in patients with 

Crohn’s disease (CD)

It has been well established that the gut bacterial 

microbiota plays an important role in the initiation and 

perpetuation of the intestinal inflammation in CD. 

The study by Li et al. (J Clin Gastroenterol 2014)

provides primary data on the potential association 

between the alterations of gut fungal populations and 

intestinal inflammation in CD.

Nineteen patients with active CD and 7 healthy 

individuals were recruited in this study. The mucosa-

associated and fecal fungal microbiotas in CD patients 

were analyzed using culture-independent community 

fingerprint techniques.

The fungal richness and diversity were significantly 

elevated in the inflamed mucosa compared with the 

noninflamed mucosa. 

The predominant fungal composition in the inflamed 

mucosa was strikingly altered, mainly characterized by 

expansion in the proportions of Candida spp., 

Gibberella moniliformis, Alternaria brassicicola, and 

Cryptococcus neoformans. 

The fecal fungal community was perturbed in CD 

patients as accompanied by increased fungal diversity 

and prevalence in Candida albicans, Aspergillus 

clavatus, and C. neoformans.



• This study was aimed at characterizing the gut bacterial microbiota (bacteriome) 

and fungal community (mycobiome) in multiplex families with CD and healthy 

relatives and to define the microbial interactions leading to dysbiosis in CD. 

• This study identified fungal (Candida tropicalis) and bacterial (Serratia marcescens 

and Escherichia coli) species that are associated with CD dysbiosis. Additionally, it 

was found that the level of anti-Saccharomyces cerevisiae antibodies (ASCA; a 

known CD biomarker) was associated with the abundance of C. tropicalis. 

• This study also identified positive interkingdom correlations between C. tropicalis, 

E. coli, and S. marcescens in CD patients and validated these correlations using in 

vitro biofilms. 

• These results provide insight into the roles of bacteria and fungi in CD and may 

lead to the development of novel treatment approaches and diagnostic assays.



• Ion Torrent sequencing was used to 

characterize the gut bacterial microbiota 

(bacteriome) and fungal community 

(mycobiome) in patients with CD and their 

nondiseased first-degree relatives 

(NCDR). 

• Members of nine familial clusters living in 

northern France-Belgium (CD and NCDR) 

and healthy individuals from four families 

living in the same area (non-CD unrelated 

[NCDU]) were studied. 

• Principal component, diversity, and 

abundance analyses were conducted, and 

CD-associated inter- and intrakingdom

microbial correlations were determined. 

• Significant microbial interactions were 

identified and validated using single- and 

mixed-species biofilms.



• Aim of the study was to define the characteristics of fungal microbiota in 

newly-diagnosed treatment-naïve children with Crohn disease (CD). 

• The children with confirmed CD diagnosis were designated as cases and 

the others as non- IBD controls. 78 samples were collected from 35 

children (15 CD and 20 controls). 

• Significantly abundant CD-associated taxa included Psathyrellaceae

(p=0.01), Cortinariaceae (p= 0.04), Psathyrella (p= 0.004), and 

Gymnopilus (p=0.03). Monilinia was significantly depleted (p=0.03), 

whereas other depleted taxa, although not statistically significant, 

included Leotiomycetes (p= 0.06), Helotiales (p=0.08), Sclerotiniaceae

(p=0.07). 

• An highly significant fungal dysbiosis in newly diagnosed treatment naïve 

CD children was reported. 

• Depleted and more abundant taxa suggest anti- inflammatory and 

proinflamatory potentials respectively. 





Biofilm is a complex substance

• A biofilm is a complex 

population of 

microorganisms growing 

on a solid substrate

• Biofilms are characterized 

by structural 

heterogeneity, genetic 

diversity, complex 

community interactions, 

and an extracellular matrix 

of polymeric substances. 



Biofilms found in Nature everywhere 

where is there is moisture

• More properly known as biofilm, slime cities 

thrive wherever there is water - in the kitchen, 

on contact lenses, in the gut linings of 

animals. When the urban sprawl is extensive, 

biofilms can be seen with the naked eye, 

coating the inside of water pipes or dangling 

slippery and green from plumbing." (Coghlan 

1996) 



• Proposed model for the impacts of 

fungally-produced ethanol on P. 

aeruginosa behaviors. 

• Previous work has shown that P. 

aeruginosa phenazines increase fungal 

ethanol production. The ethanol stimulates 

the Wsp system, leading to a WspR-

dependent increase in c-di-GMP levels and 

a concomitant increase in Pel production 

and biofilm formation on plastic and on 

airway epithelial cells. 

• In addition, ethanol altered phenazine

production by promoting 5MPCA release 

and the accumulation of PCN.



• Possible candidate molecules which might mediate this synergistic interaction in 

an in vitro model of mixed biofilms, such as farnesol, tyrosol, and prostaglandin 

(PG) E2 were tested.

• In mono-microbial and dual biofilms of C. albicans wild type strains PGE2 levels 

between 25 and 250 pg/mL were measured. Similar concentrations of purified 

PGE2 significantly enhanced S. aureus biofilm formation in a mode comparable to 

that observed in dual species biofilms. 

• Supernatants of the null mutant deficient in PGE2 production did not stimulate the 

proliferation of S. aureus and the addition of the cyclooxygenase inhibitor 

indomethacin blocked the S. aureus biofilm formation in a dose-dependent 

manner.

• Additionally, S. aureus biofilm formation was boosted by low and inhibited by high 

farnesol concentrations. Supernatants of the farnesol-deficient C. albicans 

ATCC10231 strain significantly enhanced the biofilm formation of S. aureus but at 

a lower level than the farnesol producer SC5314. 



Biofilm thickness of S. aureus 19552 

single (open bars) and mixed biofilms 

with C. albicans 31883 wt (clinical 

strain; striped) or C. albicans SC5314 

wt (laboratory strain; solid bars) at 

various time points determined by 

staining with crystal violet.

Cultures of S. aureus 19552 biofilms were 

supplemented with heat-treated (solid 

bars) and untreated (open bars) PGE2

supplemented medium. Asterisks indicate 

significant (p< 0.05) differences between 

the groups.



• The presence of C. albicans augments the production of exopolysaccharides 

(EPS), such that co-species biofilms accrue more biomass and harbor more 

viable S. mutans cells than single-species biofilms. 

• The resulting 3-dimensional biofilm architecture displays sizeable S. mutans 

microcolonies surrounded by fungal cells, which are enmeshed in a dense EPS-

rich matrix. 

• Using a rodent model, we explored the implications of this cross-kingdom 

interaction for the pathogenesis of dental caries. Co-infected animals displayed 

higher levels of infection and microbial carriage within plaque biofilms than 

animals infected with either species alone. 

• The in vitro data also revealed that glucosyltransferase-derived EPS is a key 

mediator of co-species biofilm development and that coexistence with C. albicans 

induces the expression of virulence genes in S. mutans (e.g., gtfB, fabM). 



Microbial populations in the co-species biofilm. Shown are the total 

viable counts (CFU) of S. mutans in single-species and co-species 

biofilms (A) and of C. albicans in co-species biofilms (B), grown for 42 h. 



Images of teeth from rats infected with S. mutans UA159 and/or C. albicans SC5314, 

or left uninfected, after 2 weeks. Photographs of lower molars in the rodent jaws are 

shown; jaws representing the average result have been selected. For the co-infected 

animal, black arrows indicate moderate to severe carious lesions where areas of the 

enamel are missing, exposing the underlying dentin.



Percentage of C. albicans cells displaying a yeast, hyphal, or pseudohyphal

morphology within a biofilm with and without E. faecalis supernatant



Conclusions (I)

• Research on the composition and function of the 
commensal fungal microbiome in health and disease 
is in its early stages.

• However, current high-throughput sequencing 
techniques have shed light on the complexity and 
dynamics of host–fungal interactions. 

• Bacterial commensals are important players in this 
host–fungal relationship. They shape our immune 
system and modulate specific components of the 
immune system involved in antifungal host defense.



• Further knowledge of the bacterial species involved and 

the metabolic and molecular mechanisms engaged 

provides relevant information for future therapeutic 

strategies.

• To date, in fungal infections, manipulation of the 

microbiome as a therapeutic tool is currently limited to the 

supplementation of beneficial (‘‘probiotic’’) bacterial strains.

• Insights into the manipulation of the microbiome, either by 

microbiome ‘‘transplantation,’’ supplementation of 

beneficial strains or selective eradication of deleterious 

bacterial strains, or metabolic interventions derived from 

the pathways essential in bacteria–immune system 

interactions, might provide leads for future adjuvant 

approaches to the conventional antifungal armamentarium.

Conclusions (II)


