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Abstract
The sinonasal microbiome remains poorly defined, with our current knowledge
based on a few cohort studies whose findings are inconsistent. Furthermore, the
variability of the sinus microbiome across geographical divides remains unexplored.
We characterize the sinonasal microbiome and its geographical variations in both
health and disease using 16S rRNA gene sequencing of 410 individuals from across
the world. Although the sinus microbial ecology is highly variable between individuals, we identify a core microbiome comprised of Corynebacterium, Staphylococcus,
Streptococcus, Haemophilus and Moraxella species in both healthy and chronic rhinosinusitis (CRS) cohorts. Corynebacterium (mean relative abundance = 44.02%) and

Abbreviations: CRS, chronic rhinosinusitis; CRSsNP, chronic rhinosinusitis without nasal polyps; CRSwNP, chronic rhinosinusitis with nasal polyps; NGS, Next-generation sequencing.
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Staphylococcus (mean relative abundance = 27.34%) appear particularly dominant in
the majority of patients sampled. Amongst patients suffering from CRS with nasal
polyps, a statistically significant reduction in relative abundance of Corynebacterium
(40.29% vs 50.43%; P = .02) was identified. Despite some measured differences in
microbiome composition and diversity between some of the participating centres in
our cohort, these differences would not alter the general pattern of core organisms
described. Nevertheless, atypical or unusual organisms reported in short-read amplicon sequencing studies and that are not part of the core microbiome should be
interpreted with caution. The delineation of the sinonasal microbiome and standardized methodology described within our study will enable further characterization and
translational application of the sinus microbiota.
KEYWORDS

16S rRNA gene, chronic rhinosinusitis, microbiome, next-generation sequencing, sinus

GR APHIC AL ABSTR ACT
Although the sinus microbiome is highly variable between individuals, we identify a core microbiome comprised of Corynebacterium,
Staphylococcus, Streptococcus, Haemophilus and Moraxella species in both healthy and chronic rhinosinusitis cohorts. Amongst patients
suffering from chronic rhinosinusitis with nasal polyps, a statistically significant reduction in relative abundance of Corynebacterium was
identified. Despite some measured differences in microbiome composition between participating centres in our cohort, these differences
would not alter the general pattern of core organisms described above.

1 | I NTRO D U C TI O N

the composition and diversity of normal, healthy microbial communities is a cornerstone to developing our understanding of dysbio-

The important role of human microbiota in both health and disease

sis, pathophysiology and, ultimately, directing therapy. To this end,

has become increasingly recognized. Microbial communities encode

advent of next-generation sequencing (NGS) has revolutionized our

millions of genes and associated functions which act in concert with

appreciation of the host-microbiota and its polymicrobial nature.8,9

those of human cells to maintain homeostasis.1 Numerous studies

In many cases, the entire microbial community—commensal,

have now established the microbiota as an important contributor to

symbiotic, pathogenic bacteria, fungi, archaea and viruses—play

essential mammalian functions such as metabolism,2 biosynthesis,3

critical roles in both health and disease pathogenesis. The host-mi-

neurotransmission4,5 and immunomodulation.6,7 Characterizing

crobiota interface is particularly important in chronic mucosal
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inflammatory conditions where the microbiota interact directly with

of all sample-collection centres (Table S1). Participating centres are

the host. These conditions are often poorly understood, multifacto-

listed below:

rial in nature, have heterogeneous clinical presentations and vary in
treatment response.10,11 Furthermore, single causative pathogens

• University of Adelaide, Adelaide, Australia (Lead Centre)

are rarely identified, and culture-directed antibiotics often fail to

• University of Sydney, Sydney, Australia

demonstrate efficacy.12 It is plausible that a better understanding

• University of Auckland, Auckland, New Zealand

of the microbiome of such conditions may be key to unravelling their

• Siriraj Hospital, Mahidol University, Bangkok, Thailand

underlying pathogenesis.

• LV Prasad Institute, Hyderabad, India

The sinonasal mucosa is continuously exposed to external partic-

• University of Sao Paulo, Sao Paulo, Brazil

ulate matter and microbes, but it is relatively immunodeplete with no

• Catholic University of Chile, Santiago, Chile

native secondary lymphoid organ systems.13 The sinus microbiota is

• Academic Medical Centre, Amsterdam, the Netherlands

thought to play key roles in multiple extra-nasal conditions, such as

• McGill University, Montreal, Canada

providing a nidus of recurrent infection in cystic fibrosis patients14

• Stanford University, California, USA

and otitis media.15 In addition, there is evidence of microbial influ-

• Harvard Medical School, Boston, USA

ences in the development, progression and severity of chronic rhi-

• Medical University of South Carolina, Charleston, USA

nosinusitis (CRS).16 This multifactorial condition, with an estimated

• University of Texas, Texas, USA

worldwide prevalence of approximately 10%,11 represents one of

• Northern Arizona University, Arizona, USA (Bioinformatics

the most common diagnoses for inappropriate antibiotic prescription

expertise)

and is a source of significant morbidity and healthcare costs.11,17-19
To date, despite a number of well-designed research efforts to define
the nature of the sinonasal microbiome and its role in CRS pathogen-

2.2 | Study design

esis, many uncertainties persist. This is in part due to the difficulty in
bacterial collection from the nose itself. Unlike the gut and oral cavity

This study was a multicentre, international collaborative inves-

where the bacterial burden is high and access to microbiota relatively

tigation with a prospective, cross-sectional design. In total, thir-

easy (either via faecal samples or oral wash),20,21 the sinonasal tract

teen centres across nine countries provided samples for analysis.

has a low microbial burden and access is difficult due to both the nar-

Written consent to tissue and clinical data collection was procured

row nasal orifice and discomfort for the awake patient. Therefore, a

from all participants prior to surgery. Collection was performed

replicable sample with appropriate bacterial abundance for 16S rRNA

during either endoscopic sinonasal surgery or ancillary otolaryn-

gene sequencing is currently attainable only during nasal surgery. To

gological procedures, such as tonsillectomy, septoplasty or skull

date, the majority of published studies have been small in size, with

base tumour resections. Individuals were classified as having CRS

heterogeneous patient populations and inconsistency in collection

if they fulfilled the criteria outlined in the International Consensus

methods, sample site, processing techniques and bioinformatics pipe-

statement on Allergy and Rhinology: Rhinosinusitis.11 Further

lines.22 Ultimately, the consequence has been noncomparable re-

sub-classification according to the absence (CRSsNP) or presence

sults with no universal consensus on the constituents of the healthy

(CRSwNP) of nasal polyps was performed by endoscopic assess-

sinonasal microbiota or the dysbiosis that occurs in disease.23-29

ment at the time of surgery. Patients who underwent ancillary

To address these limitations, we investigate the sinonasal mi-

otolaryngological procedures and had no clinical or radiological

crobiome using 16S rRNA gene sequencing on a large, multicentre,

evidence of CRS formed the healthy control cohort. No defined

international cohort implementing consistent sampling, processing

preoperative medical regime protocol was implemented, and cli-

and bioinformatics methods. We aim to (1) characterize the normal

nicians were free to treat patients as would be normal practice

sinonasal microbiome, (2) assess for any geographical or clinical in-

within their centre and as would be clinically appropriate for each

fluences and (3) identify any changes associated with CRS within and

patient.

across geographical sites.

2 | M E TH O DS
2.1 | Participating centres

2.3 | Metadata collection
Clinical data were collected using standardized patient questionnaires undertaken by each participant at the time of study consent.
In non-English-speaking countries, the questionnaire was translated

A total of fourteen centres participated in the completion of this in-

by a qualified interpreter and checked for accuracy by the lead in-

vestigation. Thirteen centres provided patient samples for utilization

vestigator from that country. Collected data included patient de-

within the study. One centre (Northern Arizona University) provided

mographics, medical history, ethnicity, social and environmental

bioinformatics expertise and consultation. The project was ap-

exposures as well as quality of life scoring via the validated SNOT-22

proved by the respective institutional human research ethics boards

and visual analogue scores (VAS). The standardized questionnaires

4
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used (which we termed the Open Source Sinonasal Survey “OS3”)

total of 100ul of DNA extracted per sample. Concentration was

are freely available at https://github.com/adelaide-orl/os3.

determined using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific). Extracted DNA was stored at −80°C until sequencing.

2.4 | Sample collection and transport

Any samples that were suspected to be improperly handled, contaminated or did not pass quality control during processing were
excluded. A total of 532 samples (126 CRSsNP; 212 CRSwNP; 194

Each centre was asked to provide microbiome swabs from non-CRS

Controls) passed all stages of transport and processing to be sent

controls and CRS patients for analysis. Patients were all anaesthe-

to the sequencing facility (Australian Genome Research Facility;

tized at the time of sample acquisition. All samples were collected

AGRF).

in a standardized manner prior to commencement of any surgical
intervention, while the nasal cavity remained unaltered. Microbiome
swabs were collected intra-operatively using guarded and endoscopically guided Copan Flocked swabs (COPAN ITALIA, Brescia,

2.6 | Polymerase chain reaction Amplification of the
16S rRNA gene and sequencing

Italy) to sample the middle meatus.24,30 Swab heads were subsequently separated into sterile cryotubes (Sarstedt, Numbrecht,

Polymerase chain reaction (PCR) and sequencing were per-

Germany), placed on ice immediately and then transported to −80°C

formed by AGRF. Libraries were generated by amplifying

storage. Once all samples had been acquired from a centre, they

(341F–806R) primers against the V3-V4 hypervariable region of

were then transported to the lead centre (Adelaide) using a secure

the 16S rRNA gene (CCTAYGGGRBGCASCAG forward primer;

cold chain (Cryoport, Irvine, CA, USA). This was to ensure stand-

GGACTACNNGGGTATCTAAT reverse primer).31 PCR was done

ardized downstream processing. The standard Cryoport containers

using AmpliTaq Gold 360 master mix (Life Technologies, Mulgrave,

used for shipment of samples are liquid nitrogen dewars capable of

Australia) following a two-stage PCR protocol (29 cycles for the first

keeping stored samples at a stable temperature for at least 15 days.

stage; and 14 cycles for the second, indexing stage). Concentrations

These containers have continuous temperature monitoring to en-

of the resulting amplified amplicons were measured using fluorom-

sure preservation of the cold chain throughout the shipment. Any

etry (Invitrogen Picogreen; Thermo Fisher Scientific). Amplicons

evidence of temperature disturbance, or displacement or damage

were normalized according to the obtained concentrations prior to

to transported cryotubes resulted in those samples being excluded

sequencing. Sequencing was done on the Illumina MiSeq platform

from further processing.

(Illumina Inc) with the 300-base pairs paired-end chemistry over 8
runs.

2.5 | DNA extraction

2.7 | Bioinformatics pipeline

All DNA extraction was performed at the lead centre using Qiagen
DNeasy Blood and Tissue Kit (Qiagen), as per manufacturer's in-

Demultiplexed fastq files were received from the sequencing facil-

structions. Total DNA was extracted from all clinical samples as well

ity. We used the new QIIME 2 (version 2018.11)32 for our bioin-

as a DNA-negative control with extraction reagents only (Figure S3).

formatics pipeline, utilizing various QIIME 2 plugins at each step.

All extractions were undertaken in strict sterile conditions, utilizing

Forward and reverse reads were joined using PEAR33 through the

new equipment for each sample to exclude cross-contamination. In

QIIME 2 plugin q2-pear (https://github.com/bassio/q2-pear). Joined

brief, swab heads were prepared for extraction by being cut to 2- to

sequences were then quality-filtered using the QIIME 2 plugin

3-mm pieces and placed into a microcentrifuge tube. A lysozyme

q2-quality-filter,34 with minimum quality 20, according to recom-

(Sigma) solution at 20 mg/mL in lysis buffer (20 mmol/L Tris-Cl,

mendations.35 This was followed by abundance filtering applied on

pH8; 2mmol/L sodium EDTA; 1.2% Triton X-100, filter-sterilized;

the reads, according to the method by Wang et al,36 through the

Sigma, St Louis, USA) was added to each sample and left overnight

python implementation in the QIIME 2 plugin q2-abundance filter-

at room temperature. Samples were then homogenized using 5-mm

ing (https://github.com/bassio/q2-abundance-filtering). Denoising

steel beads and a Tissue Lyser II (Qiagen) at 15Hz for 20 seconds.

and Amplicon Sequence Variant (ASV) formation were done using

Steel beads were then removed prior to further homogenization

deblur35 through the q2-deblur plugin using the parameters (trim-

with 50-mg glass beads, again using the Tissue Lyser II at 30 Hz

size = 435; min-size = 1; min-size = 1). Taxonomy assignment was

for 5 minutes. Proteinase K and Buffer AL (Qiagen) were added to

done against the Greengenes 16S reference database (the 99% clus-

each sample and left to incubate for 30 minutes at 56°C. Tubes

tered similarity sequences),37 version 13.8 (August 2013) using the

were then centrifuged briefly to collect beads and supernatant

BLAST-based classifier implemented in QIIME 2 (q2-feature-clas-

transferred to a fresh microcentrifuge tube. After addition of 100%

sifier)38 and which implements a Lowest Common Ancestor (LCA)

ethanol to supernatant, the new mixture was pipetted into DNeasy

consensus algorithm. To address limitations of de novo trees gener-

Mini Spin columns (Qiagen). Subsequent extraction of DNA from

ated from short-length ASVs, we utilized the SATé-enabled phyloge-

supernatant mixture was as per manufacturer instructions, with a

netic placement (SEPP) technique39 for insertion of the ASVs into

|

PARAMASIVAN et al.

the high-quality tree generated from the 99% OTUs Greengenes
reference database, and the ASVs that did not fit anywhere into the
tree were filtered out of the ASV table.

5

3 | R E S U LT S
3.1 | Patient cohort

A rarefaction depth cut-off was chosen at 400 before downstream diversity analysis and comparisons of relative abundances

Middle meatus specimens were collected for 16S rRNA gene se-

of taxa. Alpha rarefaction plots of unique number of ASVs in each

quencing (V3-V4 hypervariable region) on the Illumina MiSeq

sample (ie richness), as well as Shannon's diversity index, con-

platform (see Methods). Thirteen centres, across five continents,

firmed almost all samples reaching a plateau at this depth indicat-

participated in patient sampling. 532 samples (194 healthy con-

ing sufficient sampling. (Figure S2) Applying this depth yielded 410

trols and 338 CRS patients) successfully went through all stages of

(out of 532) samples for downstream analysis. Taxa were mostly

transport and processing to be sent for sequencing. High-quality

compared at the genus level. Mean relative abundance as well as

sequences were analysed using QIIME 2.32 A total of 410 patients,

prevalence of the genera were calculated for each group. Faith's

aged between 20 and 75, reached the final stage of analysis. This

phylogenetic diversity index40 was used for alpha diversity, and

population included 139 non-CRS healthy controls, 99 patients

weighted Unifrac41 distance matrices were calculated for beta di-

without nasal polyposis (CRSsNP) and 172 CRS patients with nasal

versity analyses. Diversity metrics were generated through sci-kit

polyposis (CRSwNP). Figure S1 demonstrates sample distribution by

bio version 0.5.3.

centre.

2.8 | Statistical analysis

3.2 | The sinonasal microbiome in healthy sinuses is
dominated by Corynebacterium and Staphylococcus

Statistics were done using packages from the Python Scientific
Stack42 and R (R Foundation for Statistical Computing, Vienna,

We first investigated the composition of the healthy sinonasal

Austria) through the Jupyter notebook interface,43 utilizing the as-

microbiome by intra-operatively sampling the 139 non-CRS con-

sistance of packages from the Scientific Python42 stack (numpy,

trol patients (see Methods). Our analysis demonstrated the domi-

scipy, pandas, statsmodels), scikit-bio (https://github.com/biocore/

nance of Corynebacterium (mean relative abundance = 48.7%;

scikit-bio) and omicexperiment (https://www.github.com/bassio/

prevalence = 88.49%) and Staphylococcus species (mean relative

omicexperiment).

abundance = 29.25%; prevalence = 79.86%) in the sinonasal mi-

We investigated the relative abundances of genera in different

crobiome of healthy patients. These were both the most abundant

subgroups using linear mixed-model analysis (R packages “lme4”

and prevalent genera amongst our population (Table 1). This finding

and “lmerTest”). Linear mixed-effects modelling was performed to

has been observed in some but not all previously reported studies

control for the “centre” variable, which was included in the model
as a random effect. The mixed models were fit using the restricted
maximum likelihood (REML) as implemented in the default method in
the “lme4” package. Mean fixed effects of variables were extracted

TA B L E 1 Abundance and prevalence of genera found in
microbiota of healthy non-CRS patients

from the model objects in R using the R package “emmeans” (the successor to “lsmeans”).44The p values for the co-variates in the mixed

Genera

Mean Relative
Abundance (%)

Prevalence (%)

models were generated using t tests using Satterthwaite's method

Corynebacterium

48.7

88.49

as implemented in the “lmerTest” package.45 To investigate the dif-

Staphylococcus

29.25

79.86

Moraxella

3.86

12.23

Streptococcus

2.81

20.86

Haemophilus

2.23

12.95

unidentified
(Enterobacteriaceae)

2.16

13.67

Serratia

1.79

2.16

Alloiococcus

1.61

20.86

unidentified (Neisseriaceae)

1.25

12.23

Pseudomonas

0.75

2.88

ferences in relative abundances of genera in different centres and
confirm the mixed modelling approach for CRS subgroups in a multivariate approach, we used bivariate linear models with the formula
"~ diagnosis + centre." Estimated marginal means were extracted
using the "emmeans" package, and p-value corrections for multiple
comparisons were done with the Benjamini-Hochberg false discovery rate (FDR) corrections.
Comparison of mean relative abundances of the top 10 taxa
between centres and comparison of mean alpha diversity indices
between disease groups and centres were performed using MannWhitney-Wilcoxon tests, with multiple comparisons correction
using the Benjamini-Hochberg method.46 For multivariate analysis of beta diversity metrics, we employed permutational multiple
analysis of variance (PERMANOVA)47 implemented in the function
“adonis” from the R package “vegan.”48

Note: Moraxella, Streptococcus, Haemophilus, Enterobacteriaceae, Serratia,
Alloiococcus, Neisseriaceae and Pseudomonas made up the remainder
of the ten most abundant genera. The lower prevalence of these
remaining organisms could suggest that aside from Corynebacterium and
Staphylococcus, there is a high degree of variability in the constituents
of a healthy upper airway microbiome.

6
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with variability in sampling and analysis techniques likely accounting

vs 2.73%; mixed-model analysis; P = .032). Interestingly, two of the

for such discrepancies.22 Tables S2A and B demonstrate the most

most commonly cultured pathogens in CRS, Staphylococcus and

prevalent and abundant genera for CRSsNP and CRSwNP cohorts,

Pseudomonas were similar between all cohorts.

respectively.

By contrast, comparisons between centres revealed a higher
degree of variability in the microbiome composition (Figure 1B).

3.3 | Microbiome composition, disease state and
geographical location

Samples from Amsterdam were significantly different from
the remainder of the cohort, with a higher representation of
Staphylococcus (51.94%) and marked reduction in mean relative
abundance of Corynebacterium (15.51%). Amongst the remaining

To explore influences of microbial composition, we examined the

centres, each appeared to have some variability, with individual

taxonomic profiles of our patient cohort once grouped by (a) disease

regions displaying increased or decreased relative abundance

cluster and (b) centre of origin (Figure 1) utilizing mixed modelling

in specific taxa, but none reaching statistical significance after

to control for the “centre” variable by assigning it as a random ef-

p-value corrections. Streptococcus, for example, made up 13.48%

fect (see Methods). CRSsNP patients demonstrated no significant

of the Sydney microbiome, but was almost absent amongst the

differences in the relative abundance of the top ten most abundant

Adelaide (0.65%), Auckland (0.45%), Massachusetts (0.32%) and

organisms when compared to healthy controls (P > .05; mixed-

Thailand (0.72%) cohorts. (Figure 1B). Otherwise, centres’ sam-

model analysis). The relative abundance of most organisms also re-

ples appeared fairly similar in microbial composition. We cannot

mained stable between controls and CRSwNP but for two genera

therefore conclude that centre-specific microbiome profiles exist.

(Figure 1A): Corynebacterium was found to be significantly reduced

Nevertheless, the inter-centre variability may account for some

in CRSwNP when compared to controls (40.29% vs 50.43%; mixed-

of the perceived inconsistencies in the literature between small

model analysis; P = .02) while Streptococcus was increased (7.21%

cohorts from different institutions.

F I G U R E 1 Microbiome taxonomic profiles by disease status and centres. Sinonasal microbial composition of patients (n = 409) when
grouped by disease and centres. Accompanying tables demonstrate the corresponding relative abundances of the top ten most abundant
organisms found within our cohort. The abundances of genera in A (by disease status) have been adjusted according to the mixed model
that accounted for the centre as a random variable. CRSsNP = chronic rhinosinusitis without nasal polyps; CRSwNP = chronic rhinosinusitis
with nasal polyps; Control = healthy, non-CRS patients; AD = Adelaide; AM = Amsterdam; AU = Auckland; BR = Brazil; CH = Chile; IN = India;
MA = Massachusetts; MO = Montreal; SC = South Carolina; ST = Stanford; SY = Sydney; TH = Thailand; TX = Texas
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3.4 | Microbial diversity and geographical location

7

significantly different between centres (Kruskal-Wallis; P < .001;
Figure 2B). Of particular interest was the finding of a significantly

Alpha diversity amongst cohorts was performed utilizing Faith's

lower alpha diversity for samples from Amsterdam compared to

phylogenetic diversity (PD) index.40 Comparison between disease

the other centres (mean PD = 1.27, P < .01). This may be related

states demonstrated no significant differences between controls,

to the compositional findings of high staphylococcal abundance in

CRSsNP and CRSwNP (Figure 2A). Overall, alpha diversity was

Amsterdam.

F I G U R E 2 Alpha and beta diversity plots. Alpha diversity, derived from Faith's Phylogenetic Diversity Index, demonstrated for this
cohort (n = 409) when grouped by disease and by collection centre. Error bars represent 95% confidence intervals. Beta diversity is
demonstrated here as a principal coordinate analysis (PCoA) plot of the Weighted-UniFrac distance matrix. Each dot represents a single
patient. Similarities between patients are represented by their proximity to each other on the graph. Again, patients are classified by disease
and centre. Component 1 (PC1) is represented on the x-axis and component 2 (PC2) on the y-axis. Patients tended towards clustering into
one of three groups, as visualized. PD = phylogenetic diversity; CRSsNP = chronic rhinosinusitis without nasal polyps; CRSwNP = chronic
rhinosinusitis with nasal polyps; control = healthy, non-CRS patients; AD = Adelaide; AM = Amsterdam; AU = Auckland; BR = Brazil;
CH = Chile; IN = India; MA = Massachusetts; MO = Montreal; SC = South Carolina; ST = Stanford; SY = Sydney; TH = Thailand; TX = Texas

8
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Multivariate analysis on the beta diversity distance matrix was

distribution amenable to unsupervised clustering. Patients tended

done using PERMANOVA (with 999 permutations) to explore the

to cluster into three groups on a continuum on the PCoA. These

significance of the diagnosis versus the centre variables in a sin-

individual clusters could represent specific microbial community

gle model. This showed a significant effect of the centre covariate

types, similar to what has been previously reported by Cope et al23

(pseudo-F = 2.51; P = .001) on the weighted UniFrac41 distances,

Investigation into the constitution of these groupings, and their as-

while the diagnosis covariate was not significant (pseudo-F = 1.66;

sociation with underlying clinical or pathological factors in a large

P = .1).

multi-institutional cohort remains a topic of future investigation.

To investigate the effect of geography further, we performed
the Mantel test, which is used for testing the correlation between
two distance matrices. The Mantel statistic (r) ranges from −1 (strong
negative correlation) to + 1 (strong positive correlation), with values

3.5 | The core sinonasal microbiome is composed of
five genera

closer to 0 indicating very poor correlation. Here, we tested the correlation of the geographical distance matrix (calculated through the

We defined a core sinonasal microbiome by analysing the most

cities’ latitudes and longitudes) on the one hand, against the beta

abundant organisms along with their cumulative prevalence. The

diversity distance matrices (weighted UniFrac, unweighted UniFrac

core microbiome represents those organisms which appeared

and Bray-Curtis). This revealed very weak correlations between the

in both highest prevalence and abundance within the sinonasal

geographical distance and the tested beta diversity distances as

cavities of our cohort. This was performed across all samples

evidenced by the respective calculated Mantel statistics r = 0.002

and also across the three different disease groups. The results

(P = .844), r = −0.001 (P = .922), and r = 0.05189 (P = .001).

of this investigation confirmed a high prevalence of the top five

We also performed principal coordinate analysis (PCoA) on the

abundant genera (Corynebacterium, Staphylococcus, Streptococcus,

Weighted-UniFrac distance matrix. This did not show clustering by

Haemophilus and Moraxella), which together reached a cumulative

disease state (Figure 2C and D), although the plot may suggest a

prevalence in 98%-100% of samples in all patient groups. Presence

F I G U R E 3 Cumulative microbial
prevalence for the top abundant
organisms. Cumulative prevalence for
the top five most abundant organisms
is presented above. For all groups, we
commence with the most abundant
organism then add subsequent microbial
taxa in a descending fashion based on
relative abundance. CRSsNP = chronic
rhinosinusitis without nasal polyps;
CRSwNP = chronic rhinosinusitis with
nasal polyps; control = healthy, non-CRS
patients

|
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of at least one of these taxa in nearly all patients suggests that

infection. While relatively low bacterial burden is present within the

they make up the core sinonasal microbiome, regardless of disease

sinonasal mucosa, a dysbiosis within the diseased state may lead to

status (Figure 3). Amongst control patients, Corynebacterium and

over-representation of these organisms that subsequently lead to

Staphylococcus were present in 98.6% of patients, again suggest-

acute infectious or inflammatory processes.

ing a likely key commensal function of these two genera in the
healthy state.

While variations across geography have been demonstrated in
the gut microbiome1 and have been suspected within the sinuses,52
this is the first study to examine this using standardized methodol-

3.6 | Clinical co-variates do not correlate with
changes to taxonomic composition

ogy. Our results suggest that overall, the bacterial composition of
the core microbiome was preserved across the different sites, although there were some statistically significant differences in the
mean relative abundances as well as both alpha and beta diversity

To determine whether any host factors may contribute to the stabil-

between some centres. Most centres demonstrated a similar consis-

ity of the sinonasal microbiome, patients were separated by known

tency in relative abundances of Corynebacterium and Staphylococcal

clinical variables that contribute to CRS (Figure 4). There were no

species, but the most distinct microbial distribution was observed

significant differential abundances (of the 10 topmost abundant gen-

in samples collected from the Amsterdam centre which demon-

era) for all six clinical co-variates examined (asthma, aspirin sensitiv-

strated depletion in Corynebacterium and over-representation in

ity, diabetes, gastro-oesophageal reflux disease, smoking status and

Staphylococcus. Unfortunately, we could not confirm—despite sta-

primary-versus-revision surgery). These tests were also repeated

tistical significance after multicomparison corrections—whether the

for CRS only subgroup and showed no significantly differentially

Amsterdam (or European) profile is unique or whether it would be

abundant genera across the different covariate levels. Similarly, no

categorized as a stochastic difference attributable to chance. It is im-

significant differential taxonomical abundance was demonstrated in

portant to reiterate that, despite the fact that there were some mea-

patients who had administered various medications (oral antibiotics,

sured differences in microbiome composition and diversity in some

oral steroids, topical steroids or other medications) within 1 month

of the participating centres in our cohort, these differences would

of their sampling.

not alter the general pattern of core organisms described above. As
such, our current position leans towards the belief that there would

4 | D I S CU S S I O N

be no “dramatic” shifts in the relative microbiome composition that
is attributable purely to geography independent of normal variation/
error, and future studies are needed to confirm or refute this belief

The present study characterizes the sinonasal microbiome in a large

through either recruitment of more patients or more geographically

cohort of subjects from centres around the world using 16S rRNA

diverse centres. In the case of the presence of a “true” geographical

surveillance. By adopting a unified, consistent methodology from

variation, the driving factors behind this might include climate, diet,

sample acquisition to analysis, we have been able to address many of

lifestyle, antibiotic prescribing patterns or various environmental

the current existing limitations of currently available data.

exposures. For example, antibiotic use in the Netherlands is known

We have identified Corynebacterium, Staphylococcus, Moraxella,

to be amongst the lowest in the developed world.53 Such practices

Streptococcus and Haemophilus as the most abundant genera within

may influence the microbiota through selective microbial suppres-

the middle meatus of patients with or without CRS. This consistent

sion and could partially account for the unique microbiome observed

finding across disease state and geography suggests that these or-

in Amsterdam.

ganisms may form the core microbiome within the sinonasal tract.

Previous 16S rRNA gene sequence analyses of sinus mi-

The significant disparity between the organisms within this group

crobiota have detected and ascribed importance to organisms

has divided our core microbiome into two tiers. The first tier, com-

such

posed of Corynebacterium and Staphylococcus, is by far the most

Acinetobacter.25,27-29,54 These organisms were either not en-

abundant and prevalent. Their near ubiquity amongst healthy con-

countered or detected only in minute abundances in our analysis,

trols also highlights the likelihood of key commensal functions in

and given their unexpected nature in the nasal cavity, they could

maintaining sinonasal physiology. Streptococcus, Haemophilus and

represent a source of contamination (either during sample collection

Moraxella form the second tier which represents the most com-

or from DNA extraction reagents) or artefacts from bioinformatics

mon abundant co-colonizers of the sinonasal tract. Interestingly,

pipelines. Cyanobacterium, for example, is an environmental organ-

Streptococcus, Moraxella and Haemophilus species are traditionally

ism and Bacteroidetes is typically associated with the colon.55-57 In

respiratory tract organisms and constitute the most commonly

the light of the limitations of current methodologies, reports of air-

cultured pathogens in patients with acute bacterial tonsillitis, otitis

way organisms that are novel, atypical or rare and that do not form

media and acute sinusitis.13,49-51 Anatomically, the sinonasal tract

a part of the core microbiome should therefore be interpreted cau-

connects these three distinct anatomical regions and while these

tiously. It is expected that the resolution of identification and func-

organisms appear to be commensals, it is possible that the sinuses

tional characterization of bacterial species and strains in the sinuses

act as a reservoir for these organisms to subsequently initiate acute

can only improve, with advancement in sequencing technologies.

as

Cyanobacteria,

Bacteroidetes,

Propionibacterium

and
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F I G U R E 4 Relationship between clinical co-variates and microbial composition. Relative abundances of patient cohort (n = 410) when
grouped by clinical co-variates (asthma status, aspirin sensitivity, diabetes, gastro-oesophageal reflux disease, smoking and surgery status).
GORD = gastro-oesophageal reflux disease
The organisms Corynebacterium and Staphylococcus are of par-

Corynebacterium has traditionally been thought of as a nasal com-

ticular interest. It was interesting to note that these organisms re-

mensal,58 some studies suggest that certain species such as C tu-

mained the two most abundant genera across geographical divides.

berculostearicum may be involved in CRS pathogenesis.59 We could

Furthermore, amongst our control cohort, they were present in

not resolve the Corynebacterium genus in our current analysis to the

almost all individuals, again suggesting a key commensal func-

species level, given the limitations of short-read 16S rRNA gene se-

tion in the healthy state. Our findings of great abundance in both

quencing, but it is likely that a number of different corynebacterial

healthy patients and CRS patients mirror previous studies.22 While

species reside within the nose—the majority as commensals. Recent
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evidence shows that certain species of Corynebacterium are bene-

we have presented a foundation for future prospective studies into

ficial in the nasal airways. Corynebacterium accolens, for example, is

pathological states as well as functional analysis.

a common nasal colonizer and can inhibit streptococcal growth by
releasing oleic acids through hydrolysis of host triacylglycerols.60 In

AU T H O R C O N T R I B U T I O N S

contrast, staphylococcal species, and particularly S aureus, by con-

Authors SP and AB were co-first authors of this publication. Both

trast have typically been viewed as potential pathogenic organisms

were involved with data collection, data analysis and interpretation,

within the nose. While being an asymptomatic colonizer in some

manuscript preparation and submission in addition to peer-review

individuals,61 S aureus contributes to severe antibiotic- and sur-

responses. AS, MRD and EKC were involved in data analysis, manu-

gery-resistant CRS.62-64 Our confirmation of high prevalence and

script review and peer-review response. CC, MR and SM undertook

relative abundance of Staphylococcus amongst controls suggests a

microbiome DNA extractions and manuscript review. MJA, BB,

role in maintaining a healthy sinus. Poor resolution of 16S analysis

CC, MEC, RGD, DD, CG, RJH, PHH, AUL, RJS, PT and MAT were

beyond the genus level results in both commensal and potentially

responsible for microbiome sampling of patients, clinical data col-

pathogenic Staphylococcus species being grouped together. The out-

lection and manuscript review. SV and PJW were supervisors of the

come is that the healthy sinonasal microbiome may be composed of

project, involved in study design and oversight as well as manuscript

coagulase-negative commensal Staphylococcal species, S aureus, or

review. JGC was the lead data analyst for the project and contrib-

more likely, a combination of both. If S aureus is present in high abun-

uted to manuscript review. AJP was the lead investigator and was

dance within the healthy sinus, then perhaps this species plays a dual

involved with study inception, design and oversight, data analysis

role within the sinuses: being essential for normal function typically,

and interpretation, manuscript review and response to peer-review

but sometimes becoming virulent at times of disease. The trigger for

comments.

such a switch in roles is yet to be clarified but could be explained
by the presence of Corynebacterium. Ramsey et al described the

D I S C LO S U R E

ability of C striatum to shift the gene profile of S aureus away from
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