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Abbreviations and Definitions 

OA – obere Atemwege 

GIT – gastrointestinaler Trakt 

OP – oropharyngeales Plattenepithelkarzinom 

URT – upper respiratory tract 

GIT – gastrointestinal tract 

oSCC – oropharyngeal squamous cell carcinoma 

PMA – propidium monoacid 

vitamin B12 – cobalamin  

SCFA – short chain fatty acid 

CH4 – methane 

LAB – lactic acid bacteria 

SIBO – small intestinal bacteria overgrowth 

CRS – chronic rhinosinositis 

CRSsNP – CRS with the presence of nasal polyps 

CRSwNP – CRS with the absence of nasal polyps 

COVID-19 – coronavirus disease 19 

SARS-CoV 2 – severe acute respiratory syndrome coronavirus type 2 

IBD – inflammatory bowel disease 

CD – Crohn’s disease 

UC – ulcerative colitis 

NBA – “Nose Brain Axis” study 

ppm – parts per million 

HE – high methane emitter 

LE – low methane emitter 

HPV – human papilloma virus 

MM – middle meatus 

URTI – upper respiratory tract infection 

T2R38 – taste receptor family 2 variant 38 

↑ – increase 

↓ – decrease 

normosmia – normal olfactory capability 

dysosmia – impared olfactory capability 

hyposmia – reduced olfactory capability 

anosmia – loss of smell 

RCHT – radiochemotherapy (in this thesis: combined with antibiotics/antimycotics treatment) 
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Zusammenfassung 

Das humane Mikrobiom umfasst Trillionen von Mikroorganismen (z.B. Archaeen, Bakterien 

und Pilze). Diese Mikroben übernehmen viele essenzielle Funktionen, die unter anderem zur 

Gesundheit des menschlichen Organismus beitragen (z.B. Entwicklung des Immunsystems 

oder Vitaminproduktion). Die Diversität und Zusammensetzung der Mikroorganismen variiert 

aufgrund verschiedener Faktoren von Körperregion zu Körperregion. In dieser kumulativen 

Dissertation wird das Mikrobiom von drei verschiedenen Stellen des aerodigestiven und 

gastrointestinalen Trakts behandelt. Dazu wurden sowohl die mikrobielle Diversität als auch 

die Zusammensetzung diskutiert: 

1) Für diesen umfassenden Übersichtsartikel wurde die Literatur über das Mikrobiom der 

oberen Atemwege (OA) erfasst und von unterschiedlichen Blickwinkeln betrachtet. Im 

Allgemeinen wurden unterschiedliche Nischen in den OA, Verteidigungsmechanismen vom 

humanen Wirt und anderen Mikroben, aber auch der Prozess des Alterns und der 

gesundheitliche Zustand als Modulatoren des OA-Mikrobioms beleuchtet. Außerdem wurden 

alternative Therapiestrategien für OA-Infektionen, wie z.B. Probiotika, als potenzielle nicht 

invasive Therapieansätze diskutiert. 

2) Die zweite Publikation beschäftigt sich mit dem Mikrobiom des gastrointestinalen Traktes 

(GIT) von gesunden Erwachsenen mit unterschiedlicher Atemluft-Methanemission 

(hoch/niedrig). Unterschiede in emittierter Methankonzentration wurden mit unterschiedlicher 

mikrobieller Zusammensetzung der Stuhlproben assoziiert. Diese Unterschiede wurden 

wiederum mit variierender Aufnahme von Ballaststoffen und Vitamin B12, als auch mit 

unterschiedlichen Formatkonzentrationen in den Stuhlproben korreliert. Die Aufnahme 

spezieller Nährstoffe scheint zu Abweichungen in der mikrobiellen Zusammensetzung und 

folglich zu unterschiedlichen Metaboliten in beiden Gruppen zu führen. 

3) Auch Tumore wie das oropharyngeale Plattenepithelkarzinom (OP) beeinflussen das 

angrenzende Mikrobiom. In der dritten Publikation wurden daher die potenziellen Unterschiede 

des Speichel-Mikrobioms in OP-Patienten untersucht. Mikrobielle Unterschiede im Vergleich 

zu gesunden Kontrollen konnten sowohl vor als auch nach Therapiebeginn (Kombination aus 

Radiochemotherapie und Antibiotika/Antimykotika) beobachtet werden.
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Abstract 

The human body is inhabited by trillions of microorganisms such as archaea, bacteria and fungi. 

These microbes are crucial for health by taking on several crucial tasks like priming the immune 

system, food degradation or vitamin production. However, microbial imbalance (dysbiosis) has 

been linked to a variety of diseases. Depending on different factors, the microbial load, diversity 

and composition is distinct throughout specific body areas. In this cumulative dissertation the 

microbiome of three body sites belonging to the human aerodigestive and gastrointestinal tract 

are covered and the microbial diversity and community structure at these particular niches are 

addressed in three publications:  

1) For a comprehensive review article, the literature of the microbiome associated with the 

upper respiratory tract (URT) has been collected and examined from different angles. Overall 

findings considered factors – different URT niches, defence systems of the host and other 

microbes as well as the process of aging and disease state – as modulators of the URT 

microbiome. Furthermore, alternative therapy options against URT infections, like probiotics, 

have been discussed as potential non-invasive future therapeutic approach. 

2) The second publication deals with the gastrointestinal tract (GIT) microbiome of high and 

low methane emission via breath in healthy adults. Different methane levels were linked to 

distinct microbial community patterns. Several microbes of these patterns have been associated 

with different levels of dietary fibre and vitamin B12 ingestion as well as formate concentration 

in stool samples. Alterations in dietary intake seem to result in a distinct microbial community 

structure and consequently to different metabolites of high and low methane emitters. 

3) Cancer like oropharyngeal squamous cell carcinoma (oSCC) are also able to affect the 

adjacent microbiome. In the third publication, we assessed the disturbance of the salivary 

microbiome in patients suffering from oSCC. Microbial differences in non-treated and even 

more in treated oSCC patients (combined cancer therapy) have been observed compared to 

healthy adults. 
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Introduction 

The human microbiome 

The human body is colonized by trillions of microorganisms, namely bacteria, archaea, fungi 

and small eukaryotes as well as viruses, mainly located in the large intestine. According to 

recent estimates, the weight of these human-associated bacteria reaches approximately 0.2 

kilograms 4). The living entirety of these microorganisms thriving in a particular habitat is 

called the “human microbiota”, whereas the human microbiome is composed of the living 

organisms (microbiota) and their so-called theatre of activity. This “theatre” contains microbial 

structural elements, microbial metabolites and internal/external structural elements (including 

lipids, proteins and polysaccharides; extracellular (“relic”) DNA, viruses and phages; signalling 

molecules and toxins and environmental conditions 5). Depending on the study design and 

hypothesis, the focus lies either on the microbiome or just the microbiota. If the potentially 

living fraction of microbes is investigated, propidium monoacid (PMA) can be used to mask 

the DNA from dead cells in the samples. This reagent intercalates into freely accessible DNA 

and strongly inhibits the downstream PCR amplification of these fragments. Since it is not able 

to penetrate cells with an intact membrane it only inhibits PCR reactions of dead cells or 

extracellular DNA6. 

Although it is known that the human microbiome consists of all three domains of life, most 

human microbiome studies still focus only on the bacterial and often miss the non-bacterial 

community like archaea on purpose or due to methodological issues (reviewed in 7). However, 

archaea seem to be as widely distributed in and on humans as recent research indicates, 

colonizing not only the gastrointestinal tract (GIT) but also other areas of the human body 2,8–

11.  

 

Living on surfaces of the human body is challenging for human-associated microbes. 

All species of the human-associated microbiota have to cope with various biotic as well as 

abiotic factors when colonizing the human body. The human host provides a variety of niches 

with different biological, chemical and physical conditions. This combination of different 

morphological structures (e.g., surface structure and epithelial lining) and environmental factors 
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(like pH, oxygen and nutrient availability, or temperature) varies on and in humans and has 

been topic of many publications and reviews 1,12–15. 

Both, structures and environmental factors, create a selective habitat for microorganisms on 

each type of body site. The selection is even further supported by mechanisms defeating 

unwanted microbes, including antimicrobial components, the innate and adaptive immune 

response or mucociliary clearance 16–19. Besides host-dependent factors, the microbial 

colonisation is also highly influenced by adjacent microbial communities. Although many 

positive relationships (like synergism or commensalism) exist, some microorganisms 

negatively influence population dynamics, functional capacities, or microbial fitness of other 

community members or pathogens by nutrient competition, production of antimicrobial 

molecules or stimulation of human defence mechanisms 1,20–23. In addition to interspecies 

driven competitions, the human host consciously and unconsciously affects the human 

associated microbiota during the entire life span. These host-factors include delivery mode and 

diet (e.g., breast/formula feeding, vegetarianism), smoking  and hygiene habits, host-genetics 

and physiology, as well as disease and medical treatment (e.g., antibiotics) 1,24–30. All in all, 

many factors ranging from biotic (e.g., host and living microbial community) to abiotic (e.g., 

external factors like industrial/non-industrial or urbanisation 31–33) parameters shape the intra-

individual and inter-individual character of the human microbiome and should be considered in 

microbiome research. 

 

The general human microbiome at different body sites 

Even though the host-associated microbial community underlies dynamic changes, some taxa 

(also called “keystone taxa”) are indicative for particular body niches or even health status. The 

occurrence of these microbes is quite stable between individuals and over a certain time. 

Therefore, they seem to contribute more to specific environmental dynamics than other 

microbial taxa present in the same environment 3,5,34. 

Upper respiratory tract 

The human upper respiratory tract (URT) is in constant contact with the external environment. 

With its intertwined structure and different epithelial linings throughout the nasal cavity, it 

provides various niches. Although the general URT microbiome tends to be quite similar among 
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individuals, intra- as well as inter-individual changes can be observed based on different 

sampling locations and over time 35–38. In general, the human URT is colonised by the bacterial 

phyla Actinobacteria, Firmicutes and Proteobacteria with Corynebacterium, Staphylococcus, 

Cutibacterium, Moraxella and Rothia as predominant genera. Furthermore, lactic acid bacteria 

(LAB) species such as Dolosigranulum pigrum or Lactobacillus casei have been found in 

healthy individuals indicating a potential role as probiotic strains 1,12,39,40. Besides bacteria, the 

URT is also inhabited by non-bacterial microorganisms like archaeal taxa belonging mainly to 

the phyla Euryarchaeota and Thaumarchaeota. 11,41,42. However, these members of the microbial 

community have not been much into focus in the past and therefore are often overlooked since 

general approaches do not target this group of microorganisms 7,43.  

Gastrointestinal tract 

The gastrointestinal tract (GIT), especially the large intestine, is the most densely colonized 

human site 4. The predominant taxa in the gut were described to be Firmicutes (genera 

Faecalibacterium and Eubacterium), Bacteroidetes (genera Bacteroides, Prevotella and 

Alistipes) and Proteobacteria (species Escherichia coli) 3,44. In contrast to other body sites, the 

GIT is also known to harbour several archaeal taxa, like halophilic archaea but mainly 

methanogenic archaea belonging to Methanobacteriales and Methanomassiliicoccales 

(methanogens). One of them, Methanobrevibacter smithii, is even considered as a keystone 

taxon in the human gut 3,43,45,46. The dominant fungi found in human stool samples are Candida 

albicans, Malassezia and Saccharomyces 47,48. Most of the mentioned studies apply 16S rRNA 

gene or ITS gene sequencing; however, as both of these methodologies rely on amplicon 

generation with primers, numerous microbial taxa remain underrepresented or undetected. 

More recently methodological approaches like metagenome-assembled genomes (MAGs) give 

deeper insights into the microbial community structure and their functional capability of 

uncultured genomes. Some of the latest studies recovered thousands of MAGs assigned to 

formerly unknown bacteria (e.g., belonging to the phyla Bacteroidetes, the class Clostridia or 

the family Lachnospirales, Oscillospirales, Ruminococcaceae) as well as a few archaea 

(belonging to Thermoplasmatales, Candidatus Methanomethylophilus, Methanomassiliicoccus 

and Methanosphaera) present in the GIT 49–52). 
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Oral cavity 

Saliva, the tongue or the buccal mucosa are only some examples of niches provided in the moist 

and warm oral cavity that are in direct contact to nutrition 53,54. Overall, the oral microbiota 

mainly comprises the bacterial phyla Firmicutes, Bacteroidetes and Actinobacteria with the 

genera Streptococcus, Veillonella, Prevotella, Neisseria, Corynebacterium but also non-

bacterial taxa like fungi (Candida, Aspergillus and Malessezia) and archaea – belonging to 

Methanobrevibacter oralis, smithii and massiliense, Methanosphaera and Methanosarcina 

mazei – have been observed. Notably, archaea were mainly observed in subgingivalis or dental 

plaques 2,42,55–58.  

 

Beneficial microbes and their way to influence the human host. 

Together with the colonisation of microbes a lot of benefits come along. Microbes are capable 

to support food digestion (e.g., fermentation of dietary fibres) and the production of vitamins 

(e.g., vitamin B12 (Cobalamin)) 59,60. Additionally, they protect us from pathogenic 

colonisation (e.g., by occupation of body niches or shaping the host’s immune system) 61–64 and 

produce health-mediating microbial secondary metabolites like short chain fatty acids (SCFA) 

(reviewed in 65). Furthermore, the archaeal product methane (CH4) is currently being discussed 

to have effects on the human digestive tract and probably on the bacteriome as well 3,7,66.  

Vitamins  

Vitamins are important for metabolic processes as well as immune responses. Basically, water-

soluble vitamins act as coenzymes in enzymatic reactions whereas fat-soluble ones are 

important cell membrane components. Since humans are not capable of producing several 

essential vitamins on their own (such as vitamin B12 (cobalamin)), they have to rely mainly on 

dietary sources. Vitamin B12 is the biggest and most complex vitamin and mainly found in 

animal derived products 67,68. Even though some microbes (such as Bifidobacterium sp.) might 

be able to synthesize cobalamin in the large intestine, the vitamin might still not be absorbed 

by human cells there since vitamin B12 uptake mainly takes place in the small intestine 69,70. 

Other sources of vitamin B12 are the industrial vitamin B12 production (e.g., Pseudomonas 

denitrificans) as well as vitamin B12 enriched in food (e.g., Propionibacterium freudenreichii 

or Lactobacillus reuteri) 71–73.  
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Short chain fatty acids 

Other important microbial products are short chain fatty acids (SCFAs) and are mainly 

produced by anaerobic microbial fermentation of non-digestible polysaccharides/carbohydrates 

(e.g., dietary fibres and resistant starch) in the large intestine. The main SCFAs produced by 

microorganisms are acetate (C2), propionate (C3) and butyrate (C4) 74. The amount and type of 

produced SCFAs depends on the dietary fibre content (type, structure and size), on the microbial 

composition in the GIT as well as on the gut transit time 75. Important producers of SCFA in 

the gut are e.g., Eubacterium rectal, Eubacterium hallii, Faecalibacterium prausnitzii and 

Ruminococcus bromii 76–79. After production in the human intestine SCFAs are absorbed by 

colonocytes and subsequently, partially transported to other organs such as the liver or brain. 

These absorbed SCFAs possess several health-mediating properties raining from energy supply, 

mucus production to anti-inflammatory properties (reviewed in more detail in 65,80).  

Methane production 

One of the most interesting microbial products of human gut-associated microorganisms is 

methane. This small and volatile gasotransmitter is produced by methanogenic archaea like M. 

smithii mainly living in our large intestine 3,81. The biosynthesis of methane requires a carbon 

source (e.g., bacterial fermentation products such as carbon dioxide, methanol or formic acid) 

and an electron source, such as hydrogen (H2) – (CO2+4H2→CH4+2H2O) 7. The human body 

does not further metabolize CH4. Therefore, this gas is emitted via flatus or the skin and lung 

after diffusion into the systemic circulation 82.  

The methane production of healthy individuals ranges from 0 to 75 ppm 3,83 and elevated CH4 

concentrations have been connected to protective properties (like anti-inflammation) in 

mammals. Furthermore, methanogenesis may indirectly also promote the degradation of 

organic compounds by removing the bacterial fermentation product and inhibitor – 

environmental H2 – leading to reduction of bloating as well 84–86. However, the question remains 

which impact methane has on human health since several studies indicated an association 

between CH4 emission and health issues such as slower gut transition, constipation or head and 

neck cancer 87–90 Furthermore, the breath methane level measurement after substrate challenge 

with e.g., lactulose is already used as a non-invasive and cheap tool to diagnose GIT issues. 

Like in the case of small intestinal bacterial overgrowth (SIBO), in which SIBO-patients exhibit 

higher CH4 concentrations after substrate challenge compared to healthy controls 91. However, 
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in the case of diagnostics, methane produced in the oral cavity should also be considered 

because Erdrich et al., 2021 suggested a possible role of methanogens located in the oral cavity 

on measured methane levels as well 92.  

 

Dysbiosis and disease-associated microbial community structures. 

Although a lot of benefits come along with the colonisation of microbes, they are mainly 

publicly perceived due to rare pathogenic properties. Many studies focus today on the 

differences in microbial diversity and composition especially in the gastrointestinal tract in 

health and disease with the finding that rather a shift of human associated microbes (dysbiosis 

– change in microbial diversity and composition) instead of just one specific pathogen is 

frequently causing disease, like in inflammatory bowel disease (IBD), chronic rhinosinusitis 

(CRS), and oropharyngeal squamous cell carcinoma (oSSC) 2,93–97. Therefore, it has still to be 

investigated whether dysbiosis occurs due to different conditions caused by the specific disease, 

contributes to longitudinal symptoms, or even has a causal role in disease formation and 

progression. 

Upper respiratory tract 

One example for a highly investigated connection between URT infection and the microbiome 

is chronic rhinosinusitis (CRS). CRS is an inflammation of the nasal cavity (and paranasal 

sinuses), occurs with or without nasal polyps (CRSwNP and CRSsNP, respectively), with 

symptoms like nasal obstruction and/or nasal discharge and lasts for more than 12 weeks 98. Up 

to date, no specific pathogen has been linked to this condition, but the abundances of several 

taxa were determined to be relatively increased in the URT of CRS patients including 

Corynebacterium tuberculostearicum and C. accolens, Haemophilus influenza and H. 

aegypticus, Prevotella salivae while others were found to be decreased e.g., Peptoniphilus, 

Corynebacterium sp., Bifidobacterium longum, Dolosigranulum pigrum or Lactobacillaceae 

sp. 1,40,99,100. Furthermore, several studies indicate alterations in the overall microbial 

community composition and decreased microbial diversity of CRSsNP compared to healthy 

subjects. 99,101. In contrast to formerly mentioned studies, Wagner Mackenzie et al., 2018 

focussed on Archaea in CRS patients. However, they were not able to determine specific 
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archaeal signatures associated with CRS since only a few of the investigated samples yielded 

archaeal hits even if archaeal-specific methods were used 11.  

A recently discussed post-infectious health condition is an impaired sense of smell (dysosmia). 

Infectious diseases of the URT like a cold or COVID-19 have been linked to reduced olfactory 

performance 102,103. Koskinen et al., 2018 detected an increase in alpha diversity of the nasal 

microbiota (located directly at the olfactory epithelium) in people with post-infectious 

dysosmia. Additionally, bacterial signatures, namely Faecalibacterium, Campylobacter, 

Porphyromonas and Enterobacteriaceae were positively correlated with reduced olfactory 

capability. The increase in microbes producing the unpleasant smelling butyrate has been 

suggested to potentially have a negative impact on the sense of smell. Additionally, archaeal 

signatures, belonging to the phyla Thaumarchaeota and Euryarchaeota, were observed as well 

but no association with reduced olfactory performance could be found 41. (see also Table 1)  

Due to the current pandemic crisis, numerous studies focus on the COVID-19 infection and 

discuss the compositional changes of the human microbiome, however, results are not 

consistent among the studies. Increases 104,108 as well as decreases 105,124,107,109 in microbial 

alpha-diversity have been reported to be associated with COVID-19. Furthermore, significant 

microbiome differences were linked to COVID-19 ranging from no difference 108 to elevated 

counts of the genera Salmonella, Serratia, Anaerococcus, Bacillus or Enterococcus 104,105,107 

and the species Campylobacter hominis, Bacteroides vulgatus, Staphylococcus epidermidis 

104,106 in infected individuals. Several other taxa have been determined to be potentially 

negatively correlated with COVID-19, such as Corynebacterium, Neisseria, Johnsonella, 

Leptotrichia, Finegoldia or Prevotella 104,105,107,124. An association of microbial community 

composition (mainly of the nasopharynx) and disease severity was reported as well. The 

observed inconsistency in these studies is potentially reasoned by the usage of different 

methodology (e.g., sampling strategy, amplicon sequencing or metagenomics/-transcriptomics) 

and changes in low abundant taxa 104–109,124. (see also Table 2) 

Even though COVID-19 causes anosmia, these microbiome studies did not focus on the 

olfactory performance of the subjects at all. Since all these findings were conducted from 

samples of the nasopharynx and not the olfactory mucosa, statements about olfactory capability 

might anyhow not be possible. 
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Gastrointestinal tract 

An inappropriate colonisation by specific microbes and, accordingly, activation of harmful 

inflammatory responses, has been associated with inflammatory bowel diseases (IBD) 

including Crohn’s disease (CD) and ulcerative colitis (UC). Microbes like Eubacterium, 

Roseburia intestinalis, Ruminococcus gnavus and Fusobacterium nucleatum are associated 

with CD whereas Ruminococcus albus, Eubacterium rectale, F. prausnitzii are decreased 

compared to healthy controls. 93,110,111. The decrease in taxa like F. prausnitzii that normally 

contribute to the production of SCFAs might contribute to altered immune responses in IBD 

patients (see chapter “Beneficial microbes and their way to influence the human host”). In 

addition to changes in the bacterial community, IBD was also correlated with alterations in the 

fungal biodiversity (↓) and relative abundances of specific taxa (like Candida sp. (↑) or 

Saccharomyces cerevisiae (↓)) 112,113. Furthermore, also archaeal signatures (↓M.smithii, 

↑Methanosphaera stadtmanae) were described to be associated with IBD patients compared to 

healthy controls 114,115. (see also Table 1) 

Oral cavity  

Several microorganisms have also been linked to diseases of the oral cavity like oropharyngeal 

squamous cell carcinoma (oSCC). Bacterial taxa such as Fusobacterium, Parvimonas, Gemella, 

Porphyromonas gingivalis, Prevotella , Fusobacterium periodonticum and Pseudomonas 

aeruginosa were observed in oSCC patients whereas Streptococcus, Neisseria, Rothia and 

Veillonella have been observed to have protective properties against oSCC 2,116–119. 

Interestingly, some members of lactic acid producing bacteria possess anti-cancer properties 

(e.g. Lactobacillus plantarum induces apoptosis in cancer cells 120) but others have also been 

detected in oSCC samples (e.g., Peptostreptococcus 118,121). Additionally, Candida albicans is 

the most found fungal signature associated with oSCC and might promote tumour development 

2,122,123. Archaeal signatures (Methanobrevibacter, Methanosphaera and Candidatus 

Nitrosoarchaeum) were also found in oSCC patients, however, no correlation to oSCC could 

be determined 2. (see also Table 1) 
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Table 1. Microbes associated with selected diseases.  

  Upper respiratory tract Gastrointestinal tract Oral cavity 

  CRS anosmia IBD oSCC 

B
a

ct
er

ia
 

↑C. tuberculostearicum 

↑C. accolens 

↑H. influenzae/aegypticus 

↑P. salivae 

↓D. pigrum 

↓Lactobacillus 

↓Peptoniphilus 

↓Corynebacterium 

↓Dolosigranulum 

↑Faecalibacterium 

↑Campylobacter 

↑Porphyromonas 

↑Enterobacteriaceae 
 

↑Eubacterium  

↑Roseburia  

↑R. gnavus  

↑F. nucleatum  

↓R. albus  

↓E. rectale  

↓F. prausnitzii  

↑Fusobacterium periodonticum 

↑Porphyromonas gingivalis 

↑Pseudomonas aeruginosa 
↑Parvimonas 

↑Prevotella 

↓Streptococcus 

↓Rothia 

↓Neisseria 

↓Veillonella 

A
rc

h
a

ea
 Euryarchaeota 

Thaumarchaeota 
Euryarchaeota 
Thaumarchaeota 

↑M. stadtmanae 

↓M. smithii 

Methanobrevibacter 
Methanosphaera 

Candidatus Nitrosoarchaeum 

F
u

n
g

i 

    

↑Candida albicans 

↓Saccharomyces cerevisiae 

↑C. albicans 

Arrows (↑ and ↓) indicate an increase or decrease of the microbial diversity and relative abundance of the corresponding taxon 

in diseased patients compared to healthy controls, respectively. References in text! 
 
 

Table 2. Information about methodological procedures and changes in the microbiome of the nasopharynx of 

COVID-19 positive subjects. (Continued on next page) 

Literature 
sampling 

site 

extraction 

method/kit 

sequencing and 

bioinformatics 

(overview) 

COVID-19 patients * 

alpha 

diversity 
increased decreased 

Rosas-

Salazar  

et al. 2021 
104 

mid-

turbinate 

DNeasy 

PowerSoil 

extraction 

Kit 

(Quiagen) 


 universal primers 

 V4 region 

 MiSeq  

 

 DADA2 

 SILVA 

 decontam 

 DeSeq2 (R 

package) 

higher 

- 

not 

significant 

Brevundimonas 

Corynebacterium 1 

imitants 

Corynebacterium 

Granulicatella 

Ezakiella 

Peptoniphilus 

lacrimalis 

Campylobacter 

hominis 

Sphingobacterium 

spiritivorum 

Anaerococcus 

Peptoniphilus 

Prevotella 9 copri 

Bacteroides vulgatus 

Corynebacterium 1 

Prevotella disiens 

Staphylococcus 

haemolyticus 

Corynebacterium 

Anaerostipes hadrus 

Neisseria 

Lachnospiraceae 

Rueca et 

al., 2021 
105 

nasopharyx QIAsymphon

y automatic 

extractor 

with DSP 

Virus/Pathog

en Midi Kit 


 V2-4-8 region 

 V3-6 region 

 V7-9 region 

 IonS5 Sequencer 

 

 NCBI 

 GAIA 2.0 

 DeSeq2 

lower 

- 

significant 

Salmonella 

Scardovia 

Serratia 

Pseudomonadaceae 

Johnsonella 

Tepidiphilus 

Thermoanaerobacter 

Thermoanaerobacterium 

Thermosinus 

Variovorax 

Continued on next page 



Introduction 

13 
 

Table 2: Continued from previous page  

Literature 
Sampling 

site 

Extraction 

method/kit 

Sequencing and 

bioinformatics 

(overview) 

COVID-19 patients * 

alpha 

diversity 
increased decreased 

Nardelli  

et al., 2021 
124 

nasopharyx MagPurix ® 

Bacterial 

DNA 

Extraction 

Kit  

 

(Zinexts Life 

Science) 


 V1-3 region 

 MiSeq  

 

 MicrobAT Suite 

 SmartSeq, (Novara, 

Italy) 

 Microbiome 

Analyst program 

 Kruskal-Wallis 

lower 

-  

not 

significant 

 Leptotrichia 

Fusobacterium 

peridonticum 

Haemophilus 

Engen  

et al., 2021 
107 

nasopharyx NucleoMag 

Pathogen 

manufacturer

’s protocol  
 

(Macherey–
Nagel) 


 515f/806R primers 

 V4 region 

 MiniSeq 

 

 QIIME2 

 DADA2 

 SILVA 138 

 decontam 

 t-test or 

Mann.WhitneyU  

lower 

-  

not 

significant 

Enterococcus 

Burkholderia-

Caballeronia-

Paraburkholderia 

Gulbenkiania 

Bacillus 

Streptococcus 

Rothia 

Prevotella 

Finegoldia 

Anaerococcus 

Corynebacterium 

Neisseriaceae 

Braun  

et al., 2021 
108 

nasopharyx StarMag 

universal 

cartridge kit  

 

(Seegene) 


 515f/806R39 

primers 

 V4 region 

 MiSeq 

 

 QIIME2 

 Deblur 

 permutatuin rank 

mean test  

 dsFDR correction 

 MaAsLin2 

higher 

-  

not 

significant 

did not find significant differences 

Zhong  

et al., 2021 
106 

nasal and 

throat 

QiAamp 

RNeasy 

Mini Kit   

      

(Qiagen) 


 metatranscriptomic 

 DNBSEQ-T7 

platform 

 

 SortMeRNA 

 Kraken2X 

 NCBI RefSeq 

database 

 MetaPhlAn2 

 Wilcoxon rank-sum 

- 

Burkholderia cepacia 

complex 

Staphylococcus 

epidermidis  

Mycoplasma hominis 

Mycoplasma orale - 

Mostafa  

et al., 2020 
109 

nasopharyx NucliSENS 

easyMag  

 

(bioMérieux) 


 metagenomics 

 Nanopore GridION 

X5 

 

 CosmosID 

bioinformatics 

platform 

(CosmosID Inc., 

Rockville, MD) 

lower Propionibacteriaceae 

Moraxella catarrhalis 

Haemophilus 

influenzae 

Corynebacterium 

accolens 

* COVID-19 positive samples compared to healthy controls 
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Modulation of human microbiome compositions 

Like already reviewed above, several diseases are associated with a shift of the human-

associated microbiome, putatively contributing to disease development, progression, and 

treatment. Therefore, modulation of the microbial composition might be an option to maintain 

the healthy state or to reach a more favourable microbiome again. Since the microbial 

community composition is quite unique (except the keystone taxa) between individuals a more 

personalized treatment might be needed.  

Dietary interventions 

Several studies already described the beneficial properties of human commensal and thereof 

indicated a putative role of microbes in prevention and treatment of particular diseases in the 

future 60,64. Using this knowledge of beneficial microbes might help to develop novel treatment 

strategies such as probiotics or a specific diet (fibre-rich) that support or maintain a healthy 

microbiome.  

Probiotics are “live microorganisms which when administered in adequate amounts confer a 

health benefit on the host” 125. Since decades, they are orally applied to promote the health of 

the GIT (e.g., by protection or recovery of the epithelial barrier) 126–128. In the last years, some 

of the lactic acid bacteria (LAB), such as Lactobacillus sp. or Dolosigranulum pigrum, were 

also highly discussed as promising therapy options for URT infections since they naturally 

belong to the healthy nasal microbiota. Therefore, they might be considered as “safe” for human 

administration and are already adapted to the URT that might prevent clearance of the probiotic 

strains immediately after application 40,129,130. 

Another way to promote a more favourable “healthy” microbiome is via diet. Dietary habits 

that are rich in fibres (non-degradable fibres in vegetables or fruits) have been determined to 

enrich specific fibre degrading microbes 131–135. Additionally, the consumption of fermented 

food like cheese, yoghurt or sauerkraut might be able to modulate the microbial composition in 

the GIT, since these products contain living microbes, mainly LAB strains, but also 

Bifidobacteria ssp. as well as Saccharomyces ssp. (reviewed in 136). Pasolli et al. even 

determined that some LAB might be able to colonize the GIT and by that improve human health 

137. Notably, besides this intended growth (spontaneous and with multispecies starter culture) 

of specific microbes in food, also microbes that are colonizing unprocessed food (e.g., apples, 
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lettuce or tomatoes) might impact human health and the microbiota composition in the human 

gut 138,139. For example, according to the results of Wassermann et al., 2019, together with 

organically instead of conventionally managed apples, we ingest a microbial community 

substantially different in diversity (increased) and composition 139. 

Therapeutically interventions  

The most common medical strategies to manipulate the microbial community are antibiotics. 

These drugs inhibit cell growth/proliferation or directly lyse bacteria. This elimination or 

weakening of specific microbial taxa can lead to the outgrowth of other (beneficial or harmful) 

taxa that compete for the same ecological niche 24,30. In case of harmful microorganisms, these 

microbial changes might lead to long term health issues. Furthermore, antibiotics/-mycotics are 

often part of cancer therapies since chemoradiation e.g., in oSCC has several adverse effects 

(e.g., hyposalivation, mucositis) leading to and associated with microbial dysbiosis. Therefore, 

this combined treatment helps to avoid infections or microbial overgrowth 2,140,141. In addition 

to this, also other invasive therapies such as surgeries may have an impact on the adjacent 

microbiome. Opening of nasal sinuses in CRS patients or removal of tumour tissue affects the 

morphological structure and the prevalent biological condition at these areas by increasing the 

ventilation, clearing diseased tissue 1,142 and thereof providing new niches for microbes. 
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Objectives and summary of the thesis 

Chapter 1.: The microbiome of the upper respiratory tract in health and disease. 1 

Even though the microbiome of the upper respiratory tract has been much less investigated 

compared to other body parts (e.g., gut, oral, skin) this location got more and more into focus 

in the last decades. With one of my projects, the “Nose Brain Axis” (NBA), our interest in the 

nasal microbiome increased – especially regarding the microbes located next to the olfactory 

epithelium in the nasal cavity and their contribution in human olfaction. During the literature 

research for this project, we decided that a review of the hitherto discovered insights into the 

human nasal community was required to provide information for our new project (“Nose Brain 

Axis”) to: 1) support the decision on sampling site and technique as well as on appropriate 

extraction and sequencing approaches, 2) get to know the current literature on microbial 

composition in health and disease (including dysosmia), 3) highlight findings on archaeal 

composition in the nasal cavity and 3) collect information about probiotics use in the nasal 

cavity as therapy option in the future (Figure 1).  

 
Figure 1. Study design "Upper respiratory tract microbiome" review. 1 Created with BioRender.com 

Therefore, the current knowledge of the human upper respiratory tract – from the anterior nares 

to the nasopharynx – as well as its microbiome was collated in this review. It covers the different 

surface structures (e.g., epithelial lining) and biological conditions (e.g., humidity, mucociliary 

or clearance) both leading to various niches within the nasal cavity. Furthermore, this 

manuscript also draws attention to the interplay between microbes themselves and the human 

host by addressing microbial competitions (e.g., niche specificity, freely available nutrients) as 

well as host defence mechanisms (e.g., mucociliary clearance, immune system response 

activation). Additionally, insights into the general microbial composition of the healthy human 

nose and a summary of the variability of the microbial structures in the upper respiratory tract 
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are provided: 1.) during the process of aging (from newborn to elderly), 2.) different lifestyles 

as well as 3.) in various health issues are given. Finally, different therapy options to treat URT 

diseases with contribution of the URT microbiome (e.g., chronic rhinosinusitis) were also topic 

of this literature research to provide information about currently used therapies – namely nasal 

washes, probiotics, and surgery. 

 

Chapter 2.: Reduced B12 uptake and increased gastrointestinal formate drive archaeome-

mediated breath methane emission in humans. 3 

Approx. 20% of the general population exhales methane levels above 5 ppm. Even though CH4 

is a non-toxic gas, higher breath methane levels have already been associated with different gut 

conditions (e.g., constipation or slower gut transit). However, we found that also healthy adults 

without any gut issues emit methane levels up to 75 ppm, in this study. Other studies already 

described an association between methane emission in humans and methanogenic archaea 

(methanogens). Methanogens are yet to be the only known microbes in the gut producing CH4. 

In this article, the correlation between microbial composition in the GIT, breath methane status 

and dietary habits should be further assessed. We hypothesized that the abundance of methane-

producing archaea are influenced by microbial connections and dietary habits in the healthy 

gut. For this purpose, healthy participants (n=100) were asked to collect breath and stool 

samples as well as filling out a food frequency questionnaire. Based on methane levels, subjects 

were categorized into high and low methane emitters (high methane emitter: HE ≥5ppm) before 

defining key species, microbial networks and investigation of connections between HE 

microbial community composition and nutritional intake (Figure 2). 

As already described in other studies, we were able to confirm an association between the 

relative as well as absolute abundance of the archaeon M. smithii and CH4 levels measured in 

the breath. Together with the taxa Christensenellaceae, Ruminoclostridium, Ruminococcaceae 

and Eubacterium, M. smithii was significantly positively correlated with HEs, whereas the 

genera Bacteroides, Blautia, Ruminococcus, Butyricicoccus and Flavonifractor were identified 

as representatives for the microbial community of low methane emitters (LE). Furthermore, the 

HE microbial community was significantly positive correlated with vitamin B12 intake and 

measured formate levels in the stool. It seems that people consuming less vitamin B12 are more 
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likely to be colonized by methanogens/M. smithii and therefore emit higher amounts of 

methane. 

 
Figure 2. Study design "Methanogens in the GIT" article. 3 Created with 

BioRender.com 

 

Chapter 3.: Preliminary insights into the impact of primary radiochemotherapy on the salivary 

microbiome in head and neck squamous cell carcinoma. 2 

Oropharyngeal squamous cell carcinoma (oSCC) is one of the dominant head neck cancer types. 

In non-operable cases, it is often treated with chemoradiation that in many times leads to 

hyposalivation causing a very dry environment in the mouth that facilitates the development of 

painful mucositis and ulcers indicating a microbial dysbiosis. Therefore, this aggressive therapy 

is often combined with antibiotics and/or antimycotics (standard treatment) to minimise 

infections or overgrowth of microorganisms in the arisen open niches. 

In this preliminary study, following points were addressed: 1) Can we identify putative 

biomarkers for oSCC in saliva samples before cancer therapy? 2) What changes in the microbial 

community structure and diversity occur due to standard oSCC therapy to further understand 

the side effects (e.g., mucositis) of the therapy? 3) Additionally, already known correlations 

between oSCC and alcohol consumption and HPV status should be confirmed. To answer these 

open questions, saliva samples of oSCC patients (n=31) before and after standard therapy were 

collected and compared to saliva samples of healthy controls (n=11). The archaeal, bacterial 
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and fungal signatures were assessed via amplicon sequencing (16S rRNA gene and ITS region, 

respectively) and subsequently correlated with collected metadata information of the 

corresponding subject (Figure 3).   

An altered microbial community structure with significant changes in some microbial 

signatures was found when comparing healthy controls and oSCC patients before therapy as 

well as patients before and after therapy. Namely, the bacterial signatures of Bifidobacterium 

(↑), Veillonella (↑), Pasteurellaceae (↓), and Eubacterium nodatum group (↓) were significantly 

associated with non-treated patients compared to healthy subjects.  Standard therapy led to 

decreased abundances of Haemophilus, Veillonella and Granulicatella whereas Lactobacillus, 

Acinetobacter and Gemella were enriched. In contrast to the bacterial approach, the results of 

the fungal approach suggest an increasing number of relative abundance of fungal signatures 

from healthy controls to non-treated and treated patients. The relative abundance of the fungal 

genera Candida tended to be elevated in both oSCC samples groups compared to healthy 

subjects. Due to many archaea-negative samples in the archaeal approach only statements about 

the generally found archaeal signatures could be made.  

 
Figure 3. Study design "Saliva microbiome in health and oSCC 

before and after standard cancer therapy" article. 2 Created with 

BioRender.com
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The publications 

Chapter 1.:  

The microbiome of the upper respiratory tract in health and disease.1 

 

Unpublished project: The Nose Brain Axis - The correspondence of the nasal microbiome and 

human olfaction. (manuscript in progress) 

 

Chapter 2.:  

Reduced B12 uptake and increased gastrointestinal formate drive archaeome-

mediated breath methane emission in humans.3 

 

Chapter 3.:  

Preliminary insights into the impact of primary radiochemotherapy on the 

salivary microbiome in head and neck squamous cell carcinoma.2 
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General Discussion 

Chapter 1.: The microbiome of the upper respiratory tract in health and disease.1 

In the last years also other human body parts, besides the GIT, came into focus, including body 

sites that are less densely colonized by microorganisms like the nasal cavity 4. With the present 

review 1, we aimed to collect the knowledge on the nasal microbiome and provide current 

information for our new project (“Nose-Brain Axis) to: 1) choose an appropriate sampling site 

and handling procedure of these low biomass samples (methods), 2) get to know current 

knowledge on the contribution of the nasal microbiome in diseases (especially dysosmia), 3) 

review findings on the archaeal community in the nose and 4) discuss probiotics as an 

innovative therapy option for URT issues in the future. 

The core microbiome of the healthy URT as well as the disease-associated microbial 

community (e.g., CRS) have already been deciphered in several studies 35,41,99,100. Nevertheless, 

these studies often came to different conclusions when comparing the URT in health and 

disease. Even though the identified core microbiome was similar in a wide range of the 

conducted studies, taxa associated with a particular health state were often mismatching or even 

contradictory among studies 1,99,101,143. Common discrepancies between the studies were the 

choice of 1) sampling site, 2) sample processing (e.g., storage, nucleic acid extraction kits, 

primers or sequencing method), and 3) data analysis tools and settings (as examples for 

COVID-19, see table 2; 104,105,108,124). In the case of the URT, the narrow and winding anatomy 

of the nose provides various niches with different conditions for a distinct microbial 

composition 144. Consequently, the choice of an adequate sampling site is recommended. But if 

deeper areas in the nose are preferred, sampling can be quite challenging. Reaching areas deep 

in the nose come with a higher risk of touching other locations within the nasal cavity leading 

to microbial contamination therefrom. As usually the sinuses are only accessible by a surgery, 

the collection of samples from healthy controls is difficult. Therefore, many studies sample 

either healthy individuals undergoing other nasal surgeries (e.g., septum correction) or the 

middle meatus (receives drainage from different sinuses) as a representative of the sinus 

microbiome 38,143,145. However, De Boeck et al showed that the samples of the anterior nares 

are suitable mirrors of the sinus microbiome 99. This points out that locations should be chosen 

wisely to avoid misleading results. This is particularly important when working with low 
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biomass samples like nasal samples, as low abundant taxa might distinguish defined health 

states.  

Furthermore, sample processing and downstream analysis might influence the study outcome 

as well. Differences in cell lysis (mechanical and/or chemical), selection of primers as well as 

databases and software produce heterogeneous outputs. Some procedures might not cover 

specific taxa (e.g., archaea) or yield various outcomes (reviewed in 146). Thus particularly low 

abundant taxa are differentially captured and putative microbial biomarkers to distinguish 

health and disease could be missed. In the case of archaea, several studies missed archaeal 

signatures when using approaches that target mainly bacterial signatures. Others reported 

totally underrepresented signatures of the skin-dominant genus Propionibacterium in skin 

samples by amplicon sequencing 7,147. 

Another important issue is that samples that derive from the nasal cavity show an overall low 

microbial biomass. Therefore, the avoidance of contamination and the use of controls in parallel 

throughout the procedure are of high importance to avoid false-positive signals. Subsequently, 

application of bioinformatic tools during data processing (like decontam or PERFect 148,149) that 

are capable of identifying and extracting prominent microbial features in controls compared to 

original samples are highly recommended.  

All in all, it can be assumed that the investigation of the same research question with different 

sampling sites and methodologies such as sampling, processing and analysis procedures may 

result in less consistency between study outcomes. Additionally, contaminations of the low 

biomass samples may easily result in misleading outcomes. This suggests a need of a 

standardised protocol for nasal mucus samples including methodological recommendations 

from sampling method, extraction kits to sequencing methods as well as downstream data 

analysis tools and settings. Furthermore, the application of customized standards for controlling 

the procedures on each step of the analysis (e.g., mock community with known composition) 

would help to increase comparability of different studies and produce results of high quality. 

As already mentioned above, several URT issues have been associated with alterations of the 

nasal microbiome in the last years. Even though several respiratory tract infections like a cold 

or COVID-19 cause a loss of smell as well as taste 102,103,150, the contribution of the nasal 

microbiome to olfactory function is rarely investigated. Initially, in the case of viral infections, 
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it was assumed that the virus enters the brain by invasion of the olfactory neurons that directly 

reach through the cribriform plate to the olfactory bulb in the brain (“neuronal-mucosa 

gateway”). However, non-neuronal cells (neuron-supporting cells) of the olfactory epithelium 

but not olfactory neurons express surface receptor angiotensin-converting enzyme 2 (ACE2) 

that is needed for virus entry. Other studies in turn demonstrated that SARS-CoV2 was present 

in the olfactory mucosa and bulb. This might indicate an neuron-independent entry pathway 

151–155. 

COVID-19 was linked to inflammatory markers (like higher interleukin-6 levels in people 

suffering from smell and taste loss), signs of neuronophagia in the olfactory bulb and non-

functional T2R38 156–159 potentially impairing the olfactory performance. Additionally, the 

inflammation and diminished immune response by the non-functional T2R38 might facilitate 

viral or bacterial co-infections and restructure the nasal microbial community. Interestingly, 

T2R38 malfunction and inflammation have also been linked to CRS severity and olfactory 

dysfunction. Even though nasal polyps might also play a role in dysosmia, inflammation of the 

olfactory mucosa causes histological changes and even destroys olfactory neurons and by that 

maybe favouring a change in microbial community. Hence, olfactory dysfunction is able to 

indicate the level of inflammation in CRS patients (reviewed in 160; 161,162). A change in the 

nasal microbial community in COVID-19 and CRS patients has already been observed by 

different studies but the study outcomes were again not consistent (see table 2). Additionally, 

based on the sample site (mainly nasopharynx or middle meatus), it might not be possible to 

state if the nasal microbiome contributes to the loss of smell in the case of COVID-19 and CRS.  

In contrast to others, the study of Koskinen et al., 2018 focused exactly on the microbiome 

located at the olfactory epithelium of normosmics (people with normal olfactory performance) 

and hyposmics (people with reduced olfactory capability, in this case due to prior infection). 

They found significant alterations between normosmics and hypsomics in microbial diversity 

as well as community composition. Gut- and oral-associated bacteria, particularly butyric acid-

producers (e.g., Faecalibacterium or Porphyromonas), that were associated with reduced 

olfactory performance attracted attention 41. Even though butyric-acid has many health-

mediating properties on human body tissues, this unpleasant smelling microbial product might 

have adverse effects on the olfactory epithelium (like in the oral cavity during periodontitis 

caused by P. gingivalis) 163,164. This strong odour might overstimulate the odour receptors 
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leading to diminished odour perception after a while and thereof contribute to dysosmia 

(impaired sense of smell). In our unpublished study (project “Nose-Brain Axis”) that also 

included people with a complete loss of smell (anosmics), we were able to demonstrate a nearly 

stepwise decrease in diversity with increasing olfactory performance. This decrease was driven 

by microbial richness rather than evenness indicating a more diverse microbial community 

composition in anosmics compared to normosmics. Additionally, signatures associated with 

dysosmia (like Rickettsia, Porphyromonas, and Faecalibacterium), and normosmia (like 

Ralstonia) were observed. Of note, also smell training was conducted which improved the 

olfactory capability in both groups but was not yet correlated to the nasal microbial composition 

(preliminary results, unpublished data – “Nose-Brain Axis”). Similar findings on the positive 

impact of olfactory training have already been described in other studies 165,166. All these 

findings raise the question if reorganization of the brain alone or together with the nasal 

microbial community at the olfactory epithelium contributes to olfactory function, dysfunction 

and regain. At the moment we assume that 1) microbes do not play a causal role in the 

development of dysosmia but microbial dysbiosis contributes to the already existing reduced 

olfactory performance and 2) consciously inhaling air (during the smell training) influences the 

nasal microbial community either by increasing the ventilation causing modified biological and 

physical conditions in the nasal cavity, and/or introducing microbes. 

Most likely dysosmia is the consequence of a combination of different factors. These may 

include viral infiltration, host immune responses (e.g., inflammation), changes in the 

microbiome composition and/or medical treatments (antibiotics/-mycotics). Even though we 

hypothesize that microbes contribute to the olfactory performance, it might be difficult to find 

general putative dysosmia-associated biomarkers. Because not only upper respiratory tract 

infections but also other diseases (e.g., Parkinson’s disease) are able to impair olfactory function 

in a negative way 167,168. Nevertheless, gaining further knowledge on the loss of smell and the 

nasal microbiome in the different diseases will help to decipher the protective role of our nasal 

inhabitants and might lead to new therapeutic strategies to increase the quality of life of people 

suffering from URT issues and dysosmia. 

Until new therapy approaches are developed, URT issues associated with bacterial dysbiosis 

will still be mainly treated with antibiotics impacting the general microbial community. 

Fortunately, like mentioned above, in the recent years more and more studies focused on finding 
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biomarkers for health and disease 41,99,169. This might result in the development of probiotics 

that either protect against nasal infections in the first place or restore a healthy nasal condition. 

Using the synergistic and antagonistic interactions between microbes and the production of 

health-mediating microbial metabolites, beneficial microbes isolated from the healthy URT will 

potentially replace antibiotic therapy in the future. Several strains have already been identified 

to offer such a positive impact on the URT health e.g., Corynebacterium pseudodiphteriticum 

or Dolosigranulum pigrum are capable of inhibiting S. aureus overgrowth and additionally, (if 

co-cultured) also Haemophilus influenzae and Streptococcus pneumonia 38,130. Most probiotics 

are orally applied (even in URT issues e.g., the butyrate producer Enterococcus faecalis 128,170) 

but the nasal administration might represent a more innovative treatment option by directly 

applying beneficial microbes where they are needed. However, the development of this type of 

administration is challenging since the used microbes might reach the lung and cause lung 

infections (especially if applied via nasal sprays). Therefore, potential probiotic strains should 

be extensively checked and chosen carefully. 

Several studies have already been conducted on humans. The used strains including 

Lactococcus lactis W136, and Streptococcus salivarius and Streptococcus oralis, respectively, 

were well tolerated and led to decreased symptoms in patients suffering from CRS and recurrent 

respiratory infection 171,172. Additionally, the URT isolate Lactocaseibacillus casei AMBR2 of 

the study of De Rudder et al., 2020 demonstrated a strong adherence to URT epithelium cell 

lines via fimbriae-like structures and survival in microbial donor backgrounds in vitro 173. The 

same strain was also tested as intranasal application in healthy subjects without prior antibiotics 

treatment and was detectable even hours after administration 40. This points out the importance 

of both the adaptation to niche-specific conditions of probiotics as well as the interaction with 

the present microorganisms of the already occupied niche for long-term colonisation. Maybe 

the strategy of using microbes that are already present in the healthy URT (like Dolosigranulum 

or Corynebacterium) might also open up new opportunities to improve olfactory performance 

after infections again. Therefore, strains have to be selected that have no pathogenic evidence, 

no resistance to antibiotics and that have already extensively been tested in cell culture. Hence, 

further research has to be conducted to reveal better insights into the adaptation of “safe” 

putative probiotic strains to the healthy nasal microbiota, to the URT and its potential health-

mediating properties to develop novel non-invasive and easy to apply therapies for URT issues. 
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Throughout the literature research, we came across remarkably few URT studies on archaea. 

Since most of the methods up to date show limited capability or even fail to detect archaea, 

specific approaches are needed to study archaea as part of the human-associated community 

43,174. Archaea are known important human key taxa in the human microbiome as already shown 

in the GIT tract and might influence the human host’s health via microbial by-products (e.g., 

CH4) or interspecies interactions such as hydrogen transfer 3,7,66. A few publications detected 

archaeal taxa in the nasal cavity. Mostly, Euryarchaeota and Thaumarcheota were detected by 

Wagner-Mackenzie and Koskinen et al., 2018  among others 11,41. In addition to the findings of 

the latter study, our unpublished study “the Nose-Brain Axis” even indicated a negative trend 

between olfactory performance and one archaeon belonging to the phyla Euryarchaeota – the 

GIT keystone species M. smithii (preliminary results, unpublished data – “Nose-Brain Axis”). 

With this finding, the NBA study indicates not only a potential contribution of an archaeon to 

this particular health condition but also, together with the formerly mentioned bacterial taxa 

(e.g., Faecalibacterium), an increase in GIT-associated microbes in anosmics.  

Instead of universal approaches that many target bacteria, archaea-specific procedures and 

methods used also in our studies include combined mechanical and enzymatical cell lysis, 

nested PCR (1st: 344F-1041R; 2nd: 519F-806R) for amplicon sequencing, or shotgun 

metagenomics. Furthermore, quantitative methods (e.g. qPCR or ddPCR) targeting specific 

genes such as the mcrA gene in methanogens can be performed to get specific information 

about the archaeal community (methods described in 1-3,43). Despite focalising research 

particularly on archaea in the URT, archaeal signatures are often not detectable in every 

analysed sample 11 due to methodological limitations of the currently used archaea-specific 

methods. This highlights the need of new archaea-specific methods and should raise interest to 

expand the knowledge also on other multi-kingdom taxa beyond bacteria. 

Even though many studies already focus on URT microbiome, a lot is still unknown and needs 

to be unravelled. By choosing appropriate sampling sites, controls and methods for specific 

research questions, a lot of crucial knowledge in the healthy and diseased URT will be 

deciphered in the future and help to decrease the burden of URTIs and anosmia by e.g., 

developing putative probiotics. 
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Chapter 2.: Reduced B12 uptake and increased gastrointestinal formate drive archaeome-mediated 

breath methane emission in humans. 3 

Archaea, the third domain of life, have been considered for a long time to exclusively live in 

extreme environments. In the last years archaea are more and more frequently found 

additionally in mesophilic environments such as the human body. Since then, this neglected 

human-associated community came much more into focus. Up to now, several archaea-specific 

strategies have been established to detect archaeal signatures in the human microbiome in 

addition to the commonly targeted bacterial community 43,174.  

In this article 3, we confirmed the impact of the methanogens (mainly Methanobrevibacter) on 

methane production in the GIT of healthy individuals as well as demonstrated significant 

associations between methane emission and intake of certain nutrients. High methane emitters 

(HE, CH4 ≥ 5ppm) were colonized by significantly higher relative and absolute abundances of 

M. smithii compared to low emitters (LE, CH4 < 5ppm). Furthermore, a whole network of 

various taxa (here referred to as keystone taxa) could be identified for HE and LE, respectively 

3. For example, Christensenellaceae (↑) was significantly correlated with Methanobrevibacter. 

Other studies already described a synergistic interaction of those two taxa and co-culturing 

experiments revealed a shift in metabolite production (butyrate to acetate) of 

Christensenellaceae in the presence of Methanobrevibacter 175,176. Notably, in our study, the 

relative abundance of Methanobrevibacter was increased 1000-fold in HE compared to LE, 

while Christensenellaceae was also present in both groups with just three-fold increase in HE 

compared to LE 3. Hence, the HE-associated microbiome can be predominantly defined by high 

Methanobrevibacter abundance in the GIT. As expected, metagenomic analysis also indicated 

a strong association between HE-associated microbial signatures and functional genes involved 

in methanogenesis (HE: 0.1%, LE: 0.00004%  2,500 times higher). Additionally, other 

microbial taxa such as Ruminococcaceae, Eubacterium and Ruminiclostridium were 

significantly associated with high methane production as well as Methanobrevibacter 

abundance 3. This is supported by previous studies that associated the presence of e.g., 

Ruminococcaceae sp. with increased methane production 177. Similar to Christensenellaceae, 

the presence of these bacterial taxa may favour the production of acetate rather than butyrate. 

High acetate levels lead to an accumulation of H2 and CO2 boosting methanogenesis by 

methanogens in the GIT 178. In the case of low methane emission, we identified Bacteroides, 
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Ruminococcus, Blautia, Butyricicoccus, Flavonifractor, Roseburia and “Tyzerella” to be 

elevated and defined them as LE keystone taxa 3.  

Analysis of the nutritional intake of selected participants highlighted a significant negative 

association between general dietary fibre intake and the relative abundance of some LE 

associated microbes (namely Bacteroides, Flavonifractor and Ruminococcus gnavus group) 3. 

Interestingly, degradation of dietary fibre depends on complexity and type of polysaccharides, 

e.g., Bacteroides cannot degrade microcrystalline cellulose in contrast to Ruminococcus. In 

addition to this, the type of ingested carbohydrates also promotes the production of distinct 

SCFAs (e.g., pectin  acetate; resistant starch  butyrate) 65,177. This availability of different 

carbohydrates and SCFAs might favour the colonisation of different microbial species and by 

that confirm the importance of the type of dietary fibres in modulating the composition and 

functionality of the gut microbiome.  

Another interesting nutritional value that caught our attention was vitamin B12 (cobalamin) 

that was negatively association with two HE-associated taxa, namely Methanobrevibacter and 

Christensenellaceae 3. Due to its complex biosynthesis, the human organism obtains this 

essential vitamin mainly via diet (main source: animal products). Consistently, we found a 

positive correlation between vegetarianism and reduced vitamin B12 intake in our study. In 

general, ingested dietary vitamin B12 is mainly absorbed in the small intestine whereas 

microbially produced vitamin B12 is produced and absorbed in the colon 3,67,70. Thereof, larger 

amounts of ingested vitamin B12 would be needed to also reach and directly influence the 

microbes in the large intestine. Unfortunately, in our study, cobalamin levels were not measured 

in stool samples hence no conclusions could be drawn on microbially produced vitamin B12. 

A lack of essential vitamins can lead to an elevated risk of developing diseases such as 

infections or inflammatory diseases by altering the immune response 179. Especially vitamin 

B12 deficiency was also shown to be associated with elevated formate concentrations in rats 

and their metabolism seem to be closely connected with each other in humans as well 180. Our 

study showed similar results by identifying a negative correlation of ingested vitamin B12 

levels and formate measured in stool samples (p=0.038). Additionally, CH4 emission levels 

were positively correlated with formate concentration (p=0.006) and formate efflux 

transportation genes 3. The role of formate in increased CH4 production is supported by the fact 
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that Methanobrevibacter can utilise formate as carbon source for methanogenesis 181 and that 

formate seems to promote methano-archaeal adhesion 182. 

Considering these findings, supplementation of vitamin B12 in HE subjects should lead to 

decreased breath methane levels by reducing the formate concentration, according to our 

published model 3. By changing the metabolite composition and dynamics in the GIT, it may 

even be able to shift the overall microbial composition to a LE-associated microbiome. This 

hypothesis is currently being tested in an ongoing master’s thesis. 

The methane measurements in this study were preformed via breath test without substrate 

challenge in the morning and before brushing the teeth 3. This measured methane is assumed to 

derive mainly from the GIT. However, new findings of a recent paper by Edrich et al., (2021) 

discovered that mouthwash (with chlorhexidine; prior to CH4 breath measurement) reduces CH4 

concentrations emitted via breath 92. This indicates an important contribution of oral-associated 

methanogens – such as Methanobrevibacter oralis 183 – in breath methane emission. 

Considering these results, the oral hygiene of subjects might contribute to measured breath 

methane levels. In our study, we were able to correlate breath methane levels to 

Methanobrevibacter counts (amplicon sequencing and qPCR) 3 suggesting that CH4 is an 

appropriate biomarker for Methanobrevibacter in the GIT even without prior mouthwash. 

Despite of this, methanogenesis by the oral methanogen’s repositories should be considered 

when measuring breath methane concentrations in the future. This will help to gain a more 

accurate picture of the methane production in the GIT and also avoid misleading results, in 

particular in border-line subjects with an unclear or varying methane production. 

Elevated emission of methane has already been linked to health issues such as constipation and 

decelerated gut transit time (reviewed in 7). The latter condition can lead to negative effects on 

the bacterial physiology and metabolism resulting in incorrect amino acid fermentation or 

protein breakdown 184. Since other GIT issues like IBD have been associated with high methane 

levels, the non-invasive and easy to use breath measurement may provide a suitable diagnostic 

tool for these GIT disorders 7. In contrast to these findings, we were able to measure elevated 

methane levels (up to 75 ppm) in healthy subjects without self-reported gut problems 3. In 

accordance to this, others identified an anti-inflammatory property of CH4 and associated 

increased CH4 concentrations with reduced fat tissue and a lean phenotype 84,176,185,186. Even 

though studies on the methane topic came to controversial findings, the idea of putative health-
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mediating properties of a HE-associated microbiome should be further followed. GIT-

colonizing methanogens might possess direct health benefits for the host or lead to a favourable 

microbial composition with complex interspecies interactions and metabolites that still have to 

be further investigated.  

What is already known is that 1) a diet rich in fibres (complex carbohydrates) mediates human 

health since non-digestible polysaccharides are fermented to SCFA by gut microbes 65. 2) In 

general, vegetarians consume more dietary fibres and this dietary habit was found to be healthy 

in several studies 187. 3) Vegetarianism is often linked to vitamin B12 deficiency because its 

main source are animal products 187. 4) In our study, we linked less vitamin B12 intake not only 

with vegetarianism but also elevated formate concentrations in stool and an increased relative 

abundance of the HE keystone taxa Methanobrevibacter and Christensenellaceae 3. 5) 

Additionally, high formate levels were associated with CH4 emission (↑), two HE key species 

(↑) and three LE key species (↓) 3. 6) Furthermore, increased formate concentrations have been 

linked to several health benefits such as a positive impact on cardiovascular function or foetal 

development in other studies 188. (Figure 4) 

 
 

Figure 4. Schemata of already known facts and our findings 

(for references see text). 

Considering all these facts, we assume that the microbiome of high methane emitters possesses 

health benefits on the human host. Due to the significantly increased relative abundance of 

Methanobrevibacter in HEs compared to LEs 3 they are regarded as one of the key drivers of 

the HE microbiome. Nevertheless, further research on the impact of Methanobrevibacter and 

the HE-associated microbiome, respectively, is needed to draw a final conclusion about its 

health-beneficial or disease-mediating capacities. Maybe Methanobrevibacter might become a 

putative candidate for probiotics in the future. However, implementation of this idea might be 
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quite difficult as cultivation of archaea in larger amounts is problematic due to special culturing 

conditions that are required. Additionally, administration of those strict anaerobic microbes 

could be challenging. 

Hence, right now it might be of more interest to start with more feasible options anyhow like 

the usage of prebiotics in sense of a change to a fibre rich diet to facilitate the settlement of the 

potentially health-mediating HE microbiome. 

 

Chapter 3.: Preliminary insights into the impact of primary radiochemotherapy on the salivary 

microbiome in head and neck squamous cell carcinoma. 2 

Aggressive radio-chemotherapy in oSCC does not only impact tumour tissues but also adjacent 

healthy tissue and the oral microbiota. In this publication, the saliva microbiome of healthy 

adults was compared with oSCC patients. The sampling of saliva allowed us to collect 

information about the microbiome of the overall oral cavity and the oropharynx.  

Like other studies on the oral microbiome, we identified among others Veillonella, Rothia, 

Haemophilus, Neisseria and Candida as part of the most abundant genera in the healthy 

microbiome 2,116,119,189. In contrast to most other studies, an additional archaeal specific 

approach was performed, however, we were not able to detect archaeal signatures in all our 

samples. Nevertheless, we found Methanobrevibacter and Methanosphaera in some saliva 

samples. These taxa have already been detected in the oral cavity by other studies earlier 2,10. 

By comparing the microbiome of healthy subjects to oSCC patients, we identified increased 

abundances of Veillonella and Bifidobacteriaceae as biomarkers for oSCC. Interestingly, more 

bacterial taxa were found to be significantly associated with the healthy rather than the diseased 

state, indicating a loss of beneficial microbes during oSCC progression 2. The fungal approach 

indicated an increase of the genus Candida in oSCC 2 (consistent with 122). Candida has been 

reported to exhibit several mechanisms (e.g., degradation of membrane protein laminin, 

production of carcinogens) to promote tumour development/progression in its acidic 

environment 190. 

Chemoradiation is an aggressive cancer treatment. Therefore, changes in the salivary 

microbiome due to the therapy are expected. By investigating the impact of chemoradiation (+/- 

antibiotics/antimycotics treatment) – here referred to just as “RCHT therapy” – on the 
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microbiome, these alterations as well as putative biomarkers for oSCC should be defined in this 

study. In general, RCHT shifted the microbiome structure further towards an adverse state and 

altered the microbial load 2 demonstrating the microbiome-modulating capacity of this 

aggressive therapy. In more detail, the bacterial load decreased stepwise from healthy to oSCC 

before and after treatment, while the fungal load showed contradictory outcomes 2. This points 

out that RCHT might have the ability to diminish the bacterial population but some fungal taxa 

that withstand the antimycotics therapy occupy the new formed niche in the oral cavity. 

Moreover, both, bacterial as well as fungal diversity, was lower in the saliva of diseased people 

(as also shown elsewhere 122) and after treatment 2. Notably, RCHT is also associated with an 

inflammation of the oral mucosa 191. Consistently, we detected several taxa associated with 

infections of the oral cavity like Acinetobacter, Enterococcus and Staphylococcus (mucositis, 

periodontitis and nosocomial infections) 192–194 which were relatively higher abundant in treated 

compared to non-treated saliva samples 2. Additionally, the relative abundance of the genus 

Lactobacillus was higher after compared to before the treatment 2. Interestingly, some LAB 

strains were also linked to oSCC. LAB might lead to a reduction in pH in the oral cavity and 

by that contribute to tumour growth (reviewed in 190). However, we primarily detected the 

Lactobacillus signature in samples from treated patients 3. Therefore, we assumed that the 

dehydration of the oral cavity (xerostomia) and pain 191 caused by the therapy led to a change 

in diet. Patients might consume more yoghurt after treatment since it is cold and more pleasant 

to eat compared to solid food. Besides this, they potentially take probiotics that are commonly 

recommended to use in parallel to antibiotics treatment. Unfortunately, these metadata were not 

collected and should be considered next time. If LAB in the mouth of treated oSCC patients 

possess a beneficial role or not remains unclear. Longitudinal observations from diagnosis, over 

the treatment period and even beyond that are needed to make statements about their role in 

tumour recovery. 

Like in non-treated samples, the only fungal signature that was still increased after the harsh 

cancer therapy was Candida 2. This finding is supported by the long-known ability of Candida 

albicans to adapt to distinct body niches and adhere to several host as well as bacterial surface 

molecules 195. Furthermore, fungus stimulates immune response and inflammation 196 that 

might contribute to the development of mucositis. In this publication, we were able to 

demonstrate the persistent presence of the signature Candida throughout the study although 
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mycostatin is a common treatment for Candida infection. Maybe the used antimycotics therapy 

should be reconsidered and the switch to another medication would be wise. 

In this study, RCHT also included antibiotics and antimycotics, hence no statements can be 

made about the effect of chemoradiation therapy on the salivary microbiome alone. 

Furthermore, several antibiotics with different doses were used to treat and prevent bacterial 

infections that also impacted the microbial community 2. Therefore, finding the “one” 

biomarker of oSCC or therapy outcome might be not possible here. Since oSCC tumour tissues 

and the response to the cancer therapies are highly individual, it will be very difficult to find a 

standardised treatment for all patients. The driving force is directed towards personalized 

medicine, anyhow. Nevertheless, investigation of health- and oSCC-associated biomarkers will 

provide information on developing putative probiotics to prevent or treat severe side effects 

(e.g., mucositis, xerostomia or pain) of RCHT. These may improve inflammation, help to 

restore the healthy microbial community, and hence positively impact the oral tissue. 
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Conclusion 

This thesis emphasizes the importance of the uprising field of human microbiome research by 

exploring the microbiome of different human body sites in health and disease. In the last years, 

also the contribution of the neglected part of the microbiome, archaea and fungi, captivated 

researchers around the globe. New methodological approaches were established that target 

microbial taxa beyond bacteria. Despite these establishments, most research projects still focus 

on the bacterial components of the microbiome by using classical procedures. However, 

investigating the entire microbial community in the human body is crucial to understand the 

complex interactions between the microbiome and its human host. 

Some URT infections (but also neurodegenerative diseases) have already been linked to 

microbiome alterations and dysosmia. Long-term dysosmia is a great burden for suffering 

people and tremendously reduces their quality of life. Even though it is commonly known that 

microbes are able to influence human body tissues via secondary metabolites (e.g. SCFAs), just 

little is known about the contribution of the olfactory-associated microbiome on olfactory 

function. In the course of this thesis, the putative involvement of butyrate-producing bacteria 

as well as the CH4-producing Methanobrevibacter in olfactory impairment was pointed out. 

Future studies should investigate the interaction of the olfactory mucosa and the microbial 

metabolites (e.g., butyrate or CH4) and potential immunomodulatory properties of the identified 

microbes. Moreover, current research on COVID-19 opens up a new opportunity to further 

increase the knowledge on the role of the nasal microbiome in olfaction. By using also non-

targeted approaches like metagenomics and metatranscriptomics even statements at multi-

kingdom level might be possible. 

Archaea have been shown to have a niche in the GIT by several studies. Especially the archaeon 

Methanobrevibacter has been demonstrated to belong to the keystone taxa and to produce CH4. 

Even though no causal connections between archaea and health disorders have been 

demonstrated so far, several studies linked elevated CH4 levels with health conditions like 

bloating or constipation. However, it is still not clear how and if methanogens contribute to 

these health issues. In our study, we showed that also healthy adults are able to emit higher 

amounts of methane and that the microbiome associated with high methane emission might be 

favoured by a vegetarian-based diet (high in dietary fibres and low in vitamin B12). Presuming 
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a health beneficial effect of vegetarianism, a HE-associated microbiome might be desirable. A 

follow-up study should test if vitamin B12 supplementation in high methane-emitting 

individuals leads to lower CH4 emission and an altered microbial composition. These findings 

will possibly provide a novel opportunity to modulate the microbial community in the GIT or 

adapt CH4 levels e.g., to reduce bloating in patients someday. 

Tumors like oSCC influence the adjacent microbial community profile. The aggressive 

treatment of oSCC is highly individual (varies in dose and duration) and causes several adverse 

effects like pain, mucositis, hyposalivation or bacterial and fungal infections. To reduce these 

co-infections, antibiotics and or antimycotics are often used. In our publication, we showed that 

despite the use of antimycotics, fungal signatures like of Candida were increased. Hence, the 

efficacy of the used antimycotics should be assessed and adapted if needed in the future. 

Furthermore, Lactobacillus might play an important role in recovery after the therapy. Future 

studies on oSCC should include longitudinal investigations of the saliva microbiome beginning 

at the day of diagnosis and lasting beyond the end of the therapy to demonstrate complex 

dynamical changes due to cancer therapy. Additionally, there should be particular focus on 

fungal and archaeal contributions on cancer development/progression, or therapy outcome, 

since fungal signatures tended to increase after the combined therapy and little is known about 

the archaeal role in oSCC. 

All publications highlight the importance of multi-kingdom approaches to capture the overall 

interplay between microbes and the human host to avoid missing crucial information. Of 

particular note is that present approaches seem to target just a small proportion of the multi-

kingdom species; like in our studies that predominantly identified methanogens and Candida. 

Therefore, further establishments of multi-kingdom approaches are needed to appropriately 

identify the non-bacterial members of the microbiome. Although it might still be a long way 

until appropriate methodology is developed, we strongly recommend that future studies on the 

human microbiome should not overlook but start to include the non-bacterial community in 

their research.  

Even though there are still many unknowns that have to be explored in the future, with our 

presented publications we were able to unravel another piece of the microbial role in human’s 

health and disease.
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Appendix 

Supplementary information can be found here: 

ad publication 1: “The microbiome of the upper respiratory tract in health and disease.1” 

Supplementary table: 

https://static-content.springer.com/esm/art%3A10.1186%2Fs12915-019-0703-

z/MediaObjects/12915_2019_703_MOESM1_ESM.xlsx 

 

ad publication 2: “Reduced B12 uptake and increased gastrointestinal formate drive archaeome-

mediated breath methane emission in humans.3” 

Supplementary data, figure, items, methods and tables: 

https://data.mendeley.com/datasets/hjj3tx7n84/1 

 

ad publication 3: “Preliminary insights into the impact of primary radiochemotherapy on the 

salivary microbiome in head and neck squamous cell carcinoma.2” 

Supplementary file 1 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-73515-

0/MediaObjects/41598_2020_73515_MOESM1_ESM.xlsx 

Supplementary file 2 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-020-73515-

0/MediaObjects/41598_2020_73515_MOESM2_ESM.xlsx  

Supplementary file 3 
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0/MediaObjects/41598_2020_73515_MOESM3_ESM.xlsx  

Supplementary file 4 
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0/MediaObjects/41598_2020_73515_MOESM4_ESM.pdf  

Supplementary file 5 
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The microbiome of the upper respiratory
tract in health and disease
Christina Kumpitsch1, Kaisa Koskinen1, Veronika Schöpf2,3,4 and Christine Moissl-Eichinger1,3*

Abstract

The human upper respiratory tract (URT) offers a variety of niches for microbial colonization. Local microbial communities are
shaped by the different characteristics of the specific location within the URT, but also by the interaction with both external
and intrinsic factors, such as ageing, diseases, immune responses, olfactory function, and lifestyle habits such as smoking. We
summarize here the current knowledge about the URT microbiome in health and disease, discuss methodological issues,
and consider the potential of the nasal microbiome to be used for medical diagnostics and as a target for therapy.

Keywords: Microbiome, Upper respiratory tract, URT, Human microbiome, Nasal microbiome, Upper respiratory tract
diseases

Introduction
The human microbiome is a complex community of mi-

croorganisms, living in a symbiotic relationship in human

microhabitats. Due to microbial niche specificity, micro-

bial composition and function vary according to the differ-

ent human body sites, such as the gastrointestinal tract,

skin, and airways [1, 2].

Since a healthy adult breathes more than 7000 l of air

a day, the upper respiratory tract (URT) is constantly

bathed in airflow from the external environment. Along

with the air, 104–106 bacterial cells per cubic meter of

air are inhaled per day. Besides these biological particu-

lates, the URT is exposed to atmospheric physical and

chemical parameters, including varying humidity, oxy-

gen, immunological factors, or nutrients. Along with the

anatomy, these factors shape specific microenvironments

in the URT such as the nasal cavity, sinuses, nasophar-

ynx, and oropharynx [3–5]. As a consequence, specific

microenvironments in the URT harbor different micro-

bial communities composed of variable proportions of

resident and transient microorganisms [6].

Like other human body sites, the upper respiratory

tract is colonized by a variety of different microbial spe-

cies directly after birth. It has been shown that the initial

colonization depends on delivery mode (vaginal delivery

or caesarean section), and the most drastic changes

occur during the first year of life, probably driven by the

maturation of the immune system [7]. Later on, this first

microbial community transforms into the adult URT

microbiome, becoming less dense and more diverse. In

the elderly, the distinct microbiomes of specific microen-

vironments become more similar [8, 9].

Many studies report that the nasal microbiome of

healthy humans is primarily composed of the phyla Acti-

nobacteria, Bacteroidetes, Firmicutes, and Proteobacteria

with representatives of genera Bifidobacterium, Coryne-

bacterium, Staphylococcus, Streptococcus, Dolosigranu-

lum, and Moraxella predominating [9–12]. However,

most research focuses on the bacteria in the human

nasal cavity, while other components of the microbiome,

such as viruses, archaea, and fungi, are seldom specific-

ally addressed and thus likely overlooked [13].

Human health has been described as the outcome of

the complex interaction between the microbiome and its

human host [14]. Functional or compositional perturba-

tions of the microbiome can occur at different body sites

and this dysbiosis has been linked with various diseases;

for example, inflammatory bowel disease and metabolic

disorders have been linked to dysbiosis in the micro-

biome of the gastrointestinal tract and URT infections

(URTI, such as chronic rhinosinusitis [CRS]) with dys-

biosis in the URT [15–18]. These dysbioses are often

characterized by a loss of beneficial, commensal bacteria,
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which protect against overgrowth of opportunistic

pathogenic bacteria [6, 19, 20].

Currently, several different therapies are suggested for

the treatment of inflammatory URTIs [21–24]. Antibi-

otics as well as intranasal corticosteroids are used, com-

bining antimicrobial and anti-inflammatory properties

[21, 24]. These treatments cause a loss of microbial di-

versity, potentially leading to an increase of Gram-

negative bacteria in the nose [25–27].

In the case of chronic rhinosinusitis, sinus surgery

(aiming at improving drainage of the mucus), combined

with different antibiotics is the most common treatment

[22]. Although this type of therapy is highly invasive, its

outcomes are usually satisfactory [28]. However, airway

diseases might also be prevented and treated with less

aggressive therapies such as saline rinses, cleaning the

nasal mucosa from inflammatory mediators and other

pollutants [23].

Comparative URT microbiome research faces various

methodological problems, including choice of sampling

techniques (e.g., swabs, nasal rinses, and dry filter pa-

pers) and sampling sites. In most cases anterior nares,

middle meatus, and nasopharynx are the preferred sites

for sampling [9, 11, 12, 29–31], as other areas are not

easily accessible. This often results in a discrepancy of

research question and study protocol, as, e.g., the middle

meatus is sampled instead of the sinuses when chronic

rhinosinusitis is studied [29]. However, microbiome dys-

biosis often extends to locations beyond the sites of the

studied disease, so that significant alterations in the mi-

crobial community structure in adjacent locations can

be observed as well [6, 32]. Nevertheless, in order to

prove or reject a research hypothesis, the sampling sites

for microbiome analyses need to be chosen wisely [6].

The aim of this review is to summarize the current in-

formation about the microbiome in the upper respiratory

tract; discuss methodological issues such as sampling

methods and sites; present the link between URT micro-

biome composition, immune system, and certain diseases;

have a look at the influence of common therapies on the

URT microbiome; and identify the current gaps in our

knowledge.

Details of cited studies, including sampling, sample

processing protocol, studied population and sites, and

results are summarized in Additional file 1.

Landscape of the upper respiratory tract
The upper respiratory tract (URT) comprises the an-

terior nares, nasal cavity, sinuses, nasopharynx, Eusta-

chian tube, middle ear cavity, oral cavity, oropharynx,

and larynx. The nasal cavity is partitioned into the in-

ferior, middle, and superior meatus by three nasal

turbinates [3, 33] (Fig. 1a). In this review we focus on

the microbiomes of anterior nares, nasal cavity,

sinuses, and nasopharynx and their importance in hu-

man health.

Many important physiological functions are provided

by the URT such as filtering, warming, and humidifying

of inhaled air [3, 34]. As the nasal cavity is in constant

contact with the external environment, it acts as a phys-

ical transition forming an interface between the external

environment and the lower respiratory and gastrointes-

tinal tract [3, 33]. Other functions are olfactory sensing

and important immunological tasks, including immedi-

ate pathogen detection such as sensing of bacterial lac-

tones by taste receptors [32, 35–38].

The nasal cavity is lined by different types of epithe-

lium, providing different micro-niches (Fig. 1a): the

anterior naris starts with non-keratinized skin-like epi-

thelium (1), changing into stratified squamous epithelial

cells without microvilli (2), followed by transitional epi-

thelium with short microvilli (3), before transition into

the middle meatus with its pseudostratified columnar

epithelium (4 and 5, middle meatus) [32, 33, 35]. The

most common sampling sites for nasal microbiome ana-

lyses are the anterior nares (AN), the middle meatus

(MM), and the nasopharynx [9, 12, 29, 31] (Fig. 1a).

The surfaces in the anterior nares and nasal vestibule

are relatively dry compared to other URT areas. These

parts experience the greatest exposure to the external

environment and contain sebaceous glands (see below)

and vibrissae (hair). These hairs trap large particles (>

3 μm) from inhaled air, whereas small particulate matter

(0.5–3 μm, including microorganisms) is captured by a

flowing mucus blanket covering the entire nasal cavity

[32, 33, 35, 39].

The middle meatus is adjacent to the nasal vestibule.

As it receives drainage from the anterior ethmoids, max-

illary, and frontal sinuses, this area is of interest for

many microbiome studies [32]. The nasopharynx is

characterized by many crypts and folds, and its wall is

dominated by keratinized and non-keratinized stratified

squamous epithelium and pseudostratified ciliated epi-

thelia [40].

Maxillary, ethmoid, sphenoid, and frontal sinuses

are air-filled, paired cavities within the facial skeleton,

which are important for humidification and warming

of the inhaled air (Fig. 1b). They are coated with cili-

ated columnar epithelium, which produces mucus that

is transported into the nasal cavity [41]. These drain-

ages create local micro-niches with specific microbial

populations within the nasal cavity [42] (Fig. 2). An-

other interesting niche for microbiome studies is the

olfactory area, as recent studies indicated a potential

correlation of olfactory function with the taxonomic

composition of the local nasal microbiome [43]. The

olfactory area is located at the ceiling of the nasal

cavity [33].
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Upper respiratory (immune) defense system
The respiratory tract has recourse to a variety of mecha-

nisms, including components of the innate and adaptive im-

mune system, to protect against possibly harmful, inhaled

microorganisms while chronically present commensal mi-

crobes of the URT microbiome are tolerated due to hypore-

sponsiveness of the host’s immune system [44].

The mucus layer

Glands, goblet cells, and ciliated cells secrete a hydrated

mucus layer which contains lipids, glycoproteins, and

glycoconjugates. This layer not only helps to humidify in-

haled air but also traps microbes and microparticles from

the environment on entering the URT [33, 45]. This “con-

taminated” mucus is then directed by ciliated epithelial

cells (located in the upper respiratory tract) from the nasal

cavity towards the esophagus [33, 45]. This whole process

of purging is also known as mucociliary clearance [46, 47].

Additional defense is derived from antimicrobial com-

pounds which are present in the mucus and immediate

initiation of immune priming [32, 48]. Interestingly, com-

mensal bacteria with immunomodulatory properties are

Fig. 1 The upper respiratory tract (a) and its paranasal sinuses (b). a URT with different, typical microbiome sampling sites (AN anterior naris, MM

middle meatus, OR olfactory area and nasopharynx) and nasal lining, starting with 1 non-keratinized skin-like epithelium in the nostrils followed
by different epithelial types, 2 squamous epithelium without microvilli, 3 transitional epithelium with ciliated cells, 4 pseudostratified columnar
epithelium with ciliated cells, 5 pseudostratified columnar epithelium with many ciliated cells. b Sinuses of the nasal cavity
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capable of priming a host’s immune responses to assure

efficient and rapid defense against pathogens [49, 50].

Antimicrobial peptides and reactive oxygen species

The respiratory surface epithelium secretes a variety of anti-

microbial components. These include antimicrobial peptides

such as lysozyme, lactoferrin or defensins, and reactive oxy-

gen species (ROS) such as hydrogen peroxide and nitric

oxide (NO) [51–55]. Besides its antimicrobial activity (it dif-

fuses into the microbial cell and destroys intracellular com-

ponents), nitric oxide also directly increases mucociliary

clearance and speeds up the frequency of ciliary beating by

protein kinase G and guanylyl cyclase activation [38, 56–58].

Nasopharyngeal-associated lymphoid tissue

Nasopharyngeal tonsils (adenoids), the paired tubal ton-

sils, the paired palatine tonsils, and the lingual tonsil are

part of the lymphoid tissue in the nasopharynx and serve

as major sites for microbial recognition and defense [59,

60]. Nasopharyngeal-associated lymphoid tissue (NALT)

harbors a large variety and number of immune cells, in-

cluding dendritic cells, macrophages, and lymphocytes

[61] (Fig. 1a). Fifty percent of these lymphocytes are

immunoglobulin-producing B-lymphocytes [62–64]. Like

the small intestine, the lymphoid tissues contain M cells,

which transport microorganisms via trans-epithelial

transport from the apical surface to the basolateral site

where immune cells are already waiting [65]. NALT-

associated cells (e.g., sinonasal solitary chemosensory

cells) excrete chemokines and cytokines, which activate

downstream immune cascades [66–68].

Olfaction- and taste-triggered immune response

Foreign substances in the URT can also be detected by

two other systems, the extended olfactory and the

trigeminal chemesthetic system. The former includes the

olfactory epithelium and vomeronasal organ [69]. Stimu-

lation thereof by different signals (food odors, sexual and

social signals, as well as bacterial infection products like

formyl peptides) was shown to cause behavioral re-

sponses in mouse experiments [70, 71].

The trigeminal chemesthetic system (including solitary

chemosensory cells (SCCs)) [69] induces protective tri-

geminal nerve-mediated airway reflexes (coughing,

sneezing, or decrease in breathing rate) and local inflam-

matory responses [72–74]. These SCCs make up to 1%

of all cells in the ciliated epithelium of the sinonasal cav-

ity [66, 75] and express two types of taste receptors, bit-

ter and sweet [76, 77]. These receptors belong to the

group of G-protein-coupled receptors (GPCRs) [78, 79].

With bitter receptors (e.g., T2R family), the sensory

system of the SCCs is able to detect the presence of bac-

teria on nasal epithelial surfaces directly via bitter mole-

cules that are released by pathogens [56, 73, 76] and

may initiate immune responses (e.g., inflammation) even

before bacteria achieve a pathogenic load and are able to

form biofilms [38, 56, 80]. An example of a bitter,

microbial-derived molecule is acyl-homoserine lactone

(AHL). AHL is an important bacterial quorum-sensing

molecule [36–38] that stimulates the bitter receptor

T2R38 and leads to calcium-dependent nitric oxide

(NO) production [56].

It should be noted that bitter and sweet signals affect

innate immunity oppositely. Sugars, such as sucrose and

glucose, inhibit bitter-induced calcium release. As a con-

sequence, downstream, calcium-driven initiation of the

innate immune system at the tissue level (such as release

of antimicrobials from ciliated cells) is impaired [76, 80].

In patients suffering from prediabetes and diabetes, in-

creased levels of glucose have been found in nasal secre-

tions [81]. In addition, chronic rhinosinusitis patients

reported higher intensity of the sweet tastes (sucrose)

whereas their ability to taste bitter compounds was re-

duced compared to healthy controls, both leading to de-

creases in pathogen detection and defense, e.g., by

reduced ciliary beating [38, 82, 83]. Furthermore, it is

hypothesized that glucose levels in the airways rapidly

deplete during a bacterial infection due to the bacterial

load [82, 84].

The upper respiratory tract microbiome changes
with age and life-style
As we have seen, the landscape of the upper respiratory

tract, with its different epithelial linings and conditions,

provides numerous different (micro-)niches for micro-

bial communities. Whereas the anterior naris (the pas-

sage between the skin and the nasal cavity) harbors

commensals and opportunistic pathogens like Staphylo-

coccus aureus, S. epidermidis, Propionibacterium (now:

Fig. 2 Scanning electron micrograph of nasal mucus of a healthy
subject exhibiting various structures (red arrows point at bacterial-like
structures, yellow arrows show areas with nasal phlegm)
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Cutibacterium) acnes, Dolosigranulum pigrum, Finegol-

dia magna, Corynebacterium spp., Moraxella spp., Pep-

toniphilus spp., and Anaerococcus spp. [85, 86], the

microbial community structures in other locations in the

nasal cavity and down the nasopharynx are distinct, es-

pecially in adults [9, 10] (see also Additional File 1).

Even though the URT microbiome is largely individual,

changes in inter-individual bacterial community profiles

over different seasons (winter vs summer) and ages can

still be observed [1, 86–89].

The upper respiratory tract microbiome of infants

Moraxella, Staphylococcus, Streptococcus, Haemophilus,

Dolosigranulum, and Corynebacterium are the six most

common genera, of which one or two usually dominate

the nares and nasopharyngeal microbiome of infants [11,

90, 91]. Right after birth, the initial nasopharyngeal bac-

terial assemblage takes place, and the infant’s nasopha-

ryngeal microbiome resembles the maternal vaginal or

skin microbiome [3, 92] (Fig. 3).

At 1.5 months of life this initial microbiome compos-

ition is maintained by breast feeding, which supports

stable Dolosigranulum/Corynebacterium profiles. This is

different to formula-fed infants, who show increased S.

aureus signatures. The microbial profile of breast-fed in-

fants seems to have a protective effect against respiratory

infections [3, 93] (Fig. 3).

The nares and nasopharynx are dominated by Staphylo-

coccus, Moraxella, Streptococcus, Corynebacterium, and/or

Dolosigranulum signatures in 1.5-month-old infants [92].

Children with Moraxella spp.-dominated profiles were

less likely to suffer from URTI, with the exception of Mor-

axella catarrhalis, which is found to be associated—to-

gether with H. influenza and S. pneumoniae—with

wheezing in one-month-old infants. Nasopharyngeal

Streptococcus was found to serve as a strong predictor for

asthma in approximately 2-month-old children [27, 47,

92, 94]. After 1.5 months, Haemophilus-dominated clus-

ters of co-occurrent microorganisms emerged, whereas

Staphylococcus-dominated profiles disappeared and Cor-

ynebacterium/Dolosigranulum patterns were replaced by

Moraxella/Dolosigranulum-dominated clusters in the in-

fants’ URT [92] (Fig. 3).

All in all, observations of children in their first 2 years of

life show that Dolosigranulum and Moraxella combined

with Corynebacterium form a more stable microbiome

compared to Streptococcus and Haemophilus-dominant

profiles [26, 92]. The latter profiles (H. influenza and S.

pneumoniae) were associated with respiratory viruses and

an elevated risk of bronchiolitis in early life [30, 92, 95–

97] (Additional file 1).

The upper respiratory tract microbiome of adults

The URT microbiome of adults differs from that of in-

fants, although the niche characteristics appear quite

Fig. 3 Nasal microbial composition during infancy and different age groups. a Directly after birth, infants’ URTs are colonized by maternal vaginal
and skin bacteria. This initial URT microbiome changes during infant development. b The nasal microbiome is gradually reduced and microbial
composition changes at different sampling sites. Bacterial genera given in the figure were found at or between the stated time points of life by
molecular methods (16S rRNA sequencing with NGS). For references, see the text and Additional file 1
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similar. In comparison, children’s nasal microbiomes are

more dense (higher bacterial load) but less diverse [3, 8,

12, 47, 98]. The anterior nares of adults mainly harbor

Actinobacteria, Firmicutes, and, in lower abundance, an-

aerobic Bacteroidetes [3, 31, 43, 98–100] (Fig. 3; Add-

itional File 1).

Comparison of different nasal cavity sample sites

showed that middle meatus (MM) and sphenoethmoidal

recess (SR) are nearly identical with respect to microbial

community composition, whereas anterior nares show a

significantly reduced diversity of the microbial commu-

nity. In addition, the anterior nares harbor a greater pro-

portion of Firmicutes and Actinobacteria and less

Proteobacteria compared to MM and SR [32].

The primary function of the nasal mucosa, namely the

clearance of inhaled air, may explain the increased diver-

sity of nasal mucosal samples [32]. At the phylum level,

the adult nasopharynx microbiome resembles the micro-

biome of adult anterior nares, but the identified lower

taxa are rather specific at the different locations [12]

(Additional file 1).

The upper respiratory tract microbiome of the elderly

The microbial communities of the anterior nares of adults

(18–40 years) differ significantly from that of other URT

sampling sites (nasopharynx, tongue, buccal mucosa, oro-

pharynx), but these distinctive variations gradually reduce

during ageing. The alterations in nasal microbiota com-

munities start in middle-aged adults (40–65 years), whose

nasal microbial communities are dominated by signatures

of Cutibacterium, Corynebacterium, and Staphylococcus,

whereas the nasal community of the elderly (> 65 years)

shifts towards a more oropharyngeal population (Fig. 3)

[9, 47]. These observed changes in bacterial community

composition are probably a consequence of immune-

senescence during the process of aging, which leads to an

increase of pro-inflammatory markers and decreased abil-

ity of immune stress handling, leading to the opening of

new environmental niches after the loss of species rich-

ness [9, 101] (Additional file 1).

Smoking influences the nasal microbiome

Cigarette smoke exposure, whether active or passive, is

associated with an elevated risk of not only cancer, peri-

odontitis, and cardiovascular disease, but also chronic

respiratory diseases (e.g., chronic obstructive pulmonary

disease (COPD), asthma) and acute respiratory infec-

tions [47, 102].

Cigarette smoke has immediate contact with nasal sur-

faces, and thus directly impacts the microbiome by oxygen

deprivation, antimicrobial activity, or other mechanisms

[103, 104].

The toxic substances disrupt effective muco-ciliary

clearance in the lower and upper respiratory tracts,

impairing the immune responses against pathogens

[105–109].

Cigarette smoke also enhances bacterial attachment to

airway epithelial cells, for example, by inducing bacterial

fimbrial protein FimA production, which promotes the

formation of robust, reversible biofilms. This biofilm for-

mation might support recalcitrant persistence of bacteria

in the nasal cavity [87, 110–112].

Other studies suggested a direct alteration of bacterial

infection and carriage pathways, as it has already been

shown that S. aureus invasion and biofilm formation are

elevated after cigarette exposure [47, 113, 114]. A similar

effect was observed for pneumococcal biofilms [115,

116] (Additional file 1).

Several studies have shown that cigarette smoking

depletes normal commensal airway microbiota and en-

riches potential pathogens (H. influenzae, M. catarrhalis,

Campylobacter spp., Streptococcus pneumoniae, and

Streptococcus pyogenes) [47, 87, 117]. In general, URT

communities of smokers were found to be more diverse

but less robust in composition over time compared to

non-smokers [87] (Table 1; Additional file 1).

The likelihood of carrying Gram-positive anaerobic

lineages (Eggerthella, Erysipelotrichaceae I.S., Dorea,

Anaerovorax, and Eubacterium spp.) is increased in the

nasopharynx of smokers, including pathogens associated

with URT infections and endocarditis (e.g., Abiotrophia

spp.) [87] (Table 1; Additional file 1). In contrast, the

upper respiratory tract of non-smokers harbors particu-

larly Peptostreptococcus spp., α-haemolytic streptococci,

and Prevotella spp., which seem to correlate negatively

with pathogen presence [47, 117].

Interestingly, after 1 year (12 to 15 months) without

smoking, the microbiome composition seems to recover

and resembles microbial patterns of never-smokers, ac-

companied by a decrease of the proportion of opportun-

istic pathogens [87, 111, 120] (Table 1).

Smoking is not only harmful for adults, but also for infants

when they are exposed to passive smoking. In general, S.

pneumoniae was found to be elevated in infants with smok-

ing parents [118]. Two-year-old children of smoking parents

also have an increased risk of suffering from otitis media,

meningococcal meningitis, and lower respiratory tract infec-

tions [111, 121, 122] (Additional file 1).

Notably, cigarettes themselves could be the source of

these opportunistic pathogens. Sapkota et al. studied the

bacterial metagenomes of commercially available ciga-

rettes and discovered signatures of, e.g., Acinetobacter,

Burkholderia, Clostridium, Klebsiella, Pseudomonas aer-

uginosa, and Serratia [119] (Table 1; Additional file 1).

Microbial competition in the URT
Most microbes associated with the human host interact

positively with the host and each other. This collaboration
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is mostly based on syntrophic (i.e., co-feeding) networks

[123]. However, if certain resources are restricted, or

niches overlap, competitive interactions can occur be-

tween commensals (Fig. 4) and with opportunistic patho-

gens and the host. These interactions can involve direct

and indirect attack of competitors.

For instance, microbes, colonizing the upper airways,

have to cope with a scarcity of freely available glucose

and iron [124–127]. To overcome these limitations, mi-

crobes can either scavenge iron from human cells [124]

or release iron-chelating molecules (siderophores) that

bind ferric iron from the adjacent environment [128].

Understanding the mechanisms of direct (e.g., secretion of

antimicrobial peptides) and indirect microbial competition

actions within the URT may illuminate new approaches for

the development of new antimicrobial therapies for various

diseases, for example, those caused by Staphylococcus aur-

eus or Streptococcus pneumoniae [32, 129–132].

Although studies on microbe–microbe interaction also

focus on other abundant genera of the human upper air-

ways [1, 86, 132–138], knowledge on microbial competition

for potential treatment of S. aureus infections is particularly

important. This opportunistic pathogen is an asymptomatic

colonizer of human skin and nose but it is also able to

cause chronic and indolent to acute and aggressive infec-

tions in cases of excessive overgrowth [139–141].

One potentially applicable agent for a putative therapy is

secreted by S. lugdunensis, namely lugdunin (a thiazolidine-

Table 1 Summary of significant URT microbiome changes due to active and passive cigarette smoking

Study Population Sample site Actinobacteria Bacteroidetes Firmicutes Proteobacteria

Charlson et al. 2010
[87]

Adult Nasopharynx ↓Actinomycetaceae
↓Corynebacteriaceae
↓Coriobacteriaceae
↑Eggerthella

↓Flexibacteriaceae
↓Flavobacteriaceae
↑Porphyromonadaceae

↓Leuconostocaceae
↑Erysipelotrichaceae
↑Aerococcaceae
↑Eubacteriaceae
↑Incertae Sedis XIII
↑Peptostreptococcaceae
↑Ruminococcaceae
↑Lachnospiraceae I.S.
spp.
↑Anaerovorax
↑Dorea
↑Erysipelotrichaceae I.S.
↑Eubacterium spp.
↑Abiotrophia spp.

↓Rhodocyclaceae
↓Rhodobacteraceae
↓Enterobacteriaceae
↓Alcaligenaceae
↓Methylophilacea
↓Shigella spp.
↑Pasteurellaceae
↑Haemophilus spp.

Brook and Gober 2005
[117]

Adult Nasopharynx ↑Streptococcus
pneumoniae
↑Streptococcus
pyogenes

↑H. influenzae
↑M. catarrhalis

Greenberg et al. 2006
[118]

Infants Nasopharynx ↑Streptococcus
pneumoniae

Sapkota et al. 2009 [119] Not
applicable

Cigarettes Bacillus
Clostridium
Enterococcus
Staphylococcus

Acinetobacter
Burkholderia
Klebsiella
Pseudomonas
aeruginosa
Serratia
Campylobacter
Proteus

Several different microbial signatures of the phyla Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria have been found to be altered in humans exposed

to cigarette smoke. Arrows indicate an increase (↑) or decrease (↓) in relative abundance in smokers compared to non-smoking subjects. Signatures of Bold

microbial genera were found to be present in more than 90% of all cigarette samples (Additional file 1)

Fig. 4 Influence of nasal microbial community members on each other. Different Corynebacterium spp. are able to inhibit as well as promote
growth of staphylococci and S. pneumoniae in vitro, whereas other species led to increased biofilm formation and reduced virulence. For references,
see the text
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containing cyclic peptide), which inhibits the growth of S.

aureus in vitro [142]. Another candidate is the antimicrobial

peptide nukacin IVK45, produced by S. epidermidis IVK45

under in vitro oxidative stress and iron limitation [130, 143].

Species- or even strain-specific inhibition or promotion of

staphylococci has also been observed for Corynebacteria [32,

129, 130]. Whereas some C. pseudodiphteriticum were able

to inhibit the growth of S. aureus, co-cultivation with C.

accolens led to supported and enhanced growth of both

strains, indicating a possible cooperative interaction [32].

Corynebacterium species, or even cell-free conditioned

medium thereof, were found to shift S. aureus towards a

more commensal state and attenuation of virulence by

downregulation of components involved in colonization

and virulence, such as the agr operon or genes involved

in hemolytic activity [129, 144, 145].

In contrast, methionine synthesis and iron acquisition

were found to be upregulated in S. aureus when co-

cultured with C. striatum. Based on this observation,

Ramsey et al. envisage a competitive situation for me-

thionine and iron in vitro [129]. It should be noted that

coagulase-negative staphylococci are more sensitive to

these types of nutrient competitions, as they produce

lower levels of siderophores; however, resulting growth

inhibition has been abolished by providing iron supple-

mentation [124, 130, 146].

Besides Corynebacterium, Cutibacterium spp. (and its

cell-free conditioned medium) is also able to affect

growth of S. aureus. Coproporphyrin III (CIII), the most

abundant porphyrin secreted by Cutibacterium ssp., in-

duces S. aureus aggregation and biofilm formation in

culture. Therefore, it also might promote biofilm forma-

tion with other members of the nostril’s microbial com-

munity [132, 147, 148].

S. pneumoniae, a common inducer of URT diseases

such as pneumonia, sinusitis, or otitis media [131, 149],

can be inhibited by C. accolens through the production

of free fatty acids (FFAs) from the host’s triacylglycerols

(TAG), causing an increase in the expression of antibac-

terial human β-defensin-2 [131, 150, 151].

Non-bacterial microorganisms in the human nose
Besides bacterial and viral components, the nasal cavity

contains a unique, highly diverse archaeal community.

Archaea are microorganisms that are, due to their differ-

ent biology, distinctive from bacteria. They are also rele-

vant components of the human microbiome inhabiting

the gastrointestinal tract, oral cavity, skin, and other

areas [152]. The archaeal community of the nasal cavity

resembles that of the archaeomes of skin and the intes-

tinal tract in being dominated by skin-associated Thau-

marchaeota (Nitrososphaera) and also methanogenic

Euryarchaeota (Methanosphaera, Methanobrevibacter)

which are characteristic of the archaeal communities in

the gastrointestinal tract [13]. Notably, the nasal cavity

was found to represent an archaeal hot-spot amongst

other body sites, with a high archaeal 16S rRNA gene

content [153]. The importance of archaea in the nasal

cavity was supported by a recent correlation of

methano-archaeal presence in refractory sinusitis [154].

Severe knowledge gaps also exist with respect to the

mycobiome and virome of the upper respiratory tract; as

these fields are not part of this review, we refer readers

to some recent reviews on these topics [96, 155–158]

(Additional file 1).

Correlations between the upper respiratory tract
microbiome and disease
The anterior nares are an open environment and in con-

tact with several thousands of liters of inhaled air every

day [159]. Therefore, besides the gastrointestinal tract,

the nasal cavity has been suggested to represent the

main entry port for pathogens, pollutants, and pollen,

potentially causing imbalances in the nasal microbial

community composition [89, 160, 161]. Microbiome dys-

biosis is considered an important biomarker for human

disease such as chronic rhinosinusitis [6, 162].

URT microbiome diversity and specific health-associated

bacteria are reduced in chronic rhinosinusitis

Chronic rhinosinusitis (CRS) is a common chronic and

detrimental inflammatory disorder of the human parana-

sal sinuses. It lasts for more than 12 weeks and affects

up to 16% of the population [15, 163, 164]. Although

CRS is suggested to be an inflammatory disease rather

than an infectious one, bacterial contributions to the ini-

tiation and progression of inflammation are important

to consider [165–167].

Previous studies suggested a polymicrobial process be-

hind CRS [168]. A decrease in microbial diversity, rich-

ness and evenness, which are frequent features in other

chronic inflammatory diseases as well, has been observed

in CRS patients in several studies [15, 20, 47, 169–171].

This decline may occur due to an elevated presence of

anaerobic bacteria growing in biofilms [172, 173]. Not-

ably, the overall bacterial burden and phylum level abun-

dance were found to remain constant, whereas the

relative abundance of specific bacterial genera is altered

in CRS patients [171, 174]. Hoggard et al. reported a de-

pletion of signatures of Anaerococcus, Corynebacterium,

Finegoldia, Peptoniphilus, Propionibacterium, and

Staphylococcus in CRS patients—all previously identified

as typical health-associated URT bacteria [162, 170].

This shift away from a healthy microbial community

may lead to an increase of both inflammatory response

(Toll-like receptor responses) and clinical severity [20,

175] (Table 2; Additional file 1).
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A study on sinus microbiomes reported that most si-

nuses of CRS patients are dominated by signatures of

Corynebacteriaceae, Pseudomonadaceae, Staphylococca-

ceae, or Streptococcaceae. These bacterial families were

found to co-occur with a unique set of bacterial taxa

with lower abundance [168] (Table 2). Other studies

showed an overgrowth of Corynebacterium tuberculos-

tearicum and Staphylococcus enrichment in sinuses [15,

169], as well as Corynebacterium, Curtobacteria, Pseudo-

monas, Staphylococcus, or H. influenza enrichment in

the middle meatus [176, 177] (Table 2).

In the middle meatus, Copeland et al. found a negative

correlation of the CRS disease state and six OTUs (oper-

ational taxonomic units) affiliated to genera Staphylococcus,

Corynebacterium, and Dolosigranulum. Corynebacterium

OTU410908 was the only signature to correlate negatively

with the SNOT-22 (Sinonasal Outcome Test) score, which

states disease severity [6] (Table 2).

Generally, anaerobic genera (Anaerococcus, Lactobacil-

lus, Finegoldia, and Peptoniphilus) were found to be

more present in CRS patients’ compared to healthy sub-

jects’ middle meatuses [6] (Table 2; Additional file 1).

Traditionally, CRS is categorized in two subtypes: CRS with

the absence (CRPsNP) or presence (CRPwNP) of nasal polyps

(fleshy swellings arising due to inflammation) [6, 15, 163].

Notably, in CRSwNP patients, comorbidities such as aspirin

intolerance and asthma are likely to occur [177]. Comparing

the inferior and middle meatus microbiome of these different

phenotypes reveals that CRSwNP samples were enriched by

signatures of Alloiococcus, Staphylococcus, and Corynebacter-

ium spp., whilst CRSsNP patients were enriched mainly by

anaerobes, such as Haemophilus, Streptococcus, and Fusobac-

teria spp., and showed depletion of Rothia, Alloiococcus, Cor-

ynebacterium, and Finegoldia. Usually, the sinus cavities are

not anaerobic; therefore, this enrichment of anaerobes in

CRPsNP subjects is probably a result of disease progression

and pathology [178]. Fusobacteria, for example, are associated

with suppuration, which can cause anaerobic conditions in

the paranasal cavities [29, 176] (Table 2; Additional file 1).

Additionally, the severity of inflammation was positively cor-

related with the phylum Bacteroidetes (e.g., Prevotella) and

the phylum Proteobacteria (Pseudomonas) in CRS [179].

Another interesting aspect is that CRS patients have

an altered response to taste molecules. They are less

sensitive to bitter while being more sensitive to sweet

molecules [83]. As described above, bitter receptors in

the nose play an important role in bacterial detection

and defense. As a result of these alterations CRS patients

have less stimulation of ciliary beating in the URT and

show altered NO levels [38, 180]. Notably, It has already

been shown that the functional capability of these taste

receptors in the URT correlates with severity of CRS

[80, 83, 181, 182].

Nasal washes, corticosteroids, and sinus surgery are the

most common treatments for CRS and may significantly in-

fluence the URT microbiome. The therapy options and their

effects are discussed later in this review [21–24].

Nasal microbiome composition may be linked to

neurological diseases

Some reports indicate a potential involvement of the (nasal)

microbiome in Parkinson’s disease (PD), Alzheimer’s disease

Table 2 The nasal microbiome of chronic rhinosinusitis patients

Study Population Sample site Actinobacteria Bacteroidetes Firmicutes Proteobacteria

Lal et al. 2017 [29] Adults with nasal polyps Middle
meatus

Streptococcus
Haemophilus
Fusobacterium

Adults without nasal
polyps

Middle
meatus

Corynebacterium Staphylococcus
Alloiococcus

Copeland et al. 2018
[6]

Adults Middle
meatus

↓Corynebacterium ↑Porphyromonas
↑Prevotella

↑Anaerococcus
↑Lactobacillus
↑Finegoldia
↑Peptoniphilus
↑Dialister
↑Parvimonas
↓Staphylococcus
↓Dolosigranulum

Hoggard et al. 2018
[20]

Adults Middle
meatus

↓Corynebacterium
↓Propionibacterium

↓Anaerococcus
↓Finegoldia
↓Peptoniphilus
↓Staphylococcus

Aurora et al. 2013
[176]

Adults Middle
meatus

↑Corynebacterium
↑Curtobacteria

↑Staphylococcus ↑Pseudomonas

Cope et al. 2017
[168]

Adults Sinus Corynebacteriaceae Staphylococcaceae
Streptococcaceae

Pseudomonadaceae

Arrows indicate an increase (↑) or decrease (↓) in relative abundance in CRS patients compared to healthy subjects. Relative abundance was analyzed by 16S

rRNA sequencing
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(AD), and multiple sclerosis (MS) [183]. In particular in PD

and AD, the first symptoms are olfactory dysfunction (see

below), and a link with the nasal microbiome of the olfactory

area has been hypothesized as microorganisms contribute to

normal development of the olfactory epithelium [184]. Since

the nasal microbiome in AD and MS have not been studied

in detail yet, we herein concentrate on PD as an example.

PD is a neurodegenerative disease that is characterized by

clumping of the protein α-synuclein in neuronal cells. In the

dopaminergic substantia nigra of the central nervous system

(CNS), these aggregates, also called Lewy bodies, lead to

neuronal loss [185, 186]. α-Synuclein pathology was found to

affect olfactory bulb function [160, 185, 186], and more than

90% of PD patients suffer from decreased olfactory function

or hyposmia, even before motor symptoms occur [187].

Some studies suggested that a failure in innate immune

system priming by nasopharyngeal microbiota could lead

to an inflammatory response to α-synuclein, oxidative

stress, cross-seeded misfolding, and thus development of

neurodegenerative diseases [188–191]. Therefore, the

studies hypothesized that the microbial community con-

tributes to the initiation of PD [187, 192, 193].

No significant differences in alpha and beta diversity

between the nasal microbiome of PD patients and

healthy participants had until now been observed [192].

However, Pereira et al. showed that two taxa were less

abundant in PD patients compared to healthy controls,

namely signatures of the family Flavobacteriaceae and

the genus Marmoricola [192] (Additional file 1).

Other studies hypothesize that a currently unknown,

transmissible infectious agent enters the brain through

the gastrointestinal tract and/or the nasal cavity and ini-

tiates the pathological process in the CNS [160, 193].

However, this research is at an early stage and the im-

portance of the microbial community in initiation of PD

requires further investigation.

The respiratory tract microbiome of cystic fibrosis patients

follows clear patterns and might be established already

early in life

Cystic fibrosis (CF) is a hereditary life-limiting disease

that is caused by mutations in the gene of the cystic fi-

brosis transmembrane conductance regulator (CFTR). It

can affect diverse organs but in most cases results in

chronic lung disease [117, 120], characterized by a defect

in mucociliary clearance and mucopurulent secretions

[194–197]. The lungs of CF patients are colonized with

so called “typical CF pathogens” consisting of bacterial

genera Rothia, Prevotella, Streptococcus, Actinomyces,

and Veillonella [195, 198, 199]. In addition to this so-

called CF core microbiota, other CF-associated patho-

gens like Pseudomonas aeruginosa, Haemophilus influ-

enza, Burkholderia cepacia complex, and Staphylococcus

aureus can lead to chronic lung infection in CF [16, 194,

195]. The microorganisms originating from the environ-

ment probably spread via inhalation or micro-aspiration

from the upper respiratory tract (URT) into the lungs

[194, 200]. Several studies also demonstrate that the

nasal cavity and the nasopharynx act as a reservoir for

further colonization of these potential respiratory patho-

gens (PRPs), before they spread in the lower airways [26,

201, 202] (Additional file 1).

In CF infants, the nasal microbiome shows significant

differences when compared to healthy controls. For in-

stance, the relative abundance of Corynebacteriaceae

and Pastorellaceae signatures was found to be reduced

in the nasal microbiome of CF infants, whereas the rela-

tive abundance of Staphylococcaceae was increased. In

nasopharyngeal samples, S. mitis, Corynebacterium acco-

lens, and S. aureus as well as Gram-negative bacteria

were more abundant in CF children [90]. This increased

abundance of S. aureus in CF infants in early life is prob-

ably caused by a defect of the early innate immune sys-

tem; moreover, due to accumulation of mucus,

microaerobic conditions prevail in the airways of CF pa-

tients, which could lead to a better survival of S. aureus

[26, 203, 204]. The URT microbiome of CF children

adult CF patients is very similar, indicating establish-

ment of this abnormal microbiome early in life [194]

(Additional file 1).

Nasal microbiome in olfactory function and
dysfunction
The functional area of human olfaction in the nose is the

olfactory mucosa, which is located at the ceiling of the nasal

cavity, is 8 to 10mm long, and extends from the septum to

the middle and superior turbinate. This olfactory area is

characterized by a high abundance of bipolar neurons from

the olfactory nerve and the presence of lactoferrin, IgA,

IgM, and lysozyme, which prevent pathogens from intracra-

nial entry through the cribriform plate [205].

The olfactory receptor cells in the olfactory mucosa

pass through the cribriform plate into the olfactory bulb

of the CNS. These cells are able to recognize different

odor molecules, but also secondary metabolites of bac-

teria [33, 206]. In general, microbes are known to be

able to interact with human body tissues via secondary

metabolites, including short-chain fatty acids and other,

hormone-like molecules [207–209].

Most cases of olfactory loss occur secondary to in-

flammation (caused, for example, by viral infections or

chronic rhinosinusitis), traumatic brain injuries, ageing,

or neurodegenerative diseases (e.g., PD and Alzheimer’s

disease) [210, 211]. In addition, as the physiology of the

olfactory epithelium can be modulated by the micro-

biome, an influence of the microbial composition on ol-

factory function and dysfunction has been suggested

[43, 184].

Kumpitsch et al. BMC Biology           (2019) 17:87 Page 10 of 20

68



In healthy, normosmic volunteers Koskinen et al.

identified four archaeal and 23 bacterial phyla in the

microbiome of the olfactory area, the latter with Actino-

bacteria, Firmicutes, Proteobacteria, and Bacteroidetes

predominating. On the genus level, signatures of Coryne-

bacterium, Staphylococcus, and Dolosigranulum were

shown to be most abundant [43]. Corynebacterium and

Staphylococcus are typical human skin bacteria, fre-

quently found in the nasal cavity [1, 134, 138, 212, 213].

Dolosigranulum has been observed to be a health-

associated commensal inhabitant [139], but Dolosigranu-

lum pigrum, an opportunistic pathogen, can, under

certain conditions, also cause infections [214, 215] (Add-

itional file 1).

Besides the healthy, normosmic participants, subjects with

different olfactory performance were also studied [43]. Ol-

factory performance can be assessed by three different met-

rics: odor threshold (T; lowest concentration of odor

compound perceivable), odor discrimination (D; discrimin-

ation of different odors), and odor identification (I; identifi-

cation/naming of a certain odor). Based on these scores an

overall TDI score is calculated. This TDI score categorizes

subjects as normosmics (with normal olfactory perform-

ance), hyposmics (with decreased olfactory function), and

anosmics (complete loss of olfactory function) [216, 217].

It is thought that an impacted nasal airflow influences

the URT microbiome indirectly by changing local pa-

rameters (such as humidity, temperature, oxygenation).

Such impacted airflow can occur due to rhinosinusitis,

allergic rhinitis, head trauma, nasal surgery or congenital

causes [33, 218–220] and might also contribute to the

decrease in olfactory function by affecting the microbial

community structure.

Indeed, Koskinen et al. observed that the microbiome

of hyposmic subjects differed significantly in community

composition and diversity compared to normosmics

[43]. Odor threshold hyposmics (people with poor T

score) showed a higher microbial diversity at the olfac-

tory area, for example, signatures of the genus Campylo-

bacter were found to correlate negatively with this

condition, whereas Proteobacteria, Actinobacteria, Firmi-

cutes, and Bacteroidetes were associated with poor odor

identification. Furthermore, butyrate-producing bacteria

like Faecalibacterium correlated negatively with odor

threshold and discrimination, Enterobacteriaceae corre-

lated negatively with odor threshold and identification,

and Porphyromonas and unclassified Lachnospiraceae

correlated negatively with overall olfactory performance

(T, D, I) [43]. Whereas Porphyromonas is a typical repre-

sentative of the human oral microbiome, Faecalibacter-

ium, Enterobacteriaceae, and Lachnospiraceae are gut

microorganisms, capable of producing butyrate. As bu-

tyrate has a very strong and unpleasant odor, and the

production is out of place in the nasal area, it was

suggested that it may have an impact on olfactory per-

formance [43, 167, 221] (Additional file 1).

Analyzing the microbial composition and abundance

with the goal of providing therapy options (e.g., through

probiotics) could be one possible way to improve life

quality for the 20% of the general population suffering

from olfactory dysfunction.

Therapies change the URT microbiome
composition and diversity
Intranasal corticosteroids (INS), saline rinses, antihista-

mines, and antibiotics are the current medical therapies

of choice for inflammatory disorders of the upper re-

spiratory tract [21, 24]. In contrast to anti-inflammatory

substances that act through immunomodulatory mecha-

nisms, antibiotics and some INS have antimicrobial

properties and thus impact the microbial community

directly [24, 222].

Antibiotics and other intranasal medication

Antibiotics and other medication with antimicrobial

properties are usually used to treat severe bacterial infec-

tions. However, in some cases they are applied prophy-

lactically, for example, before sinus surgery to diminish

the bacterial load in the nasal cavity [24].

Application of antibiotics has been shown to influence

microbial community composition significantly by redu-

cing the microbial diversity not only in the gut, but also in

the upper respiratory tract of infants and adults. The shift

in the URT microbial profile results in an increased abun-

dance of Gram-negative bacteria (Burkholderia, Comamo-

nadaceae, Bradyrhizobiaceae, and Enterobacteriaceae) as

well as Moraxella, Haemophilus, Staphylococcus, and

Streptococcus [25–27]. Under normal circumstances, these

bacteria are unable to compete in this niche, but due to

tolerance to several antibiotics (e.g., H. influenza and

Chlamydia pneumoniae: resistance towards β-lactam anti-

biotics; S. pneumoniae: resistance towards aminoglyco-

sides, fluroquinolones, and β-lactam) they are able to

expand during antibiotic treatment and become patho-

genic [223, 224]. In contrast, abundances of known com-

mensals such as Dolosigranulum and Corynebacterium,

which normally are highly abundant in the human nose

and associated with decreased URT infection risk and

microbiota stability, are reduced by the treatment. These

shifts in the anterior nares microbiome lasted throughout

treatment and even posttreatment period (at least 2 weeks

after treatment) [24, 93].

Topical antibiotic therapy with, e.g., mupirocin is used

as standard preoperative therapy for non-allergic rhinitis

(i.e., chronic rhinosinusitis). It has been shown that anti-

biotic treatment with muropirocin was able to

decolonize S. aureus preoperatively, decreasing S. aureus

site infections in surgery [24, 225, 226].
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INSs like mometasone furoate monohydrate, which

has anti-inflammatory properties, are common first line

therapies for allergic rhinitis (AR) [21, 24]. INSs affect

the composition and biodiversity of the nasal micro-

biome: like antibiotics, this medication suppresses sev-

eral taxa (Moraxella spp., streptococci) and may

promote the dominance of other taxa such as staphylo-

cocci [24, 225, 226].

Alterations in nasal structure due to sinus surgery

influence the microbial community in the nasal cavity

Endoscopic sinus surgery (ESS) is an invasive treatment

mainly used for polyposis and refractory sinusitis [22]. It

enlarges the size of sinus ostia, improves mucociliary

clearance, and facilitates access for topical therapies [218].

This intervention changes the physical sinus structure and

may influence paranasal physiology by reducing the

temperature and humidity in the nasal cavity. This drier

and cooler post-operative ecosystem might have an effect

on microbial composition and metabolism [218, 227].

Overall, the post-operative outcome of the surgery is

positive, and only a subset of the patients does not re-

cover [28, 228]. This subset suffers from a recolonization

by pathogens despite antibiotic treatment after surgery

[229–231]. It is suggested that the repopulation has its

origins in paranasal sinus biofilms or in the nasophar-

ynx, as these areas are better protected from antibiotics

[164, 229, 232, 233]. It has also been reported that CRP

patients who suffer from inflammation after the surgery

have higher numbers of SCCs in the URT inflamed tis-

sue [66]. Furthermore, patients with the non-functional

genetic variation of the bitter receptor T2R38 are more

likely to need surgery and develop bacterial infections

[82, 83].

Notably, Hauser et al. found that the bacterial load of

the ethmoid is lower at the time of surgery and 6 weeks

after surgery than in the postoperative period (2 weeks

after surgery). The authors suggested that a broad dis-

ruption of immune function and the mucociliary system

due to the surgical intervention is responsible for this al-

tered bacterial burden [229].

In an independent study, Jain et al. [218] reported an

increase in the number of bacterial signatures, but no

change in overall microbial profile 4 months after sur-

gery compared to pre-operative microbial profiles. How-

ever, the relative abundance of Staphylococcus signatures

increased whereas Streptococcus and Corynebacterium

decreased; most changes were observed in extremely

low-abundance taxa (e.g., Peptoniphilus, Finegoldia, Fae-

calibacterium, Campylobacter) [218].

Other studies reported similarities between the bacter-

ial community of the ethmoid and sinuses after surgery

and those of the anterior nasal cavity and pretreatment

sinuses, and also the presence of bacteria from extra

nasal sources, suggesting that all these sites serve as

likely sources for recolonization [164, 229, 233, 234].

Nasal rinse might be a microbiome-friendly alternative to

aggressive therapy options for URT diseases/problems

Nasal rinse has its origins in Ayurveda, an ancient, trad-

itional system of Indian healthcare [235]. Today, nasal

rinse is not only used to treat upper respiratory tract

problems, as URTIs, CRS, or AR, but also as prevention

of those diseases. Nasal irrigation is thought to clean the

nasal mucosa from inflammatory mediators like leukotri-

enes and prostaglandins, antigens, and other pollutants

[23, 236, 237]. The most common rinsing solutions are

isotonic saline (0.9%) or hypertonic saline (1.5–3%), pH

varying from 4.5 to 7, but distilled, tap, and well-water is

also used [23, 238].

The potential microbial contamination of irrigation

water and devices has been of concern, as it might con-

tain S. aureus and Pseudomonas spp. which cause the

majority of postoperative infections [234, 238, 239].

However, these low abundance contaminations showed

only little impact on microbial composition in the hu-

man sinonasal cavity [240]. Nevertheless, distilled water

is recommended, as tap water and well-water can also

lead to mycobacterial infections and amebic brain ab-

scesses [238, 241, 242].

The high frequency of positive results of nasal irriga-

tion in several studies indicates that nasal rinsing is an

effective, inexpensive, and simple method to treat sino-

nasal disorders alone or in association with other therap-

ies to reduce medicine consumption.

Probiotics might be a non-invasive disease prevention

and therapy option

In many cases of asthma and CRS, microbial dysbiosis is

manifested by the expansion of pathogens and the loss

of beneficial microorganisms [243, 244]. Living beneficial

bacteria (probiotics) administered in adequate amounts

can provide health benefits to the host [19, 245, 246].

Probiotic species may act as pioneers after disruption

due to antibiotics, or have a larger beneficial effect on

the community by acting as keystone species [247]. Add-

itionally, probiotic strains may even be able to improve

the epithelial barrier (by modulation of signaling path-

ways [248, 249]) or to interact positively with the host

innate immune system [245, 246, 250, 251]. Probiotic

microbes can interact with other microbes of the human

microbiome by production of antimicrobials, competi-

tive colonization, and inhibition of pathogen growth

(e.g., by changing the pH in the niche) [247, 252, 253].

Probiotic bacteria can have various immunomodulatory

functions, including T helper cell 1 (Th1)/T helper cell 2

(Th2) immune balance restoration, stimulation of regu-

latory T cells (Treg), the regulation of regulatory
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cytokines [254–257], and also the modulation of

allergen-specific T- and B-cell responses and mucosal

IgA levels [258].

Immune cells, microbial metabolites, and cytokines re-

leased due to oral probiotic supplementation reach the

airways through translocation into the blood and sys-

temic circulation, whereas probiotics applied via nasal

sprays affect the local immune response and the sinona-

sal microbiome [259–263]. For example, Lactobacillus

rhamnosus leads to an increase in Th1 and decrease in

Th2 levels in mice [264, 265], and treatment of acute si-

nusitis in children with Enterococcus faecalis has already

been shown to reduce frequency and duration of sinus-

itis [246, 266].

The next logical step would be the application of pro-

biotics nasally, although a potential risk of inflammation

in the lower airways due to aspiration into the lung

might exist [246, 267]. However, Martensson et al. were

able to show, although no significant effects on CRS dis-

ease progression were observed, that nasal application of

13 honeybee lactic acid bacteria (various Bifidobacteria

and lactobacilli of the honey stomach of Apis mellifera)

was well tolerated by patients. This probiotic was able to

restore commensal microbiomes and to prevent infec-

tions through antibacterial activity. Furthermore, no side

effects could be observed [246, 268–272].

Knowledge gaps, conclusion, and outlook
Research on the microbiome of the URT has already re-

vealed insights into its dynamic niche-specific compos-

ition, interactions between microbes and the host’s

immune, olfactory, and chemosensory systems, and alter-

ations that are associated with age, lifestyle and disease.

This research is, however, still in its infancy. The majority

of current knowledge about the URT microbiome is based

on cultivation assays, targeting only a fraction of the mi-

crobial community, or next generation sequencing of seg-

ments of the bacterial 16S rRNA gene amplified from

uncultured samples. These short reads provide basic infor-

mation about the diversity and taxonomic composition of

bacterial communities. However, more accurate species or

strain level community profiling can now be achieved

using, for example, long-read technologies for sequencing

the entire 16S rRNA gene, such as Oxford Nanopore

[273] or Pacific Bioscience (PacBio) technology [274],

which has already been successfully applied to analysing

the healthy sinonasal microbiome [275]. Shot-gun metage-

nomics is another approach that is increasingly used in

microbiome research, offering insights into microbial ge-

nomes and functions, and the possibility to assemble draft

genomes of uncultured human health or disease associ-

ated microbes. Untargeted shot-gun metagenomics could

also give unbiased insights into the archaeome, myco-

biome and virome of the URT, although due to the low

abundance of many of these components, targeted ap-

proaches could be more effective in capturing their full

diversity.

Determining whether the detected changes or dysbioses in

the URT microbiome associated with disease are markers or

drivers presents a major challenge. There has already been

some progress towards identifying biomarkers that could be

used for early diagnosis of URTIs, such as Microbacterium

spp., Streptococcus spp. or Faecalibacterium spp., whereas

identifying targets for microbiome-based therapies remains

more difficult. The ability to sample from disease-relevant

sites within the URT is helpful in this regard, as it enables

the identification of microbial candidate disease drivers

whose abundance is positively correlated with both the site

and incidence of disease, while negative correlations reported

from the disease site are similarly more likely to be relevant,

pointing to a possible protective role that might be harnessed

in probiotic therapy. It will therefore be important to address

the methodological challenges of sampling from less access-

ible URT sites, and to continue to develop appropriate sam-

pling tools to minimise contamination from neighbouring

sites. Further investigation of the co-operative and competi-

tive interactions of microbes and host may also be helpful in

guiding rational choices in the pursuit of causal connections

and therapeutic goals. However, establishing causality and

demonstrating the efficacy of proposed treatments requires

other approaches, such as animal models and clinical trials.

Physicians and patients have high expectations of

microbiome-driven therapies, yet most available know-

ledge stemming from basic research or clinical trials is

far from impacting, or being implemented in, medical

treatment. The results we have surveyed in this review

suggest there are good reasons to remain optimistic

about therapeutic solutions emerging from URT micro-

biome research, especially as newly available methodolo-

gies are deployed and current knowledge gaps are filled.
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Background: 

The loss of smell is an incisive event. It is often associated with viral or inflammatory diseases 

of the nasal cavity (e.g., common cold, COVID-19 or CRS) but also neurological diseases like 

Parkinson’s disease as well as the process of aging are able to cause dysosmia. Up to 20% of 

the general population suffers from olfactory dysfunction with rising tendency due to the 

COVID-19 pandemic 1–4. This impaired olfactory ability affects the social (e.g., personal 

hygiene, sexual life), emotional (e.g., increased depression rate) and behavioural performance 

(e.g., dietary changes) and thereof decreases the quality of life tremendously. Together with the 

safety aspect of olfaction via the detection of hazards such as gas or spoiled food, this highlights 

the underestimated importance of the sense of smell. Moreover, olfactory loss is one of the 

predictors for 5-years mortality in elderly people 5–7. Up to date, no “satisfying” therapy 

recommendations on the loss of smell have been made. However, several studies show the 

beneficial effects of smell training on olfactory performance 8,9. 

In general, the sense of smell (olfaction) is mediated by olfactory receptor cells. These cells are 

located at the ceiling of the nasal cavity – the olfactory epithelium – and their axons reach 
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directly through the perforated cribriform plate to the olfactory bulb in the brain. The olfactory 

cilia at their apical surfaces intrude the mucus layer that also lines the olfactory epithelium 10. 

Like other parts of the human body, the olfactory epithelium is colonised by a distinct microbial 

community. Microbes throughout the human body have been shown to communicate with 

human body tissues e.g., via short chain fatty acids (SCFA) 11,12. Olfactory receptor cells are 

also able to detect microbial produced SCFAs 13. In our pilot study we were able to detected 

differences of the nasal microbiome when comparing normosmic and dysosmic volunteers 14. 

In this new study, we did the next step and screened the microbiome of participants with varying 

olfactory performance at over three time points, each three months apart, with olfactory training 

periods in between. Furthermore, we want to connect this information with nutritional intake 

and changes in brain structure and function. 

Hypothesis: 

The nasal microbiome located at the olfactory epithelium does not just play an important role 

in olfactory functioning but also contributes to the regain of olfaction following smell training. 

This change in microbiome and olfactory function can also be observed in the reorganization 

of olfaction related brain areas. 

Study design and methods:  

 
Figure  1. Study schemata of the "Nose-Brain Axis"-Study. Created with BioRender.com 
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53 participants with normal (good and weak normosmics; n=33) and bad (dysosmics: 

hyposmics and anosmics; n=20) olfactory performance, respectively, were recruited. In general, 

all (53/53) of them provided nasal and stool samples at time point 1 (TP), 32/53 at TP2 and 

15/53 at TP3. All samples were used for 16S rRNA gene sequencing. Samples of participants 

that provided microbial samples at all three time points (six of each group) were further 

analysed (metagenomics, metatranscriptomics and metabolomics). Additionally, information 

about nutritional intake (food frequency questionnaire) was captured and fMRI scans (brain 

imaging) were performed at every time point. The design of this study is illustrated in Figure 1. 

Aim: 

Step 1: Assessing general differences in the microbiome of normosmics and dysosmics to find 

putative biomarkers in nasal as well as stool samples. Furthermore, correlations between 

microbial measures and nutritional intake should be performed.  

Step 2: Investigation of longitudinal changes (over six months) in the microbial community 

based on olfactory training. 

Step 3: Correlation of microbial parameters with neuroimaging biomarkers to further 

investigate the interaction of the nasal microbiome with olfactory performance. 

Preliminary results: 

Preliminary evaluation of the nasal microbiome at TP1 revealed a nearly stepwise decrease of 

alpha diversity (Shannon index) with improving olfactory performance mainly driven by 

microbial richness. Additionally, microbial signatures belonging to Rickettsia, 

Faecalibacterium, Campylobacter and Porphyromonas have been associated with impaired 

sense of smell whereas Ralstonia, or Micrococcaceae were more abundant in volunteers with 

normal olfactory performance.  

Initial analyses of functional imaging data revealed that dysosmic participants show only 

marginal activity within the primary olfactory brain areas, i.e. the piriform cortex at baseline as 

compared to the healthy normosmic controls. This reduced functional activitiy is also found in 

a decreased connectivity within and between olfactory related regions. Chemesthetic 

stimulation with CO2  and peppermint flavour did not yield any significance. Analysis of the 

other timepoints is pending. 

81



Unpublished project 

Additionally, correlations with the main ingested food groups indicated that normosmics 

ingested significantly higher levels of fruits and legumes and significantly lower levels of fish, 

meat and sausages compared to dysosmics. If these nutritional values (as well as the 

neurological biomarkers) are connected with the microbial community in the nasal and stool 

samples of our participants, still needs to be analysed.  

Preliminary discussion: 

Consistent with our completed pilot study of Koskinen et al., 2018 14, we are able to show 

differences in the microbial community of the olfactory epithelium. Some bacterial taxa and 

nutritional values are significantly associated with the olfactory performance of the subjects so 

far. Dysosmics show higher relative abundances of the butyrate-producers Faecalibacterium 

and Porphyromonas at the olfactory mucosa suggesting an adverse effect of this microbial 

product on olfaction. Furthermore, normosmics seem to have a healthier diet by ingesting 

higher amounts of food groups belonging to fruits and legumes and reduced intake of meat and 

sausages. It is likely that dietary habits/preferences are influenced by olfactory capability since 

olfaction contributes to the sense of taste and dysosmic people often report a reduced enjoyment 

of food 15. A possible impact of alterations in the diet or the olfactory performance, in general, 

on the gut microbiome (or vice versa) has still to be investigated.  

Further analysis of these data will help to understand the microbial role in olfaction and possibly 

allow monitoring and predicting smell therapy success in future.  
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Figure 2. Co-occurrence networks based on Spearman’s rho correlation of selected genera in HE and LE microbiome 

samples. 
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Figure 3. Archaeome profile of HE and LE samples, based on the “archaeal” approach of 16S rRNA gene sequencing. A.

B. I.

II. III.

IV.
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Figure 4. Overview of the divergent functions of the HE and LE based on the shotgun metagenome analysis 
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C.I. C.II-V.II.
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Figure 5. Identified keystone taxa in HE and LE subjects. A.

B. C. Methanobrevibacter

Ruminiclostridium

Bacteroides Ruminococcus gnavus group

Blautia Roseburia Tyzzerella Butyricicoccus Flavonifractor

Methanobrevibacter 

99



Methanobrevibacter

M. smithii

Methanobrevibacter per se

M. smithii

Figure 6. Metabolic network of key-stone taxa in LE and HE microbiomes

100



Methanobrevibacter

B12, fat and fibre intake have strong impact on methane microbiomes 

Methanobrevibacter r

r

r

r r

r

r

Bacteroides Flavonifractor 

Ruminococcus gnavus group 

r r r

Blautia r

r r

r r

101



Bacteroides

BtuF

Methanobrevibacter 

Methanobrevibacter

Individual diet-adapted flux balance analysis confirms the vitamin-independent, maximal 

breakdown of fibre to C1 metabolites under HE conditions 

102



Figure 7. MICOM model-based flux balance analysis of keystone taxa. 
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preliminary insights into the impact 
of primary radiochemotherapy 
on the salivary microbiome in head 
and neck squamous cell carcinoma
christina Kumpitsch1, christine Moissl‑eichinger1,2, Jakob pock3, Dietmar thurnher3 & 

Axel Wolf3*

Squamous cell carcinoma is the most common type of throat cancer. treatment options comprise 

surgery, radiotherapy, and/or chemo(immuno)therapy. the salivary microbiome is shaped by the 

disease, and likely by the treatment, resulting in side effects caused by chemoradiation that severely 
impair patients’ well-being. High-throughput amplicon sequencing of the 16S rRNA gene provides 
an opportunity to investigate changes in the salivary microbiome in health and disease. in this 

preliminary study, we investigated alterations in the bacterial, fungal, and archaeal components of 

the salivary microbiome between healthy subjects and patients with head and neck squamous cell 

carcinoma before and close to the end point of chemoradiation (“after”). We enrolled 31 patients 
and 11 healthy controls, with 11 patients providing samples both before and after chemoradiation. 
Analysis revealed an effect on the bacterial and fungal microbiome, with a partial antagonistic 
reaction but no effects on the archaeal microbial community. Specifically, we observed an individual 
increase in Candida signatures following chemoradiation, whereas the overall diversity of the 

microbial and fungal signatures decreased significantly after therapy. Thus, our study indicates that 
the patient microbiome reacts individually to chemoradiation but has potential for future optimization 

of disease diagnostics and personalized treatments.

Approximately 2.9% of newly diagnosed cancers originate in the oral cavity and  pharynx1,2. Major risk factors 
are tobacco and alcohol consumption, as well as infection with human papilloma virus (HPV)2–4. Squamous 
cell carcinoma (SCC), the most common type of throat cancer, is a malignant epithelial tumor that originates 
in the lining of the upper respiratory tract. SCC is diagnosed by a combination of clinical, radiological, and 
histopathological examinations, and standard treatments comprise surgery (i.e. removal of the diseased tissue), 
radiotherapy, and/or chemo(immuno)therapy2.

Radiotherapy in combination with platinum-based chemotherapy can be indicated in both surgically resect-
able and non-resectable SCCs. In surgically resectable cases, the literature shows a mortality benefit from adjuvant 
radiochemotherapy (RCHT) in patients with advanced head and neck  cancer5. Resection techniques as well as 
microvascular reconstruction of the tumor side often result in large cosmetic and functional defects, and total 
tumor resection may not be  achieved6. Thus, the treatment of choice in locally advanced, non-resectable cases 
is usually primary radiotherapy in combination with chemo(immuno)therapy.

In principle, radiotherapy and chemotherapy act by interfering with cell division, which particularly affects 
cancer cells that have a higher proliferation rate than healthy  tissue7,8. Due to the non-specificity for SCC cells, 
local radiotherapy and/or chemo(immuno)therapy results in several side effects affecting the pharynx area. 
Although intensity-modulated radiotherapy treatment regimens were introduced in the early 2000s, exposure 
of the head and neck region to radiation still leads to severe side effects, including xerostomia, mucositis, pain 
and swallowing  dysfunction9, and decreased quality of life.

More than 90% of head and neck cancer patients receiving radiotherapy develop oral mucositis, leading to 
hindering symptoms in approximately 40% of these  patients7,8,10. Primary symptoms of oral mucositis include 

open
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erythema and pain approximately 4–5 days after the start of therapy and can lead to further phases of mucositis, 
including local ulceration. These changes have an impact on the local environment, including microbial changes 
in bacteria, fungi, and  viruses10.

Like other surfaces of the human body, the upper respiratory tract is covered in human-associated microor-
ganisms, the  microbiome11. Imbalances in the microbiome (dysbioses) have been linked to disease, including 
inflammatory bowel disease, diabetes, colon cancer, obesity, and mental illnesses. The microbiome of the upper 
respiratory tract comprises more than 1000 different microorganisms, including bacteria, archaea, and eukaryotes 
(mainly fungi). In general, the microbiome of this area is important for the integrity of the mucosa and modula-
tion of the immune system, as human commensal bacteria have immunomodulatory properties and are able to 
ensure an efficient and rapid defense against pathogens by priming their host’s immune response. In addition to 
immune system modulation, commensal bacteria occupy the mucosa, preventing pathogen colonization due to 
uncontrolled settling in open  niches11. Streptococcus, Veillonella, Gemella, Rothia, Fusobacterium, and Neisseria 
species are amongst the most abundant microorganisms of the upper respiratory tract; however, diseases of 
the upper respiratory tract, as also pharyngeal SCC, have been linked to changes in the relative abundance and 
overall microbial  composition11–14.

Cancer therapy-induced oral mucositis is considered to have a microbiome component, as disruption of the 
mucosal barrier (caused by inflammation and apoptosis leads to bacterial translocation and an increase in the 
inflammatory  response15,16. Notably, the oral microbiome could play a role in exacerbating or protecting from 
mucosal injury, and the roles may fluctuate depending on the stage of  inflammation15.

Although a better understanding of the impact of radiochemotherapy (RCHT) on the oral microbiome may 
provide information regarding the pathophysiology and potential adjuvant treatment approaches in RCHT-
induced mucositis in patients with head and neck SCC, the available literature in this field is sparse and largely 
restricted to cultivation-based  analyses17,18. One exception is the study by Hu et al. in  201319, in which they 
performed a pyrosequencing-based microbiome analysis of plaque samples taken from subjects undergoing 
head-and-neck radiotherapy. As high-throughput sequencing techniques and methodological strategies (e.g., 
selection of primers) have made substantial progress over the last few years, we think it is necessary to perform 
additional pilot studies for comparative reasons as a baseline for subsequent, deeper  analyses19. Furthermore, 
additional studies based on high-throughput next generation sequencing of well-defined patient samples are 
necessary to define potential microbial processes and provide potential targets for the prevention, diagnosis, and 
treatment of RCHT-associated side effects.

The oral cavity microbiome has been the focus of research in relation to several diseases, including periodon-
titis and oral  cancer20. For our studies, we chose to analyze the salivary microbiome to assess the local impact of 
radiotherapy on the overall oral microbiome using an easy, standardized, non-invasive sampling procedure that 
would also be suitable for screening  patients12.

Based on the information given above, we assume (1) that interrogation of salivary microbial biomarkers 
could be informative with respect to the pathobiology of RCHT-related side effects (2); that the salivary, bacterial, 
archaeal, and fungal microbiome reflects the disease status in head and neck SCC when compared to healthy 
controls; and (3) that RCHT has a significant impact on the local microbiome profile. We addressed these ques-
tions in this preliminary study.

Results
Description of the patient cohort and study overview. For this study we recruited 42 participants 
(whose metadata information are given in Table  1, respectively). For a short overview see Supplementary 
Table S1. Parts of the cohort were recruited during our previous study (see Supplementary Table S1)12.

Description of the microbiome data. The DNA extracted from the saliva samples was subjected to three 
different amplification protocols: one targeting the overall microbiome (“universal” approach), one targeting 
the archaeal components (“archaeal” approach), and one directed to determine the fungal diversity (“fungal” 
approach). All sequences were quality filtered, contamination-controlled, and processed as described in the 
“Materials and methods”.

Following the “universal” approach, 3,339,965 sequences were obtained and classified into 23 phyla, 231 gen-
era, and 1876 unique ribosomal sequence variants (RSVs), whereas the “fungal” approach (251,488 sequences) 
resulted in 5 phyla, 100 genera, and 464 unique RSVs. Possibly due to the underrepresentation of archaea in 
human saliva, the amplification of archaeal signals proved very difficult, and the “archaeal” approach delivered 
only 36,856 sequences affiliated with 4 phyla and 3 genera (all RSV tables are given in Supplementary Datasets 
1, 2, and 3).

impact of Scc and radiotherapy on the bacterial microbial community. Squamous cell carcinoma 
affected specific taxa compared to healthy controls but did not change the overall microbiome profile. In an initial 
step, we re-analyzed the properties of the tumor-associated saliva microbiome by comparing the samples from 
healthy patients (n = 11) and SCC patients (samples from before RCHT only; n = 31)12. The “universal” approach 
identified Firmicutes as the predominant phylum, with genera Veillonella, Rothia, Haemophilus, and Neisseria 
being highly abundant in both healthy subjects and patients (see Supplementary Fig. S1 and S2).

In congruence with our previous  study12, we detected no significant difference in the alpha diversity between 
healthy controls and cancer patients (p = 0.86, ANOVA; Fig. 1a). The microbial communities of healthy controls 
formed a sub-cluster within the principal coordinate analysis (PCoA) plot but did not cluster separately from 
patient samples (Fig. 1b). Linear discriminant analysis effect size (LEfSE) analysis run at the genus level identified 
a potential association of Veillonella and Bifidobacteriaceae (including genus Bifidobacterium) with patients, and 
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Pasteurellaceae, Eubacterium and others with healthy controls (Fig. 1c–f). Veillonella was significantly increased 
in samples from healthy subjects, which is in agreement with our previous data. Notably, Fusobacterium also 
significantly correlated with the healthy status (Fig. 1g,h), although Fusobacterium is increasingly being recog-
nized as being linked to cancer  development21,22.

RCHT has an impact on microbiome composition. Next, we focused on analyzing the impact of RCHT on the 
salivary microbiome in patients for whom we had samples from before and after RCHT (n = 11). All patients 
underwent additional antibiotic/mycobiotic therapy along with the RCHT, which was highly individual and 
adapted according to clinical requirements as shown in Supplementary Table S2 and Supplementary Fig. S3.

With the universal approach, the diversity of the microbiome decreased after therapy, but it was not signifi-
cant (p = 0.42, ANOVA; Fig. 2a). According to the redundancy analysis (RDA), RCHT had a significant impact 
on the microbiome profile (p = 0.014; Fig. 2b), and the sample types grouped somewhat differently in the PCoA 
plot (see Supplementary Fig. S4). The different microbial profile as well as the difference in bacterial load were 
also visible in the bar-plot analysis (Fig. 2c), as the relative abundance of major taxa was significantly reduced. 
Overall, the derived number of sequences decreased from an average 55,092 reads per sample before RCHT to 
an average 38,980 reads per sample after RCHT.

We observed that some taxa were specifically affected by the treatments, such as Haemophilus, Veillonella, 
Granulicatella, and others, whereas other bacterial genera were specifically increased after treatment (Lactobacil-
lus, Scardovia, Acinetobacter, Enterococcus etc.; Fig. 2d).

For the sake of completeness, we were able to confirm the correlation of alcohol consumption with the micro-
bial profile (p = 0.075; see Supplementary Fig. S5)12.

the impact of Scc and radiotherapy on the non‑bacterial microbial community. SCC does not 
significantly affect the archaeal and fungal profiles. As the bacteria-centric “universal” approach is not capable of 
assessing the full microbial diversity and patients frequently suffer from fungi-driven mucositis, we performed 
additional archaeal and fungi-targeting amplicon sequencing with specific primer sets for these taxa. The ar-
chaeal dataset did not prove indicative for any of the parameters, particularly as only a small proportion of 
all samples revealed positive archaeal signals (20 out of 53); however, these were mainly samples from cancer 
patients (3 healthy controls, 13 patients before therapy, and 4 after therapy). In agreement with our previous 
 study12, we confirmed the presence of Methanobrevibacter signatures, and detected Methanosphaera, and Candi-
datus Nitrosoarchaeum sequences (Supplementary Dataset 1).

Overall, 100 fungal genera were detected, with Candida being the most prevalent in most samples. Other 
frequent fungal signatures were from unclassified genera, Peniophora, Stereum, Cladosporium, and many others 
(Fig. 3a), some of which may be associated with the environment and not the human microbiome. The salivary 
mycobiome of healthy volunteers and SCC patients before therapy did not group differently in the PCoA plot, 
and no alteration in alpha diversity was observed (Fig. 3b,c).

RCHT does affect the archaeal and fungal profiles of salivary samples. The overall relative abundance of the 35 
most abundant fungal signatures increased after RCHT compared to the samples from patients before RCHT. 

Table 1.  Characteristics of the study participants. diseased squamous cell carcinoma patients, m male, f 
female, SD standard deviation, CUP carcinoma of unknown primary, n.a. not available.

Group N Mean age ± SD, years Sex HPV Alcohol Smoking Tumor Localization

Healthy 11 47.8 ± 15.2
m (n = 10)
f (n = 1)

n.a. (n = 11)
Never (n = 2),  
Occasional (n = 9)

No (n = 10)  
Yes (n = 1)

n.a. (n = 11)

Diseased 31 (20 + 11) 60 ± 7.5
m (n = 26)
f (n = 5)

Positive (n = 7)  
Negative (n = 24)

Never (n = 7),  
Occasional (n = 14),
Daily (n = 8), n.a. 
(n = 2)

No (n = 19)  
Yes (n = 12)

Oropharynx (n = 18), 
Hypopharynx (n = 3), 
Epipharynx (n = 1), 
Larynx (n = 3), CUP 
(n = 1), Oral cavity 
(n = 5)

Before (patients 
sampled only before 
therapy)

20 61.1 ± 7.4
m (n = 16)
f (n = 4)

Positive (n = 5)  
Negative (n = 15)

Never (n = 4),  
Occasional (n = 7), 
Daily (n = 7), n.a. 
(n = 2)

No (n = 11)  
Yes (n = 9)

Oropharynx (n = 11), 
Hypopharynx (n = 3), 
Epipharynx (n = 0), 
Larynx (n = 1), CUP 
(n = 1), Oral cavity 
(n = 5)

After (patients sam-
pled before and after 
therapy)

11 58 ± 7.6
m (n = 10)
f (n = 1)

Positive (n = 2)  
Negative (n = 9)

Never (n = 3),  
Occasional (n = 7), 
Daily (n = 1)

No (n = 8)  
Yes (n = 3)

Oropharynx (n = 7) 
Hypopharynx (n = 0) 
Epipharynx (n = 1) 
Larynx (n = 2) CUP 
(n = 1) Oral cavity 
(n = 0)

All participants 42 56.8 ± 11.3
m (n = 36)  
f (n = 6)

Positive (n = 7)  
Negative (n = 24)
n.a. (n = 11)

Never (n = 9),  
Occasional (n = 23),
Daily (n = 8), n.a. 
(n = 2)

No (n = 29)  
Yes (n = 13)

Oropharynx (n = 18) 
Hypopharynx (n = 3) 
Epipharynx (n = 1) 
Larynx (n = 3) CUP 
(n = 1) Oral cavity 
(n = 5)
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However, the increase in relative abundance was accompanied by a significant decrease in the fungal diversity 
(p = 0.026; Fig. 4a,b; see also Supplementary Fig. S6).

When comparing the fungal profile of salivary samples from patients before and after RCHT, RDA indicated 
a potential impact of the treatment on the fungal microbial composition (p = 0.101; Fig. 4c).

Interestingly, compared to healthy controls, the relative abundance of Candida was increased in patients 
(p = 0.39; Fig. 5). After RCHT, the relative abundance of Candida increased further or decreased, resulting in a 
total increase in the summed relative abundance (all samples; Fig. 4a). However, due to individual development 
for each patient, the mean relative abundance of Candida remained similar before and after RCHT (Figs. 4a, 5).

Figure 1.  Microbial diversity and profile in cancer patients (‘diseased’) did not differ significantly from healthy 
controls, but healthy individuals formed a sub-cluster within the diseased cohort. (a) No alterations were 
observed in alpha diversity between the two groups at the RSV level using ANOVA. (b) Microbiome profile 
of healthy controls clustered within the diseased subjects in a PCoA plot (RSV level). (c) LEfSe analysis of 
taxa associated with healthy subjects and SCC, including the top 100 most abundant genera. (d–h) Relative 
abundance of the genera Bifidobacterium, Pasteurellaceae, Eubacterium, Veillonella, and Fusobacterium in 
healthy subjects compared to patients.
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Overall, we detected no influence of mycostatin on the fungal profile (RDA p = 0.924; patients after therapy; 
see also Supplementary Fig. S7), which may be due to the prevalence of environmentally associated fungal sig-
natures in our dataset. Comparing the fungal communities of all patients (n = 11) before and after therapy, the 
alpha diversity decreased significantly after treatment (p = 0.026; Fig. 6a). Samples from mycostatin users revealed 
significantly higher fungal diversity compared to patients who did not receive mycostatin (p = 0.045; Fig. 6b).

When we evaluated the mycobiomes of mycostatin users (n = 8) before and after RCHT, a tendency towards 
reduced fungal diversity was still visible, but no longer significant (p = 0.096; Fig. 6c). Similarly, the alpha diver-
sity of samples from non-users decreased after therapy (p = 0.071; Fig. 6d). As a decrease in fungal diversity 
was observed independent from mycostatin usage, RCHT seemed to be a major factor influencing the fungal 
microbiome.

Interestingly, although mycostatin is an antimycotic used to treat yeast infections, Candida seemed to be 
unaffected (see Supplementary Fig. S8a,b).

comparison of the microbiome and mycobiome of healthy controls with patients before and 
after standard therapy. The impact of disease and radiotherapy on the fungal and bacterial microbiome 
was specifically addressed by comparing salivary profiles from healthy controls (n = 11), SCC patients before 
radiotherapy (n = 11), and the same SCC patients after radiotherapy (n = 11). Overall, the bacteriome and myco-
biome revealed a partially antagonistic behavior. Though the diversities of both taxonomic groups, as well as the 

Figure 2.  Radiochemotherapy in cancer patients substantially impacts the microbial profile. (a) Shannon 
Diversity Index did not reveal significant differences in the salivary microbiome between patients before and 
after therapy at the RSV level using ANOVA. (b) Treatment had a significant impact on the microbiome profile 
(RDA plot, RSV level). (c) Bar plot of the microbiome composition before and after therapy, including the 35 
most abundant genera. Taxa are displayed from bottom to top. (d) Specific taxa that were significantly increased 
before or after therapy are plotted in a LEfSe including the 35 most abundant genera.
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relative abundance of bacteria, decreased from healthy to non-treated, and then to treated, patients (Shannon 
index, p = 0.4 (bacteria) and p = 0.02 (fungi); Fig. 7a,b), the relative abundance of fungal signatures (particu-
larly Candida) increased with treatment (Fig. 7c,d, bar plots) and remained unaffected from mycostatic treat-
ment (p = 0.924, RDA; see Supplementary Fig. S8). Notably, redundancy analyses indicated a significant impact 
of health and treatment status on the bacteriome, and a tendency was seen in the mycobiome (p = 0.001 and 
p = 0.08, respectively, RDA plots; Fig. 7e,f).

Discussion
This preliminary study aimed for an initial comparative analysis of oral microbial communities using saliva from 
head and neck cancer patients and healthy controls. We found evidence that the occurrence of SCC and RCHT 
alone or in combination with local antimycotic treatment have a substantial impact on the microbial profile. 
These findings support theories that head and neck SCC itself, but also tumor-specific therapies, interacts with 
the oropharyngeal saliva microbiome.

The ecology of the saliva has been investigated previously in numerous studies primarily using culture-
based  methods23–29. For example, Almståhl, et al. reported the association of cultivable Candida albicans and 

Figure 3.  The salivary mycobiome was not significantly affected by SCC. (a) Bubble-plot including the top 
35 most abundant genera of the study cohort [i.e., healthy controls and SCC patients before any therapy 
(‘diseased’)]. (b) PCoA plot indicating no clustering of samples from healthy subjects and diseased subjects at 
the RSV level. (c) Similar Shannon Diversity Indices in both subject groups.
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enterococci with radiation-induced hyposalivation, and the presence of Lactobacillus spp. in 92% of all radio-
therapy  patients17. The prevalence of Candida, as well as enterococci and various Enterobacteriaceae (Entero-
bacter, Klebsiella, Proteus, Pseudomonas), was confirmed in a cultivation-based study focusing on radiotherapy 
 patients18. Notably, lactobacilli and Acinetobacter have been shown to occupy open niches that can also be found 
after  RCHT30.

Advances in DNA sequencing have given us the opportunity to analyze microbes that are not amenable to 
cultivation using high-throughput sequencing of the microbial 16S rRNA  gene31,32. Overall, in other studies 
investigating head and neck SCC patients using 16S rRNA gene sequencing, the results are not comparable 
due to the use of different methodological approaches, and sample sizes have been  small19,20. Our study was 
conceptualized as a preliminary study and was also limited in sample size. Furthermore, additional medication 
was applied (analgesic, antibiotic, and antimycotic effects) in accordance with clinical and laboratory findings 
and guidelines, but differed between individual patients, following the principles of personalized medical treat-
ments. However, we applied standardized sampling based on the Salivette Cortisol  kit12 and microbiome analysis 
procedures based on widely used amplification protocols and bioinformatics pipelines. This allowed us to put 
our data into context with our previous study, in which we described the salivary microbiome of 11 patients 
with oral and oropharyngeal SCC and compared it to the microbial profile of healthy controls. We observed that 
changes in the microbial profile mirrored disease progression and reflected clinical preconditions (age, alcohol, 

Figure 4.  Radiochemotherapy influenced the salivary mycobiome of SCC patients. (a) Bar plot of the 35 most 
abundant fungal genera detected in patients’ saliva before and after therapy. (b) Alpha diversity was significantly 
decreased after SCC therapy at the RSV level using ANOVA. (c) Fungal profiles were not significantly influenced 
by the therapy. RDA plot; RSV level; ANOVA.

Figure 5.  A non-significant but slight increase in the relative abundance of Candida was observed in patients 
before and after therapy compared to healthy individuals. Analysis was performed with ANOVA.
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tumor size, lymph node status, smoking habit, HPV-positivity)12. Including further datasets from our present 
study, we confirmed our findings regarding the comparison of our primary SCC patients and healthy controls. 
An increased relative abundance of Bifidobacterium was observed in our patient group, whereas the taxon Pas-
teurellaceae was decreased. Importantly, the fungal microbiome was addressed in the present study and showed 
an increased relative abundance of fungal signatures, whereas bacterial signatures decreased between healthy 
and non-treated patients.

Although certain aspects of the microbiome profiles of healthy subjects and SCC patients are different, stud-
ies have failed to delineate clear microbial patterns and are partially contradictory. In a previous study based on 
checkerboard DNA-DNA hybridization of samples from 45 patients and 229 healthy controls, increased counts 
of Capnocytophaga gingivalis, Prevotella melaninogenica, and Streptococcus mitis13 were identified as potential 
biomarkers for SCCs with a relatively high sensitivity and specificity (both > 80%). Gong et al. focused on the 
tissue-associated microbiome and identified 26 genera that were significantly different between patients with 
laryngeal SCC and controls. The highest abundance was observed for Fusobacterium, Prevotella, and Gemella in 
the patient  group14. Other studies have reported a relative intraindividual decrease in Streptococcus and Rothia 
species in cancer patients when analyzing samples from various sites in the oral  cavity20 but, like many others, 
failed to clearly segregate cancer from non-cancer microbiome  samples33. This indicates a high level of indi-
viduality across the microbiome profile and highlights the importance of additional studies with larger cohorts.

In the present study, the impact of RCHT was clearly be observed in the salivary microbiome of SCC patients 
before and after therapy. We observed changes in the microbial profiles for bacteria and fungi, but not in the 
archaeal profile due to a substantial number of archaea-negative samples. An association of Veillonella and 
Actinomyces signatures with higher cumulative doses (30 to 60 Gy) was reported by Hu et al.19, who performed 
a pyrosequencing-based microbiome analysis of plaque samples taken from subjects undergoing head-and-neck 
radiotherapy. In our study, however, the relative abundance of Veillonella signatures decreased with RCHT. This 
difference in the abundance of Veillonella may be due to the use of different methodological approaches (e.g., 
sample site, sequencing methods) or the therapy the patients received (e.g., antibiotics, chemoradiation).

In general, microbial changes before and after RCHT may be explained by therapy-associated effects on 
highly proliferative (tumor), but also healthy proliferative tissue, including the mucosa of the upper respiratory 
tract. Endotoxins are released, penetrate the submucosa, and induce chemotactic activity on polymorphonuclear 
neutrophils and macrophages, leading to the activation of pro-inflammatory cytokines and progressive tissue 
 destruction7,16. Thus, microbial changes can be explained by the application of RCHT in our cohort.

Figure 6.  Radiochemotherapy (RCHT) and treatment with mycostatin affected the mycobiome of SCC 
patients. Shannon Diversity Indices of (a) patients before and after RCHT, (b) patients who did and did not 
receive mycostatin treatment, (c) mycostatin users only before and after RCHT, and (d) patients who did not 
receive any mycostatin treatment before and after RCHT. ANOVA; diseased: SCC patients.
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Microbial dysbiosis and infection can be avoided and treated with antibiotic and/or antimycotic treatment, 
which was applied to a number of patients in our study. Notably, our data do not indicate a significant impact of 
antibiotic or, specifically, antimycotic treatment on the microbial changes triggered by RCHT.

The main limitations of our study were the limited sample size and the heterogeneity of the subjects with 
respect to clinical parameters (medical treatment) and demographics. In addition, the level of alcohol consump-
tion could not be assessed reliably, and the carcinogenic effects cannot be delineated. Furthermore, additional 
parameters, such as oral hygiene, which may also contribute to oral health and changes in microbial composition, 
should be considered in future studies.

In this preliminary study, we defined microbial changes in patients before and after RCHT. As probiotic 
medication has been reported to have a potential protective effect against radiation in the epithelium, future 
studies should identify the effect of probiotic medication on the oropharyngeal micro- as well as mycobiome in 
SCC patients undergoing  RCHT34.

We emphasize the need for larger cohort studies in order to further explore the impact of disease and treat-
ment on the microbiome. Our study should serve as a baseline for further study and be extended towards 

Figure 7.  The bacterial and fungal microbiome of healthy subjects and SCC patients is more similar before 
radiochemotherapy than after. Shannon Diversity of the (a) bacterial and (b) fungal communities at RSV level 
(ANOVA). Bar plot of the top 35 most abundant (c) bacterial and (d) fungal genera. Redundancy analysis of the 
(e) bacterial and (f) fungal profiles using ANOVA. Taxa listed in the bar-plot are displayed from bottom to top.
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metagenome-based microbiome analysis to reveal functional and mechanistic information that can be used for 
improved diagnosis and treatment of patients.

Materials and methods
ethics. The Department of Otorhinolaryngology, University Hospital of Graz, recruited the healthy volun-
teers and SCC patients. The study design was approved by the Ethics Committee of the Medical University of 
Graz (EK-Nr. 1325/2015). Ethics approvals were obtained according to the guidelines of the Declaration of 
Helsinki on biomedical research involving human subjects. Prior to inclusion, all participants provided written 
informed consent.

Study subjects. The study included salivary samples from 11 healthy volunteers as controls (10 males, 1 
female; mean age 47.8 years, standard deviation 15.1 years) and 31 patients diagnosed with SCC of the head 
and neck (26 males, 5 females; mean age 60 years, standard deviation 7.5 years). Eleven patients (10 males, 1 
female; mean age 58 years, standard deviation 7.6 years) provided samples before and close to the end point of 
the standard therapy (“after”).

The clinical parameters for all participants are provided in Supplementary Table 1. Information about anti-
biotic and antimycotic treatments are given in Supplementary Table 2.

Scc therapy. Recommendations regarding SSC therapy was given by the local interdisciplinary head and 
neck cancer board. All 11 patients investigated before and after tumor-specific treatment received radiotherapy 
in combination with platinum-based chemotherapy (10 cisplatin, 1 carboplatin). Radiation doses on the pri-
mary tumor side were between 60 and 70 Gy, whereas the radiation dosage in the lymphatic pathways was 50 Gy. 
Antibiotic and/or antimycotic treatment was applied based on clinical symptoms, local signs of infection, and 
laboratory findings. Eight of eleven patients received antimycotic treatment (see Supplementary Table S2 and 
Supplementary Fig. S3).

Sampling procedure. The Salivette Cortisol saliva detection kit (Sarstedt, Newton, NC, USA) was used 
to collect samples from all subjects. To stimulate and collect saliva, participants were asked to chew on a pro-
vided polyester swab for 60 s before placing it back into the tube. The Salivette Cortisol kit turned out to be a 
user-friendly method of collecting saliva from both the oral cavity and oropharynx that we also applied in our 
previous study.

The soaked swab was centrifuged for 5 min at 3000 rpm to obtain clear saliva. The sample was then imme-
diately stored at − 70 °C until further use.

The first collection of patients’ saliva took place after the primary diagnosis of SCC and prior to any specific 
treatment (chemoradiation therapy, surgery, antibiotics, mycostatin), whereas the second sample was collected 
after these treatments.

DnA extraction, pcR, and amplicon sequencing. A MagNA Lyser instrument and MagNA pure LC 
DNA Isolation Kit III (Roche Diagnostics, Mannheim, Germany) were used to extract microbial DNA accord-
ing to the manufacturer’s instructions. The microbial 16S rRNA gene was amplified using the universal primer 
pair 515FB and 806RB for bacterial  signatures35. A nested PCR approach was used to amplify archaeal signa-
tures. As a first step, the primer pair 344F and 1041R was used, followed by the primer pair 519F and 806R for 
archaeal  signatures35. The ITS region was amplified using the ITS86F and ITS4R primer pair to determine fungal 
 signatures36,37. Primer sequences and PCR cycling conditions are listed in Supplementary Tables  S3 and S4. 
Sequencing was performed by the Center for Medical Research (ZMF) at the Medical University of Graz using 
Illumina MiSeq.

Sequence processing. Raw reads were processed using QIIME2. Briefly, reads were quality filtered and 
checked for the presence of chimeras before being grouped into RSVs at the level of 99%. To classify the reads, 
the SILVA 128 database for  bacterial38, SILVA 132 database for  archaeal38, and UNITE V8 database for fungal 
 signatures39 were used. Extraction blanks (negative controls) were processed in parallel and contaminations due 
to sample processing were removed using R studio version 1.2.1335 with the R packages phyloseq, ggplot2 and 
decontam with the threshold set to 0.5 (https ://githu b.com/benjj neb/decon tam)40,41. Chloroplast signatures and 
unassigned sequences were also removed. Signatures remaining from the RSV table (Supplementary Datasets 
1, 2, and 3) were processed in  Calypso42. After normalization of the dataset via total sum normalization (TSS), 
Calypso was used to calculate the Shannon Index (alpha diversity, to visualize evenness and abundance; RSV 
level), redundancy analysis (beta diversity, to summarize variations in the data set; RSV level), PCoA plot (beta 
diversity; RSV level), bar chart (relative abundances of different taxa; genus level), bubble plot (relative abun-
dance of different taxa; genus level), LEfSe, to find features that most likely explain differences between groups; 
genus level), and ANOVA taxa abundance plots (differences in relative abundance of taxa between compared 
groups; genus level)43.

Raw sequence reads are publicly available at the European Nucleotide Archive (PRJEB37299).

exclusion criteria. Participants were not allowed to take antibiotics (local or systemic) for at least 4 weeks 
or receive vaccinations in the 6 months prior to the first sampling. Subjects with long-term antibiotic usage were 
also excluded.
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