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SUMMARY 

The human body is colonised by an array of microorganisms that are involved in 

maintaining overall health and wellbeing. Disruption to these beneficial microbial 

communities is linked to the progression of numerous disease states. Regarded as the 

gateway to the body, the oral cavity has become a site for numerous taxonomic studies 

investigating microbial links between health and disease. Within the oral cavity are different 

microhabitats that support the colonisation of different bacterial communities. However, little 

is known about the absolute microbial abundance dynamics within and between these 

microhabitats, and whether they are different in disease states. Used as a tool for monitoring 

microbial dynamics in environmental studies, flow cytometry enables the rapid enumeration 

of bacteria and viruses within a community. In chapters 2, 3 and 4 of this thesis we 

demonstrate that flow cytometry can be used on medical samples to count bacteria and 

viruses within niches of the human body. We establish that the upper respiratory tract, 

specifically the sinuses and oral cavity, are colonised by ‘high’ numbers of microbes and 

that these counts are not homogeneous in their distribution spatially and among individuals. 

In addition, chapters 3 and 4 also establish that the microbial communities in the healthy 

paediatric oral cavity significantly increase in absolute abundance during sleep by counts of 

up to 100 million. In sleep disorder breathers (SDB), this microbial dynamic is predicted to 

be different as variations in sleeping patterns are suspected to change oral environmental 

conditions. Chapter 5 presents the first study to identify, using flow cytometry, a significant 

difference in the absolute microbial abundances, specifically in viruses, between 

microhabitats in the healthy and sleep disorder breathers’ oral cavities. Chapter 6 

characterises the relative taxonomic distribution of the microhabitats of the healthy 

paediatric oral cavity and shows for the first time that these bacterial communities 

significantly shift during sleep, specifically in anaerobic genera of bacteria.  Finally, chapter 

7 shows that paediatric sleep disorder breathers have significantly different oral taxonomic 



ix 

profiles than healthy paediatric participants, specifically at the tip of the tongue after sleep. 

Overall, this thesis highlights the potential value in high frequency time series of healthy and 

SDB oral microbiomes. Here we show that the paediatric oral microbial communities 

significantly shift in abundance over time, suggesting of a highly dynamic community. 

Therefore, there is the need for careful interpretation when identifying shifts in oral microbial 

composition between health states. This thesis suggests the need for future microbial 

related research in paediatric SDB with a particular focus on the oral microbiome to 

determine if there is a causal relation between the microbial communities present and the 

health condition.  
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The human microbiome 

The human body is host to an array of microorganisms including viruses, 

bacteria, archaea, protozoa and fungi. Collectively referred to as the microbiota, these 

microbes colonize our bodies shortly after birth [1], and over time develop into a 

diverse community of microorganisms [2]. Starting in 2008, the Human Microbiome 

Project (HMP) set out to understand how these microbial communities impacted 

human health and disease [3, 4].  Since then, aided by the rapid progression of high-

throughput sequencing technologies [5], extensive amounts of research have been 

conducted showing how these microbial communities are involved in maintaining our 

overall health and well-being [4, 6]. This includes but is not limited to the development 

and regulation of our immune system, nutrient absorption, energy metabolism, 

mucosal barrier function, detoxification and the prevention of colonisation by 

pathogenic microorganisms [7-9]. Therefore,  perturbations to these microbial 

communities can have a considerable impact on human health [6]. Another major 

outcome from these microbiome studies was the knowledge that different regions 

on the human body were colonised by different microbial communities, and that 

these communities were highly varied among individuals [10]. One region seen to 

be particularly complex and diverse was the oral cavity [4, 11]. 

The oral microbiome 

The oral cavity contains various microhabitats that differ in microbial community 

structure [12, 13]. This includes the soft shedding mucosal surfaces of the tongue, 

palate, buccal mucosa and gingivae, along with the non-shedding surfaces of the 

teeth. The microhabitat variations are thought to be a result of numerous factors 

including salivary flow, oral anatomy, oral hygiene, moisture levels, abrasion (i.e. form 
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the tongue), surface structure (i.e. papillae), host immune response and oxygen, 

nutrient, temperature and pH gradients [4, 11-20]. As a result, the oral cavity is an 

extremely dynamic environment [13], where the microbiota have evolved to adapt to 

such changes to form a balanced equilibrium of resident microbiota [7, 21]. However, 

disturbances to this balance can result in numerous oral and systemic diseases.   

Oral dysbiosis is where the diversity and taxonomy within an environment is 

disrupted [6]. Many oral pathogens have been identified within the oral microbiome, 

but they are found at a controlled level [7, 22]. When there is a disturbance to the 

natural balance of oral microbiota, an opportunity arises for these pathogenic bacteria 

to grow and dominate [23]. This has been observed in many oral related infections 

including dental caries [24] and periodontitis [25]. These oral infections have also been 

linked to other systemic diseases including preterm birth [26, 27], pneumonia [28], 

cardiovascular disease [29-32], diabetes [33] and stroke [34]. This shows that 

understanding the oral microbiome is an important area of research as the flow on 

effect from dysbiosis in this environment may have further implications in other 

systems in the body.  

Saliva is one host derived mechanism that helps control the levels of bacteria 

in the oral cavity [35]. Recently shown to shape the spatial gradient of bacterial 

diversity in the oral cavity [17], saliva is also an important antimicrobial defence system 

[35]. Important enzymes and proteins in the saliva directly and indirectly regulate the 

oral microbiome [35]. An example of this is the production of the chemical 

hypothiocyanite, a reaction catalysed by the enzyme lactoperoxidase found in saliva 

[7]. Hypothiocyanite has an antimicrobial effect by inhibiting bacterial glycolysis [36].  



4 
 

Unlike bacteria, studies into the human oral virome are less extensive [37-40]. 

Most viruses in the oral cavity have been identified as bacteriophages [37], viruses 

that infect bacteria. Unlike eukaryotic viruses, bacteriophage have the capability to 

eliminate specific bacteria or act as reservoirs for genetic exchange via their lytic and 

lysogenic lifecycles [37, 41].  Therefore, studies have suggested that these viruses 

have the potential to shape the oral bacterial communities. One study found that the 

majority of bacteriophage in the oral cavity displayed homologs for integrase, an 

enzyme which enables genetic material to be integrated into their bacterial hosts DNA 

[37]. This implies that lysogeny is favoured, suggesting that bacteriophage in the oral 

cavity could act as a reservoir for genetic exchange among bacteria, including genes 

for antibiotic resistance [37, 42].  What role these bacteriophages play in oral health 

and disease remains largely unknown. However, some studies are beginning to show 

that the bacteriophage communities in periodontal disease vary to what is observed in 

healthy controls [39, 40, 43].  

It is well established that the oral cavity undergoes changes at each postnatal 

developmental stage [44]. This is partly due to the eruption and replacement of teeth 

within the earlier years of life [13, 44]. Other physiological changes, such as hormonal 

fluctuations during puberty and pregnancy, also influence oral bacteria [45]. Therefore, 

care needs to be taken when comparing between health states as differences in oral 

microbiomes could reflect physiological variations due to age. 
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Microbial dispersal across anatomic sites  

Although spatially situated apart, different anatomic sites in the human body 

are connected and are thought to act as possible sources of microbial inoculation for 

other body sites [46]. For example, the sinuses and oral cavity drain into the pharynx 

which is connected to the trachea and lungs, as well as the oesophagus, stomach and 

gut. [46]. Studies have shown certain sinus bacterial strains have been isolated in the 

lower respiratory tract of newly transplanted lungs [47]. However, latter work has also 

suggested that the oral cavity acts as a significant microbial source to the lungs, 

stomach and oesophagus as microbial communities among these anatomic regions 

possessed a greater level of similarity to each [48, 49]. This suggests that dysbiosis in 

one area of the human body could potentially have an undesirable effect on another 

region. This has already been observed with links between periodontitis and 

cardiovascular disease [29-31].  Therefore, it is important to monitor the microbial 

dynamics of various anatomical locations within the body of different health states, as 

the source microbial dysbiosis may originate from another anatomical location.  

Paediatric sleep disorder breathing 

Sleep disorder breathing (SDB) defines a broad spectrum of breathing 

disturbances during sleep. Ranging from mild snoring to obstructive sleep apnoea 

syndrome (OSA), SDB affects approximately 10% of the paediatric population [50].  

One of the characteristics of this condition is the complete or partial blockage of the 

airways during sleep which leads to arousals events and disruptions of the normal 

sleeping pattern [51]. This obstruction is often caused by hypertrophy of the tonsillar 

and adenoid tissue [52]. There is also a peak prevalence in paediatric SDB between 

the ages of 2 and 8 as this is the age range where the tonsils and adenoids are at their 
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largest in relation to the airways [53, 54]. Children who are overweight or obese are 

also at a greater risk of developing SDB [55, 56]. However, the conventional form of 

treatment, an adenotonsillectomy [57, 58], is not as effective in this group as the 

narrowing of the airways is due to fat deposits in the pharyngeal wall [59, 60].  

Due to the airway obstruction during sleep, children with SDB often display 

symptoms of snoring, restlessness, nocturnal sweating, noisy breathing, sleep terrors, 

mouth breathing and apnoea during the night [61, 62]. These disturbances can cause 

fatigue, inattention, hyperactivity and aggressiveness during the day [61, 62]. If left 

untreated, paediatric sleep apnoea can have harmful outcomes on the children’s 

growth, cardiovascular, neurocognitive and behavioural wellbeing [57, 63].  

Sleep and the microbiome 

Interest into the microbiomes of SDB began when mice and human gut 

microbiota studies showed evidence of conforming to a circadian rhythm, a cycle of 

24-hours in which various physiological processes in our body fluctuate up and down 

[64, 65]. Furthermore, sequencing of faecal samples from mice and humans exposed 

to diurnal fluctuations showed that circadian misalignment perturbs gut microbiota [64]. 

In 2016, research showed for the first time that short partial sleep deprivation and 

chronic sleep fragmentation in mice and healthy young men resulted in a shift of their 

gut microbiota [66, 67]. The study by Poroyket et al. reported an increase in the relative 

abundance of Lachnospiraceae and Ruminococcaceae, and a decrease in 

Lactobacillaceae families in the gut of sleep fragmented mice models [67]. 

Interestingly, these effects were reversed after 2 weeks of unfragmented normal sleep 

[67]. This study also reported that germ free mice, when transplanted with the faecal 

microbiota of sleep fragmented mice, displayed similar metabolic shifts to the sleep 
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fragmented cohort [67]. These studies suggested that restoring the gut microbiota in 

sleep fragmented cases, such as sleep apnoea, could be a future form of treatment.  

 A study by Moreno-Indias et al. was the first to specifically investigate how 

intermittent hypoxia, a trademark of obstructive sleep apnoea, impacted the microbial 

diversity of the gut [68]. Here, the faecal microbiomes of mice exposed to patterns of 

intermittent hypoxia for 6 weeks were compared to normoxic controls [68]. Results 

showed that, hypoxic mice had an increase in the relative abundance of Firmicutes, 

and a decrease in Bacteroidetes and Protobacteria phyla [68]. This suggested that 

microbial equilibrium in the gut of OSA is perturbed, opening a new field of research 

in sleep apnoea. Since then, numerous studies have continued investigating the link 

between OSA and its symptoms (i.e. hypertension) with the gut microbiome [69-71]. 

However, no studies have investigated these gut microbial shifts in the paediatric 

population. As the human microbiome is known to change with age [44], it important 

to examine possible gut perturbances in all age groups, from the very young to the 

elderly.   

Microbial links to paediatric sleep disorders 

Recently a study has suggested that respiratory viruses may be involved in the 

inflammation of tonsillar tissue leading to the development of sleep apnoea [57].  It 

has been hypothesized that respiratory viral infections, in particular respiratory 

syncytial virus (RSV), can cause an increase of lymphoid tissue resulting in 

inflammation of the airways in young susceptible children [57, 72]. Infants who were 

infected with the RSV had a significantly higher obstructive sleep apnoea index (a 

scale which ranks the severity of the sleep apnoea) than children who were not 

infected with the virus. This suggests a role of early life respiratory viral infection in the 
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pathogenesis of sleep apnoea. However, more research is needed to show a strong 

connection between the microbiome and the pathogenesis of sleep apnoea.   
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Thesis aims and objectives 

Overall, this thesis aims to understand the spatial distribution of the paediatric 

oral microbiota within various microhabitats of the oral cavity, and to see if these 

communities change in paediatric SDB. To do this, we looked at the microbial 

communities in the oral cavity of children with and without SDB before and after sleep 

to determine if there are any differences in the absolute or taxonomic community 

structure.  With no studies investigating the dynamic of the paediatric SDB oral 

microbiome, this thesis will be an important piece in understanding whether further 

investigations into the oral microbiome will hold the key to the possibility of uncovering 

a pathogenic cause to sleep related conditions.  

Specifically, the aims were: 

• To develop a flow cytometry protocol that can be used on medical samples to 

successfully enumerate bacterial and viral populations. In addition, establish 

that viruses are prominent in the maxillary sinuses of Chronic Rhinosinusitis 

patients. 

• To assess the spatial distribution and dynamics of the absolute bacterial and 

viral populations within the healthy paediatric oral cavity before and after sleep. 

• To investigate the spatial distribution and dynamics of the absolute bacterial 

and viral populations within the SDB paediatric oral cavity before and after 

sleep, and to determine if they are as abundant and dynamic as healthy 

participants.  

• To determine the taxonomic community distributions of bacteria within 

microhabitats of the healthy paediatric oral cavity and assess if these 

communities change during sleep.  
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• To determine the taxonomic community distributions of bacteria within 

microhabitats of the SDB paediatric oral cavity and assess if these communities 

change during sleep. In addition, determine if these bacterial communities are 

the same as healthy participants. 
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This thesis has been written in manuscript form to suit the submission criteria 

for scientific journals. Therefore, there is some redundancy in the introduction and 

methods sections of the chapters. The results from chapters 2, 3 and 4 have been 

published in or submitted to peer reviewed journals. Chapter 2 investigated the 

bacterial and viral concentrations within the maxillary sinuses of chronic rhinosinusitis 

patients using flow cytometry and was published in the journal PLOS ONE [73]. 

Chapter 3 presents the abundance dynamics of the healthy paediatric oral microbiome 

before and after sleep. The abstract of chapter 3 (the poster version of chapter 4) has 

been published in the peer reviewed Journal of Sleep Research [15]. Chapter 4 

assesses the heterogeneity in the absolute bacterial and viral loads within the 

microhabitats of the healthy paediatric oral cavity and assesses by how much they 

fluctuate during sleep. Chapter 4 had been submitted for publication in the journal 

PLOS ONE (30th January 2018). Chapter 5 investigates the spatial distribution and 

heterogeneity of the absolute bacterial and viral populations within microhabitats of 

the SDB oral cavity and assesses if these microbial loads are displayed to the same 

extent as healthy participants. Chapter 6 investigates the bacterial taxonomic 

distribution within the microhabitats of the healthy paediatric oral cavity and how these 

communities change during sleep. Chapter 7 compares the taxonomic distribution of 

bacterial communities in the SDB oral cavity to the healthy oral cavity to determine if 

the oral microbiome in SDB is different. A summary of the results and the future 

implications they have on the field of SDB has been discussed in chapter 8. Future 

directions to come out of this thesis are also included in this chapter. This thesis 

provides the first insight into the absolute abundance dynamics of the healthy and SDB 

oral cavity during sleep. It provides a new option for monitoring microbial dynamics in 

microbial related health conditions. 
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Abstract 

There is increasing evidence to suggest that the sinus microbiome plays a role 

in the pathogenesis of chronic rhinosinusitis (CRS). However, the concentration of 

these microorganisms within the sinuses is still unknown. We show that flow cytometry 

can be used to enumerate bacteria and virus-like particles (VLPs) in sinus flush 

samples of CRS patients. This was achieved through trialling 5 sample preparation 

techniques for flow cytometry. We found high concentrations of bacteria and VLPs in 

these samples. Untreated samples produced the highest average bacterial and VLP 

counts with 3.3 ± 0.74 x 107  bacteria ml-1 and 2.4 ± 1.23 x 109 VLP ml-1 of sinus flush 

(n = 9). These counts were significantly higher than most of the treated samples (p < 

0.05). Results showed 103 and 104 times inter-patient variation for bacteria and VLP 

concentrations. This wide variation suggests that diagnosis and treatment need to be 

personalised and that utilising flow cytometry is useful and efficient for this. This study 

is the first to enumerate bacterial and VLP populations in the maxillary sinus of CRS 

patients. The relevance of enumeration is that with increasing antimicrobial resistance, 

antibiotics are becoming less effective at treating bacterial infections of the sinuses, 

so alternative therapies are needed. Phage therapy has been proposed as one such 

alternative, but for dosing, the abundance of bacteria is required. Knowledge of 

whether phages are normally present in the sinuses will assist in gauging the safety 

of applying phage therapy to sinuses. Our finding, that large numbers of VLP are 

frequently present in sinuses, indicates that phage therapy may represent a minimally 

disruptive intervention towards the nasal microbiome.  We propose that flow cytometry 

can be used as a tool to assess microbial biomass dynamics in sinuses and other 

anatomical locations where infection can cause disease.  
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Introduction  

Chronic rhinosinusitis (CRS) is a common disease amongst the human 

population, and there is increasing evidence to show that microorganisms are involved 

in the inflammation of the sinus mucosal layer leading to exacerbation of the disease 

[1-3]. It is well established that the healthy sinus is not sterile, but is colonised by a 

diverse community of microorganisms [1, 2, 4, 5]. These microorganisms exist in the 

sinuses within exopolysaccharide biofilms, the presence of which leads to difficulties 

in treating the disease [6-12]. As antibiotics are a common treatment option for CRS 

patients, there is concern surrounding the growing antimicrobial resistance [13, 14]. 

Bacteria within these biofilms are able to secrete a polysaccharide matrix that acts as 

a protective barrier against host defences and antimicrobial agents [15]. This 

protective barrier makes it difficult when it comes to treating CRS with antibiotics. An 

alternative treatment is phage therapy which utilises specific bacteriophages (phage) 

that infect and kill pathogenic bacteria [16]. Trials of bacteriophage cocktails consisting 

of multiple types of phage, on sheep models of sinusitis have proven to be effective in 

eliminating Staphylococcus aureus in biofilms and its free floating form [17]. Through 

the use of these phage cocktails, the development of phage resistant bacteria is 

reduced [18]. Knowledge of population abundance of bacteria and phage in the 

sinuses is important for the development of appropriate phage concentrations for use 

in this therapy [19].  

Flow cytometry has been used as a method for enumerating heterotrophic 

bacteria and virus-like particles (VLPs) in environmental samples for decades [20-22]. 

This non-culture based technology is a quick, inexpensive way to rapidly enumerate a 

large number of cells and particles to provide data without the enrichment bias 
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culturing introduces [20]. This technique yields highly reproducible counts and 

enumeration of VLPs at a concentration that would be too low for transmission electron 

microscopy (TEM) [20]. Here, we investigate methods to enumerate bacteria and 

VLPs within sinus flush fluid samples and present the first data, produced using flow 

cytometry, describing bacterial and VLP abundance within the maxillary sinuses of 

CRS patients. We, therefore, aim to measure the variation in abundance of bacteria 

and VLPs in the sinuses of CRS patients to determine if they are present at the same 

level among patients.  

Materials and Methods  

Ethics statement 

Maxillary sinus flush fluid samples were obtained from nine patients diagnosed 

with CRS in accordance to criteria defined by the Chronic Rhinosinusitis Task Force 

[23]. This study was approved by The Queen Elizabeth Hospital Human Research 

Ethics Committee, reference number: HREC/13/TQEHLMH/49. All nine patients 

involved in the study gave written consent prior to their sinus surgery. All sinus flush 

fluid samples were collected by the senior author (P.J.W) during the patient’s 

endoscopic sinus surgery. Due to the highly invasive nature of the operating 

procedure, healthy controls were not ethically justifiable, nor are they relevant to the 

question of how much abundance variation is there among infected patients. 

Sample collection 

Immediately after opening the maxillary sinus, approximately 5 ml of sterile 

saline was used to flush the sinus and re-collected in sterile specimen containers. 

Volume of flush fluid collected ranged from approximately 2 to 4 ml. Once samples 
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were collected, they were transported on ice ready for immediate fixation with 

glutaraldehyde (0.5% final concentration) on ice in the dark, then snap freezing in 

liquid nitrogen and storage at -80°C until analysis [21]. 

Sample preparation 

Five sample preparation techniques for flow cytometry were investigated. Fixed 

sinus flush fluid samples were thawed before each treatment was applied.   

Sputasol. Sputasol was made using 0.02 µm filtered MilliQ water according to the 

manufacturer’s instructions (Oxoid). Equal volumes of Sputasol and fixed sinus 

sample were mixed together then incubated at 37°C for 15 minutes. 

Methanol. Methanol, 0.2 µm filtered, was added to fixed sinus samples to a final 

concentration of 20% [24]. Samples were incubated at 37°C for 15 minutes then 

sonicated for 30 seconds in a SoniClean™ sonicating bath (Model 160TD, 60 W, 

50/60Hz). 

Potassium citrate. Potassium citrate tribasic solution (1M, Sigma) was added to the 

fixed sample to a 1% final concentration [24]. The sample was then vortexed for 30 

seconds [24]. 

Sodium pyrophosphate. Sodium pyrophosphate solution was added to 100 µl of 

fixed sample to a final concentration of 10 mM [24]. Samples were vortexed for 1 

minute and incubated at room temperature for 15 minutes [24]. Samples were then 

sonicated for 30 seconds in a SoniClean™ sonicating bath (Model 160TD, 60 W, 

50/60Hz). 
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Untreated. Fixed samples were diluted in 0.2µm filtered TE buffer (10 mM Tris, 1 mM 

EDTA, pH 7.4) without  pre-treatment [21].  

Flow cytometric analysis 

Bacterial and VLP populations present in sinus flush fluid were identified and 

enumerated using a BD ACCURI C6 flow cytometer (Becton Dickinson). Samples 

using each extraction technique were run in triplicate for each patient. Samples were 

diluted (1:100) in 0.2 µm filtered TE buffer, stained with the DNA-binding dye SYBR-I 

Green (1:20,000 final dilution; Molecular Probes) then incubated at 80°C in the dark 

for 10 minutes [21]. For each preparation method control samples were generated 

prior to each flow cytometry session. These samples were prepared in the same 

manner as patient samples in 0.9% sterile saline, the same concentration used to flush 

patient sinuses. These samples were used to eliminate background artefacts 

introduced during sample preparation. 

Samples were analysed using an Accuri C6 flow cytometer (Accuri C6) and BD 

ACCURI CFlow software. All samples were run for 2 minutes at machine fluidics 

setting of fast, with the threshold set to FL-1 (green fluorescence). As a control, 1 µm 

diameter fluorescent beads (Molecular Probes) were used. Beads were added to each 

sample to a final concentration of 105 beads ml-1 [25]. The beads allow for flow 

cytometric parameters to be normalised according to bead fluorescence and 

concentration, and to give an indication of viral and bacterial cell size [25]. Phosphate-

buffered saline (PBS) was used as sheath fluid for flow cytometry analysis. For each 

sample, green fluorescence, side angle light scatter and forward angle light scatter 

were recorded.  
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Data analysis 

Flow cytometry data was analysed using FlowJo software (Tree Star, Inc.). VLP 

and bacterial populations were categorised based on variations in side scatter, a 

representation of cell size, and SYBR Green fluorescence, an indication of nucleic 

acid content [20, 21, 26]. For some patients, only one bacterial population was 

observed, whereas others showed multiple. Therefore, one overall bacterial 

population was created to remain consistent across all patient samples.  

Rank abundance plots were generated for bacterial and VLP concentrations 

using all method triplicates and their averages to distinguish between any patient 

groupings formed on abundance. Comparisons between bacterial and VLP 

abundances for each treatment method were made using the statistical analysis 

program SPSS version 22 (IBM Corp. Released 2013. IBM SPSS Statistics for 

Windows, Version 22.0. Armonk, NY: IBM Corp.) using the Wilcoxon signed-rank test. 

Statistical significance between treatments was considered when p < 0.05.   
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Results 

Flow cytometric analysis 

Cytograms showed discrete bacterial and VLP populations present within the 

sinus fluid of CRS patients (Fig 1). Some patients exhibited one distinct bacterial 

population, whereas others patients exhibited up to four (Fig 1). Variations in bacterial 

and VLP abundance were observed between patients regardless of the treatment 

method used on the samples. Mean bacterial and VLP abundances for each treatment 

method are shown in Table 1.   

 

 

 

 

 

 

 

 

Fig 1. Bacterial and VLP identification using side-scatter and green 

fluorescence. Representative cytogram shows the VLP and bacterial populations in 

a patient’s untreated sinus wash. 
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Table 1. Mean concentration of bacteria and VLP per ml of sinus flush fluid for 

each treatment method tested. Error represents standard error of the mean. 

 

Bacterial sample preparation method optimisation 

For patient samples, the mean bacterial abundance for untreated samples was 

the highest of all treatments, with 3.3 ± 0.74 x 107 cells ml-1 (n = 27; Table 1).  The 

lowest mean abundance was for potassium citrate treated samples with 1.9 ± 0.46 x 

107 cells ml-1 (n = 27; Table 1). In testing the differences between treatments, the 

untreated and sodium pyrophosphate samples yielded significantly higher bacterial 

abundance than potassium citrate (p < 0.001 and p < 0.001), methanol (p = 0.002 and 

p < 0.001) and Sputasol (p = 0.003 and p < 0.001). There was no significant difference 

in bacterial abundance between sodium pyrophosphate treated and untreated 

samples (p = 0.39).    

 

 

Treatment Bacteria ml-1 (±SEM) VLP ml-1 (±SEM) 

Untreated 3.3 x 107 (7.4 x 106) 2.4 x 109 (1.2 x 109) 

Sodium pyrophosphate 2.9 x 107 (6.7 x 106) 2.0 x 109 (9.9 x 108) 

Sputasol 2.2 x 107 (6.6 x 106) 1.8 x 109 (9.4 x 108) 

Methanol 2.0 x 107 (4.3 x 106) 2.2 x 109 (9.9 x 108) 

Potassium citrate 1.9 x 107 (4.6 x 106) 2.1 x 109 (1.1 x 109) 
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VLP sample preparation method optimisation 

VLP mean abundance for the untreated method was the highest for all patient 

samples with 2.4 ± 1.2 x 109 cells ml-1 (n = 27; Table 1). Sputasol treated patient 

samples yielded the lowest VLP abundances with 1.8 ± 0.91 x 109 cells ml-1 (n = 27; 

Table 1).  Untreated samples yielded significantly higher VLP abundances than 

potassium citrate (p = 0.031), methanol (p = 0.010), and Sputasol (p = 0.019) treated 

samples. There was no significant difference between VLP abundance for untreated 

samples and sodium pyrophosphate treated samples (p = 0.08). Sodium 

pyrophosphate also did not yield significantly higher VLP abundances than potassium 

citrate (p = 0.44) and methanol (p = 0.53) treated samples.  There was, however, a 

significant difference between VLP abundances for sodium pyrophosphate and 

Sputasol (p = 0.008). 

Bacterial rank abundance  

Rank abundance was used to identify possible groupings among the patient’s 

bacterial abundance. Breaks in the plot suggest 3 groupings of patients with bacterial 

abundances classified as high, greater than 107 cells ml-1, medium, between 105 to 

106 cells ml-1, and low, less than 105 cells ml-1 (Fig 2). The high bacterial group 

consisted of triplicates from 5 patients. The medium bacterial group contained 

triplicates from 3 patients and the low bacterial abundance group consisted of 1 

patient. There was approximately one order of magnitude difference between each of 

the 3 groups (Fig 2). The overall average bacterial rank abundance using all treatment 

triplicates fit a logarithmic trend; however this was achieved by a series of step down 

power laws for each bacterial group (Fig 3).  
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Fig 2. Rank abundance for each patient’s bacterial abundance for each sample 

treatment method, with triplicates shown. Three clear groups of patients with high, 

medium and low bacterial abundances are apparent. Differences in treatments used 

on the samples can be seen not to influence steps of bacterial abundance for patients.  
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Fig 3. Average bacterial rank abundance using all treatment triplicates. Data 

points follow a logarithmic trend achieved by steps of power laws for each observed 

group. High medium and low bacterial concentration groups fit the power law 

equations y = 2E+08x-0.84 (R2= 0.84), y = 5E+10x-3.57 (R2 = 0.98) and y = 6E+09x-3.49 

(R2 = 1) respectively. 
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VLP rank abundance  

A rank abundance plot for VLP abundance was generated using the method 

triplicates of untreated, sodium pyrophosphate, potassium citrate, Sputasol and 

methanol samples (Fig 4).  VLP abundances show an even distribution across 5 orders 

of magnitude. Three patients had values above 108 VLP ml-1. These are classified as 

high VLP, with the proviso that they are separated from each other by an order of 

magnitude (Fig 4). Three patients make up the medium concentration group between 

107 and 108 VLP ml-1. However, in this group the loss of VLPs in the methanol and 

sodium pyrophosphate treatments makes the group appear fused with the lowest 

group. The lowest group was classified as concentrations below 107 VLP ml-1. In this 

group the methanol treatment showed considerable loss of VLPs and in one patient a 

complete absence of VLPs (Fig 4). The overall average VLP rank abundance using all 

treatment triplicates fit a steep power law (Fig 5). 
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Fig 4. Rank abundance for each patient’s VLP abundance for each sample 

preparation method, with triplicates shown. Highest abundances are rare while 

lower abundances are common. Differences in treatments used on the patient 

samples can be seen not to influence the high range of VLP origination levels. 
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Fig 5. Average VLP rank abundance using all treatment triplicates. Data points 

follow a power law. 
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Lack of correlation with patient symptoms   

Prior to sinus surgery, each patient completed a questionnaire regarding basic 

clinical information and provided a severity score from 0, being no problem, to 5, being 

a problem as bad as it can be, for CRS symptoms for the past two weeks. Based on 

the rank abundance plots (Figs 2 and 3), possible trends in the patient groups were 

investigated. There were no trends observed within the rank abundance patient groups 

for bacteria or VLPs.    

Discussion  

This is the first study to use flow cytometry to enumerate bacteria and VLPs 

within the maxillary sinus of CRS patients. We present a number of snapshot 

enumerations, using flow cytometry, of the microbial composition of sinuses of CRS 

patients. We tested a number of sample preparation techniques for bacterial and VLP 

enumeration that are used for environmental samples, in particular, techniques used 

for disruption of coral mucus, for microscopy [24, 27]. Our results showed that the 

sinus, at least in patients requiring sinus surgery, is an active microbiological 

environment. We speculate that most VLPs detected are likely to be bacteriophages 

as they are the most commonly found in association with their hosts, bacteria, which 

we find to be present in abundance in sinuses. The proposal that phages can be used 

to treat bacterial infections of the sinus [17] can now be viewed in the light of this data 

showing that phages appear to be present in sinuses in large numbers (Table 1). 

Although the primary focus of this study was to enumerate the bacteria and 

VLPs in the sinus fluid, there was concern surrounding the presence of small 

fragments of mucus or biofilms within the samples prepared for flow cytometry. The 
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mucus may have caused the bacteria and VLPs to clump together resulting in an 

overestimation on particle size, shape and DNA content. This is a similar concern in 

regards to analyzing bacteria and VLPs in coral mucus using microscopy [24, 27]. As 

bacterial and VLP flow cytometry on human samples is a new approach, various flow 

cytometry methods were investigated. 

Common chemicals used in environmental sample preparation include 

potassium citrate, sodium pyrophosphate and methanol. Sodium pyrophosphate and 

potassium citrate are commonly used in environmental microbiology for desorbing viral 

particles from soil and marine sediment [28, 29]. Potassium citrate increases the 

electrostatic repulsion between viruses and bacteria, and the mucus to which they are 

attached to by raising pH [24]. Sodium pyrophosphate weakens the hydrophilic links 

in mucus allowing for viruses and bacteria to be separated [30]. Dithiothreitol (DTT) 

has been used on sinus samples to improve the yield of fungal cultures and in studies 

involving quantification of inflammatory cells in nasal secretions [31-33].  Sputasol 

contains DTT and has been used to liquefy mucus in nasal lavage [34]. It does this by 

breaking disulfide bonds within mucin, causing liquefaction, releasing trapped viruses 

and bacteria [35, 36]. Methanol has the ability to break up exopolymeric substances 

in mucus which entrap bacteria and viruses [37].  

Our results show that the untreated and sodium pyrophosphate treatment 

methods yielded significantly higher bacterial abundances than all other methods 

tested (p < 0.05).  For VLP enumeration, no treatment (as in the untreated samples) 

was the optimal method. Although there was no significant difference between 

untreated and sodium pyrophosphate treated samples (p < 0.05), sodium 

pyrophosphate did not yield significantly higher VLP abundances than methanol and 
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potassium citrate (p < 0.05). This result contrasts to previous microscopy studies which 

found potassium citrate better for viral enumeration in coral mucus [24]. Unlike sample 

preparation for coral mucus for microscopy, flow cytometry includes an incubation 

period after addition of SYBR Green. During this step viral capsids may partially and 

temporarily denature, facilitating a greater uptake of SYBR Green [20]. This may result 

in brighter VLP fluorescence resulting in higher counts for all samples. It is also 

possible that the extra processing steps involved with each treatment resulted in the 

loss of bacteria and VLPs. All samples were diluted for flow cytometry in TE buffer 

which contained 1 mM of EDTA. EDTA has been used to extract bacteria and viruses 

from photosynthetic microbial mats as it destroys cation links within exopolymeric 

substances, releasing bound bacteria and viruses [38]. It also permeabilises outer 

membranes, facilitating greater uptake of SYBR Green [39]. Additional treatment to 

each sample could have an adverse effect, causing damage to viral capsid proteins 

or to bacterial cell walls. Our data suggests that the least possible number of 

processing steps and addition of chemicals is the optimal method for analyzing sinus 

flush samples.   

Previous studies have shown that the human sinus is colonized with an array 

of microbes [1, 2, 6-12, 40]. Flow cytometry enables categorization and enumeration 

of these microbes based on size and DNA content [21, 26]. Some patient’s cytograms 

revealed numerous bacterial sub-populations (Fig. 1). These populations displayed 

increased green fluorescence, an indication of DNA content, and size. These different 

sub-populations may be reflecting different bacterial replication stages or are indicative 

of different bacterial species with different sized genomes. In the Sputasol treated 

patient samples, an unusual population was observed between the bacterial and VLP 

regions. This population appears to be an artifact of the Sputasol as it was also 
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observed in the control samples (S1 Fig). Thus, there may be a component within 

Sputasol which autofluorescences or binds to SYBR Green.   

Large variations were observed between patients bacterial and VLP 

concentrations, which is not uncommon with human microbial flora studies [41-45]. 

These findings suggest that the maxillary sinus is either extremely dynamic or highly 

individualised. These differences in the patient microbial concentrations could indicate 

the need for personalised dosages when treating CRS with antibiotics or with phage. 

The rank abundance plot for patient bacterial abundance revealed 3 groupings of high, 

medium and low abundance (Fig 2). As the treatments used on the samples were not 

seen to account for the differences in bacterial and VLP levels (Figs 2 and 4), an 

average of all treatment values was used to clearly demonstrate the obvious trends in 

bacterial concentration groups (Fig 3) and high episodic nature of the VLPs (Fig 5).  

For the bacterial rank abundance, the three orders of magnitude range among 

the 9 patients may reflect temporal variation or that the bacterial abundances are 

defined by processes or a variable that was not measured. The skew of the distribution 

towards the lower concentrations in the VLP rank abundance is consistent with the 

highly episodic nature of viral infections, particularly in bacteriophage where large 

burst sizes can quickly reduce the concentrations of particular bacterial species, 

leaving high bacteriophage concentrations at least temporarily [46]. From this, one 

might posit that time series sampling would show an eventual decline in VLP 

concentration. While bacteriophage dynamics is one likely explanation for the 

observed distribution, at this point we cannot discount that some patients have 

chronically high VLP concentrations. To investigate this and its clinical significance 

would require flow cytometric and nucleic acid sequence analysis of time series 
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samples from the identified patients. Due to the invasive nature of sampling used in 

this study, healthy controls and a time series using the same sampling method may 

not be a feasible option. Therefore, there is the need to develop a proxy for an 

alternative less invasive sampling strategy, such as nasal swabbing. While this is 

beyond the scope of this paper, it is a potentially valuable future direction. 

Knowledge of the abundance of microorganisms in CRS will further our 

understanding of the disease as the presence of certain bacterial species does not 

always imply infection. The aim of this research was to produce a snapshot 

enumeration of the sinus microbes of 9 patients known to suffer from CRS, and to 

determine if they had similar abundances of bacteria and VLPs. Within the group of 9 

patients sampled, there was 3 orders of magnitude difference in abundance for 

bacterial populations and almost 4 orders of magnitude difference for VLPs. This 

suggests that not all CRS patients are infected at the same level of bacteria and VLPs. 

Knowledge of the differences in bacterial abundances may facilitate the development 

of personalised treatment options.  

This work indicates the potential for future studies in other microbial disease 

related health conditions. We propose that flow cytometry has potential as a tool to 

monitor microbial dynamics in patients and in future may assist in determining 

appropriate dosages required when treating microbial related health conditions. 
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S1 Fig. Representative cytogram showing the Sputasol artefact population 

observed between the VLP and bacterial populations.  
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S1 Table. Patients total bacterial abundances for each optimisation method. Replicates (Rep) for each method are shown.  

 

 

 

 

Untreated Sodium pyrophosphate Potassium citrate Methanol Sputasol 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 

Patient 1 1.82E+06 1.60E+06 1.62E+06 6.94E+05 8.73E+05 7.93E+05 3.54E+05 4.75E+05 4.39E+05 2.10E+06 2.92E+06 2.76E+06 1.32E+06 1.22E+06 1.24E+06 

Patient 2 8.63E+05 7.33E+05 6.99E+05 1.45E+06 1.94E+06 1.75E+06 5.20E+05 5.83E+05 7.98E+05 1.44E+06 1.41E+06 1.52E+06 6.18E+05 4.89E+05 4.17E+05 

Patient 3 8.52E+07 1.17E+08 9.83E+07 1.02E+08 1.11E+08 1.12E+08 4.21E+07 5.18E+07 5.42E+07 4.29E+07 3.77E+07 5.15E+07 3.80E+07 3.61E+07 3.38E+07 

Patient 4 6.91E+04 4.92E+04 7.96E+04 6.98E+04 4.00E+04 4.23E+04 9.37E+04 8.53E+04 7.17E+04 6.99E+04 6.99E+04 7.10E+04 1.05E+05 9.43E+04 9.00E+04 

Patient 5 1.69E+06 1.67E+06 9.17E+05 1.59E+06 2.73E+06 2.96E+06 1.22E+06 1.86E+06 1.45E+06 6.32E+05 7.08E+05 6.42E+05 7.22E+05 6.03E+05 7.75E+05 

Patient 6 8.84E+07 6.54E+07 5.56E+07 2.36E+07 2.68E+07 4.40E+07 2.84E+07 2.82E+07 3.72E+07 1.55E+07 3.30E+07 5.47E+07 1.13E+07 1.21E+07 1.01E+07 

Patient 7 1.38E+07 9.32E+06 1.33E+07 3.03E+07 3.35E+07 2.17E+07 1.91E+07 6.71E+06 8.86E+06 5.06E+07 6.38E+07 6.96E+07 1.10E+07 1.26E+07 9.79E+06 

Patient 8 6.04E+07 8.00E+07 8.42E+07 6.09E+07 5.39E+07 6.24E+07 6.75E+07 6.65E+07 6.52E+07 3.25E+07 2.23E+07 2.61E+07 1.19E+08 1.13E+08 9.20E+07 

Patient 9 3.59E+07 2.65E+07 5.31E+07 2.56E+07 2.44E+07 2.68E+07 9.96E+06 5.07E+06 6.70E+06 1.04E+07 1.24E+07 1.25E+07 2.76E+07 2.76E+07 2.35E+07 
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S2 Table. Patients total VLP abundances for each optimisation method. Replicates (Rep) for each method are shown.  

 

Untreated Sodium pyrophosphate Potassium citrate Methanol Sputasol 

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 

Patient 1 1.00E+08 8.12E+07 6.86E+07 2.06E+07 2.39E+07 1.58E+07 4.51E+07 3.08E+07 4.68E+07 4.29E+07 6.35E+07 5.63E+07 2.92E+07 4.56E+07 3.74E+07 

Patient 2 6.66E+06 7.76E+06 8.42E+06 8.23E+06 6.15E+06 9.61E+06 1.03E+07 1.04E+07 1.04E+07 3.70E+06 3.46E+06 6.48E+06 5.08E+06 2.99E+06 5.15E+06 

Patient 3 3.75E+07 4.77E+07 4.09E+07 5.78E+07 6.60E+07 6.35E+07 3.09E+07 4.32E+07 3.99E+07 1.07E+06 4.60E+05 9.75E+06 6.13E+07 5.76E+07 5.95E+07 

Patient 4 3.49E+06 3.85E+06 3.14E+06 2.46E+06 1.45E+06 2.94E+06 3.51E+06 3.36E+06 2.71E+06 0 0 0 5.80E+06 4.63E+06 3.52E+06 

Patient 5 0 9.79E+05 1.27E+06 5.27E+06 9.45E+06 1.28E+07 5.60E+06 9.70E+06 8.24E+06 7.04E+06 1.48E+06 7.72E+06 9.16E+06 1.07E+07 1.06E+07 

Patient 6 2.55E+10 1.78E+10 1.55E+10 1.43E+10 1.80E+10 1.63E+10 1.72E+10 1.57E+10 2.12E+10 1.57E+10 1.71E+10 1.55E+10 1.50E+10 1.30E+10 1.66E+10 

Patient 7 1.26E+09 1.09E+09 1.36E+09 1.38E+09 1.95E+09 1.94E+09 7.27E+08 9.87E+08 1.42E+09 3.20E+09 4.03E+09 2.96E+09 1.18E+09 1.33E+09 1.34E+09 

Patient 8 1.88E+08 2.28E+08 2.16E+08 1.52E+08 1.72E+08 2.02E+08 1.87E+08 2.05E+08 1.89E+08 1.87E+08 1.79E+08 1.93E+08 1.36E+08 1.51E+08 1.55E+08 

Patient 9 5.22E+07 4.61E+07 5.67E+07 5.04E+07 4.86E+07 4.06E+07 4.86E+07 3.77E+07 5.41E+07 7.40E+07 4.92E+07 3.98E+07 3.55E+07 4.94E+07 2.09E+07 
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Abstract 

Within the oral cavity are various ecological niches which provide unique 

surfaces for the colonisation of distinct microbial communities. Such surfaces include 

the tongue, throat, palate, gingivae and teeth. Although there is increasing genomic 

sequence data to show how these niches differ, the overall concentrations of bacteria 

and viruses at these locations still remains unclear. Here, we examined the spatial 

distribution of the paediatric oral microbiota of 10 healthy volunteers using flow 

cytometry as a tool to enumerate populations of bacteria and virus-like particles 

(VLPs). The highest concentrations of bacteria were found at the back of the tongue 

with an average of 2.90 ± 0.76 x 107 bacteria mL-1 before sleep and 1.35 ± 0.20 x 108 

bacteria mL-1 after sleep. The temporomandibular joint had the highest percentage 

increase in VLPs with 5.68 ± 1.86 x 106 VLPs mL-1 before sleep and 5.96 ± 2.30 x 107 

VLP mL-1 after sleep. These increases in bacterial and VLP concentrations were found 

to be significantly different from one another (p < 0.05), as were all other sampled 

locations. These detectable differences in bacterial and VLP concentrations in the oral 

cavity further demonstrates that the oral cavity is a heterogeneous environment with 

unique niches that change over time. Through understanding the changes in microbial 

abundances within these niches, we can further our understanding of the healthy 

paediatric oral microbiome, and determine in the future, how shifts in these 

abundances relate to various health conditions. 
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Abstract 

 Microhabitats in the oral cavity provide a variety of surfaces for colonisation of 

microbial communities. These include the teeth, gingivae, tongue, palate and 

temporomandibular joint. Recent focus has been on oral microbial taxonomy, 

characterising oral microhabitats. However, the bacterial and viral abundances are 

unknown. In this study, bacterial and virus-like particle (VLP) abundances in 10 healthy 

children were enumerated using flow cytometry before and after sleep. Bacterial 

counts in the oral cavity ranged from 7.2 ± 2.8 x 105 bacteria at the palate before sleep 

to 1.3 ± 0.2 x 108 bacteria at the back of the tongue after sleep, a range difference of 

187 times. VLPs changed by a difference of 48 times with counts ranging from 1.9 ± 

1.0 x 106 VLP at the palate before sleep to 9.2 ± 5.0 x 107 VLP at the back of the 

tongue after sleep. A significant increase in bacterial and VLP abundances was 

observed for all locations after sleep (p < 0.05). Here, we show that the oral cavity is 

a dynamic numerically heterogeneous microbial environment where bacteria and 

VLPs can increase by a count of 100 million and 70 million cells and particles 

respectively during sleep. Quantification of the paediatric oral microbiome 

complements taxonomic diversity information to show how biomass varies and shifts 

in space and time.  
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Introduction 

The human body has many ecological habitats, each with their own unique 

environment. Within each of these habitats are complex ecosystems of coexisting 

microbial communities [1]. These microbial communities are collectively referred to as 

the human microbiome. One area that has been extensively investigated is the oral 

cavity [1-3]. The oral cavity contains multiple microhabitats [1, 4, 5]. These include the 

tongue, palate, cheek, lip, gingivae and teeth with each area differing in their surface 

structure, thereby providing unique microbial habitats for the colonisation of distinct 

microbial communities [3, 5]. Recent taxonomic studies have begun to focus on 

defining the oral microbiome by these various microhabitats [5, 6]. This enables a well 

characterised analysis of possible disease sites in the oral cavity and allows for a more 

focused analysis of the oral microbiome in health and disease [7, 8]. However, the 

absolute bacterial and viral abundance dynamics of these microhabitats are still 

relatively unknown.  

One tool used for monitoring microbial dynamics and population abundances is 

flow cytometry. Used for decades in monitoring microbial dynamics in environmental 

samples [9-11] and more recently in medical samples [12], flow cytometry provides an 

inexpensive way to rapidly enumerate cells and particles within a sample. As the 

majority of bacteria are non-culturable, flow cytometry provides a rapid, culture-free 

enumeration alternative that eliminates enrichment biases culturing introduces [9]. 

This highly reproducible technique also produces counts of virus-like particles (VLPs) 

at concentrations that would be too low for epifluorescence and transmission electron 

microscopy [9]. Flow cytometric absolute abundances adds a new dimension to 

microbial community analysis compared to relative abundances. It allows for 
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comparison across studies to determine not just the presence or absence of a potential 

pathogen, but assessment of whether critical concentrations are required for 

pathogenesis and what those concentrations are [13]. We seek to ultimately answer 

where the balance lies between bacterial community composition and bacterial 

community absolute abundance in causing and reacting to pathologies. The first step 

is to be able to measure absolute abundance, which frequently applied sequencing 

techniques are unable to do [13, 14]. 

During sleep, the microbial dynamics of the oral cavity changes due to shifts in 

environmental conditions, such as saliva flow, pH and oxygen distribution [6, 15-17]. 

In this study we investigate the changes in absolute microbial abundance in the 

healthy oral cavity of children during sleep. Samples were collected from 6 

microhabitats in the oral cavity before and after sleep in 10 healthy children. Using 

flow cytometry as a method of enumeration, the absolute bacterial and VLP 

abundance distributions of the oral cavity were accessed. Therefore, the objective of 

this study was to measure the microhabitat microbial dynamics in the paediatric oral 

cavity and what impact sleep has on those dynamics.  
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Materials and methods 

Ethics statement 

 Participants in this study were a subgroup of healthy, control children from a 

larger study investigating the effects of sleep disordered breathing on development, 

which was approved by the Human Research Ethics Committees of the Women’s and 

Children’s Hospital and the University of Adelaide, South Australia. The study has 

been conducted in accordance with the 1964 Declaration of Helsinki and its later 

amendments. Parents of participants provided written consent and children written 

assent for involvement in the study. Parents also completed a child’s health and 

behaviour questionnaire prior to sample collection.  

Sample collection 

Samples were collected from 10 children (male n = 7, female n = 3) undergoing 

an overnight polysomnography sleep test at the Women’s and Children’s Hospital, 

Adelaide, Australia. Participants involved in the study were asked to refrain from oral 

hygiene practices, such as brushing teeth or antimicrobial rinses, for the duration of 

the study. Ages ranged from 6.08 to 16.58 years (mean 10.3 ± 1.2 years). The average 

BMI for all participants was 20.1 ± 1.8. 

Sterile rayon swabs (Copan, Brescia, Italy; product code: 155C) were used to 

collect samples from participants. These swabs were individually packaged in their 

own sterile polypropylene tube. Each swab was approximately 5 mm in diameter and 

had a 13.3 cm plastic shaft to allow for precise sampling. Swab samples were always 

collected from the left temporomandibular joint, the middle of the back of the tongue, 

the occlusal site of the last two distal molars on the bottom jaw on the right side, the 
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gingival margin of the last proximal molar on the right lower jaw, the middle of the 

palate and the middle of the tip of the tongue. These samples will be referred to in this 

article as temporomandibular joint, back of tongue, molars, gingivae, palate and tip of 

tongue respectively.  These samples were taken just before lights out between 8.30-

9.00 pm, referred to as before sleep, and immediately on waking the following day 

between 6.00-6.30 am, referred to as after sleep.  Each swab was rotated clockwise 

6 times at each location for sample collection. All participants’ samples were collected 

by the same researcher at the same locations before and after sleep using the same 

sampling technique described. Once the swab samples were collected they were 

immediately placed back into the polypropylene tube and stored at -80°C until flow 

cytometric analysis.  

Sample preparation  

Swab samples were thawed at room temperature immediately prior to sample 

preparation. Once thawed, swab tips were cut off into 1 ml of sterile (0.2 µm filtered 

and UV treated) TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4, Sigma). Samples were 

then vortexed for 3 minutes to elute the bacteria and viruses from the swab tip.  

Eluted swab samples were diluted (1:100) in 0.2 µm filtered TE buffer for 

optimal visualisation of bacterial and VLP populations. Diluted samples were then 

stained with SYBR-I Green (1:20,000 final dilution; Molecular Probes) and incubated 

for 10 minutes in the dark at 80°C [10]. Control samples of sterile rayon swabs eluted 

in sterile TE buffer were prepared in the same manner as the participant swab 

samples. These samples were used to eliminate any background artefacts introduced 

during sample preparation or from the rayon swabs themselves. Triplicates of each 

swab sample were prepared for analysis (S1-S4 Tables).   
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Fluorescent beads (1 µm, Molecular Probes) were added to each sample at a 

concentration of 105 beads ml-1 [18]. Using the bead fluorescence and concentration 

as a control, flow cytometric parameters were normalised [18].  

Flow cytometric analysis 

Bacterial and VLP populations from the oral swab samples were identified and 

enumerated using a FACSCanto II flow cytometer (Becton Dickinson) fitted with a blue 

(488 nm, 20 mW) laser. Green fluorescence, side angle light scatter and forward angle 

light scatter were recorded for all samples. Phosphate-buffered saline was used as 

sheath fluid for the duration of the study.  

Bacterial and VLP populations were analysed and enumerated using FlowJo 

software (Tree Star, Inc). SYBR Green fluorescence and side scatter were used to 

differentiate between bacterial and VLP populations [9, 10, 19]. For consistency 

among participants, one bacterial population and one VLP population were compared 

and analysed (Fig 1). 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Flow cytometric identification of bacterial and VLP populations. 

Representative cytograms from one participant showing the bacterial and VLP 

populations at (A) the tip of the tongue before sleep (B) the tip of the tongue after sleep 

(C) the back of the tongue before sleep and (D) the back of the tongue after sleep. 

Bacterial and VLP abundances increased after sleep. Differences in bacteral and VLP 

abundances can also be seen between both sample locations. 
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Data analysis 

 Mann-Whitney U and Wilcoxon sign rank tests were run on the average 

participant bacterial and VLP concentrations using the program MATLAB (MathWorks, 

Natick, Massachusetts, United States). The p values calculated were corrected using 

the multiple comparisons hypothesis for false discovery [20]. Statistical significance 

was considered when p < 0.05. Cytoscape (version 3.5.1, http://www.cytoscape.org/) 

was used to create and visualise p < 0.05 filtered Pearson correlation coefficient 

networks for bacteria and VLPs both before and after sleep [21]. 

Results 

Flow cytometric analysis 

Bacterial and VLP populations were present in all sampled locations before and 

after sleep (an example is shown in Fig 1). For most participants, there was an 

increase in bacterial and VLP populations after sleep through visualisation of the 

cytograms (Fig 1). This observation was confirmed through calculations of the average 

counts of both bacteria and VLP populations before and after sleep (Tables 1 and 2; 

S5-S8 Tables).  
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Table 1. Average bacterial abundances within the paediatric oral cavity. Error represents the standard error of the mean (SEM). 

Wilcoxon sign rank tests p values were corrected for false discovery rates. Percentage increases were calculated by taking an 

average of each participant’s percentage increase/decrease in bacteria for each location.  

Sample location 
Bacteria before sleep 

(± SEM) 
Bacteria after sleep 

(± SEM) 
Average increase in bacteria 

(± SEM) 
Percentage increase 

(± SEM) 
p value 

Temporomandibular 
joint 

3.3 x 106 
(1.2 x 106) 

2.1 x 107 

(7.0 x 106) 
1.8 x 107 

(6.3 x 106) 
2098% 

(1464%) 
0.0025 

Back of tongue 
2.9 x 107 

(7.6 x 106) 
1.3 x 108 

(2.0 x 107) 
1.1 x 108 

(2.2 x 107) 
764% 

(290%) 
0.0032 

Gingivae 
1.7 x 107 

(7.7 x 106) 
4.1 x 107 

(7.6 x 106) 
2.3 x 107 

(8.6 x 106) 
784% 

(445%) 
0.0056 

Palate 
7.2 x 105 

(2.8 x 105) 
4.3 x 106 

(1.5 x 106) 
3.6 x 106 

(1.4 x 106) 
1436% 
(803%) 

0.0013 

Molars 
4.8 x 106 

(1.6 x 106) 
1.9 x 107 

(5.4 x 106) 
1.4 x 107 

(5.6 x 106) 
714% 

(340%) 
0.0012 

Tip of tongue 
2.6 x 106 

(1.7 x 106) 
1.3 x 107 

(2.8 x 106) 
1.0 x 107 

(3.1 x 106) 
2391% 

(1226%) 
0.0016 
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Table 2. Average VLP abundances within the paediatric oral cavity. Error represents the standard error of the mean (SEM). 

Wilcoxon sign rank tests p values were corrected for false discovery rates. Percentage increases were calculated by taking an 

average of each participant’s percentage increase/decrease in VLPs for each location. 

Sample location 
VLP before sleep 

(± SEM) 
VLP after sleep 

(± SEM) 
Average increase in VLP 

(± SEM) 
Percentage increase 

(± SEM) 
p value 

Temporomandibular 
joint 

5.7 x 106 

(1.9 x 106) 
5.7 x 107 

(2.3 x 107) 
5.1 x 107 

(2.2 x 107) 
3638% 

(3125%) 
0.00025 

Back of tongue 
2.2 x 107 

(6.3 x 106) 
9.2 x 107 

(5.0 x 107) 
7.0 x 107 

(4.7 x 107) 
416% 

(240%) 
0.00018 

Gingivae 
2.4 x 107 

(9.5 x 106) 
9.2 x 107 

(2.9 x 107) 
6.8 x 107 

(2.8 x 107) 
1614% 
(963%) 

0.00021 

Palate 
1.9 x 106 

(1.0 x 106) 
1.4 x 107 

(9.9 x 106) 
1.2 x 107 

(9.7 x 106) 
700% 

(323%) 
0.000025 

Molars 
9.0 x 106 

(2.6 x 106) 
5.7 x 107 

(3.3 x 107) 
4.8 x 107 

(3.1 x 107) 
662% 

(180%) 
0.00016 

Tip of tongue 
3.6 x 106 

(1.2 x 106) 
1.7 x 107 

(8.2 x 106) 
1.4 x 107 

(8.4 x 106) 
2083% 

(1911%) 
0.00020 
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Oral cavity bacterial abundance heterogeneity before sleep 

The Mann-Whitney U test was used to compare average bacterial abundances 

between samples before sleep to identify regions of heterogeneity in the oral cavity 

(Fig 2). No significant difference in bacterial abundances were detected between the 

back of the tongue (2.9 ± 0.8 x 107 bacteria) and gingivae (1.7 ± 0.8 107 bacteria) 

before sleep (p > 0.05) (Table 1; Fig 2). These two areas had the highest average 

bacterial counts, with participant averages ranging from 5.3 x 105 (gingivae) to 8.7 x 

107 (back of tongue) bacteria (S5 Table). Both the back of the tongue and gingivae 

were found to have bacterial abundances significantly higher than the 

temporomandibular joint (p = 0.0018 and p = 0.016), palate (p = 0.0015 and p = 

0.0012), molars (p = 0.0021 and p = 0.031) and tip of the tongue (p = 0.0012 and 

0.0062) respectively (Table1; Fig 2). The palate was the area in the mouth with the 

lowest bacterial abundances before sleep with participant’s averages ranging from 8.4 

x 104 to 2.2 x 106 bacterial with an overall group average of 7.2 ± 2.8 x 105 bacteria 

(Table 1; S5 Table).  Although not significantly different to the tip of the tongue (p > 

0.05), the palate was found to be significantly lower in bacterial abundance than the 

molars (p = 0.0059) and the temporomandibular joint (p = 0.0068) (Table 1; Fig 2). All 

other locations when compared to one another were not significantly different (p > 

0.05) (Fig 2). Overall, there was approximately a 2.8 x 107 abundance difference 

between the locations with the highest and lowest bacterial counts before sleep.  
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Fig 2. Mann-Whitney U tests for bacterial heterogeneity in the oral cavity before 

and after sleep. Significant differences between locations are shown in green (p < 

0.05). Non-significant differences are shown in red (p > 0.05). Mann-Whitney U test 

comparisons have been corrected for false discovery rates.  
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Oral cavity bacterial abundance heterogeneity after sleep 

The back of the tongue was the location with the highest bacterial abundances 

after sleep with participant’s averages ranging from 4.0 x 107 to 2.1 x 108 bacteria with 

an overall group average of 1.3 ± 0.2 x 108 bacteria (Table 1; S6 Table). The back of 

the tongue also had significantly higher abundances after sleep when compared to all 

other locations (temporomandibular joint 2.1 ± 0.7 x 107, p = 0.00088; gingivae 4.1 ± 

0.8 x 107, p = 0.0028; palate 4.3 ± 1.5 x 106, p = 0.0018; molars 1.9 ± 0.5 x 107, p = 

0.00061 and tip of tongue 1.3 ± 0.3 x 107, p = 0.00091) (Table 1; Fig 2). The gingivae 

had significantly higher bacterial abundances after sleep than the molars (p = 0.016), 

the tip of the tongue (p = 0.0051) and the palate (p = 0.00061) (Table 1; Fig 2). The 

palate was the location with significantly lower counts of bacteria after sleep with 

participant averages ranging from 3.6 x 105 to 1.4 x 107 and an overall group average 

of 4.3 ± 1.5 x 106 bacteria (Table 1; S6 Table). The palate was again significantly lower 

in abundance than the temporomandibular joint (p = 0.019), molars (p = 0.0072) and 

the tip of the tongue (p = 0.014) (Table 1; Fig 2). All other paired comparisons between 

locations were not significantly different (p > 0.05) (Fig 2). Overall, there was 

approximately a 1.3 x 108 range in bacteria after sleep.  
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Oral cavity VLP abundance heterogeneity before sleep 

Less heterogeneity was observed between VLP abundances in the oral cavity 

before sleep than bacteria before sleep. The back of the tongue (2.2 ± 0.6 x 107 VLP) 

was found to be significantly higher in VLPs than the temporomandibular joint (5.7 ± 

1.9 x 106 VLP; p = 0.037), tip of the tongue (3.6 ± 1.2 x 106 VLP; p = 0.016) and the 

palate (1.9 ± 1.0 x 106 VLP; p = 0.0087; Table 2; Fig 3). The gingivae (2.4 ± 1.0 x 107 

VLP) were also significantly higher in VLP abundance than the tip of the tongue (p = 

0.019) and the palate (p = 0.013; Table 2; Fig 3). All other paired comparisons between 

oral sites did not show a significant difference (p > 0.05; Fig 3). Overall there was a 

range of 2.2 x 107 VLPs before sleep.  
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Fig 3. Mann-Whitney U tests for VLP heterogeneity in the oral cavity before and 

after sleep. Significant differences between locations are shown in green (p < 0.05). 

Non-significant differences are shown in red (p > 0.05). Mann-Whitney U test 

comparisons have been corrected for false discovery rates. 
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Oral cavity VLP abundance homogeneity after sleep 

Homogeneity was observed among the average abundances of VLPs at each 

sampled location in the oral cavity after sleep (p > 0.05) (Table 2; Fig 3). The average 

VLP abundances after sleep ranged from 1.4 ± 1.0 x 107 at the palate to 9.2 ± 5.0 x 

107 at the back of the tongue (Table 2). Therefore, the average VLP abundance for all 

locations after sleep was 5.5 ± 1.2 x 107.  

Bacterial and VLP increases during sleep 

Corrected Wilcoxon sign rank test p values revealed that all sampled locations 

in the oral cavity significantly increased in bacterial and VLP abundances after sleep 

(p < 0.05; Tables 1 and 2; Fig 4). The back of the tongue was the location with the 

largest increase in bacteria with an overall average count increase of 1.1 ± 0.2 x 108 

bacteria (p = 0.0032; Table 1; Fig 4). This was followed by the gingivae (p = 0.0056), 

temporomandibular joint (p = 0.0025), molars (p = 0.0012) and tip of tongue (p = 

0.0016) with average count increases of 2.3 ± 0.9 x 107, 1.8 ± 0.6 x 107, 1.4 ± 0.6 x 

107 and 1.0 ± 0.3 x 107 bacteria respectively (Table 1; Fig 4). The palate was the 

location with the lowest average increase in bacteria with 3.6 ± 1.4 x 106 bacteria (p = 

0.0013; Table 1; Fig 4).  
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Fig 4. Heat maps showing the average increase in bacteria and VLP after sleep 

at sampled locations. All sampled oral locations significantly increased in bacteria 

and VLP during sleep (p < 0.05). The back of the tongue was the location that 

increased the most in both bacteria and VLPs during sleep with counts of 1.1 ± 0.2 x 

108 and 7.0 ± 4.7 x 107 respectively. The palate increased the least in both bacteria 

and VLP with counts of 3.6 ± 1.4 x 106 and 1.2 ± 1.0 x 107 respectively. 
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For VLP, the back of the tongue was also the location with the largest increase 

with an average count of 7.0 ± 4.7 x 107 VLP (p = 0.00018; Table 2; Fig 4). This was 

again followed by the gingivae (p = 0.00021), temporomandibular joint (p = 0.00025), 

molars (p = 0.00016) and tip of tongue (p = 0.00020) with increases of 6.8 ± 2.8 x 107, 

5.1 ± 2.2 x 107, 4.8 ± 3.1 x 107 and 1.4 ± 0.8 x 107 VLP respectively (Table 2; Fig 4). 

The palate was also the location with the lowest average increase in VLP with 1.2 ± 

1.0 x 107 VLP (p < 0.0001; Table 2; Fig 4). 

The largest percentage increases in bacteria were reported at the tip of the 

tongue and the temporomandibular joint with 2400% and 2100% increases 

respectively (Fig 5; Table 1). The gingivae, back of tongue and molars had the lowest 

percentage increases with 780%, 760% and 710% respectively (Fig 5; Table 1). A 

similar trend could be observed with the percentage increases for VLPs with the 

temporomandibular join and tip of tongue having the highest increases with 3600% 

and 2100% (Fig 5; Table 2). The back of the tongue had the lowest VLP percentage 

increase with 420% (Fig 5; Table 2). 
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Fig 5. Heat maps showing the average percentage increase in bacteria and VLP 

after sleep at sampled locations. The molars, back of the tongue and gingivae were 

the locations with the lowest bacterial percentage increase during sleep (714%, 764% 

and 784% respectively). Likewise, the back of the tongue also had the lowest VLP 

percentage increase (416%). The tip of the tongue was the area with the highest 

bacterial percentage increase (2391%) and the temporomandibular joint the highest 

VLP percentage increase (3638%).  
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Bacterial and VLP network analysis 

Pearson correlation coefficient bacterial abundance interaction network 

analysis before sleep revealed 9 connections between the 6 sampled locations, the 

strongest being between the gingivae and the temporomandibular joint (0.91) (Fig 6A). 

The palate was the only node connected to all other sample sites before sleep (Fig 

6A).  After sleep, the bacterial network breaks down with the gingivae no longer part 

of the abundance network (Fig 6B). The 5 connections seen in the network are no 

longer as strongly correlated compared to before sleep (Fig 6B). However, the 

correlation between the temporomandibular joint and the palate remains as strong as 

before. A new correlation is also formed between the molars and the 

temporomandibular joint (0.53) (Fig 6B). The palate is again the location with the 

greatest number of connections, this time with only 3. The strongest correlation in 

bacterial abundance after sleep was between the palate and the temporomandibular 

joint (0.73) (Fig 6B). 
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Fig 6. Pearson correlation coefficient bacterial abundance networks (p < 0.05 

filtered). Networks show the Pearson correlations between bacterial abundances for 

all samples locations (A) before sleep and (B) after sleep. The wider and warmer the 

colour of the edge, the stronger the Pearson correlation coefficient. The colour and 

size of the nodes corresponds to the abundance of bacteria. B-GING = bacteria at the 

gingivae, B-TMJ = bacteria at the temporomandibular joint, B-PALATE = bacteria at 

the palate, B-MOLARS = bacteria at the molars, B-TTONGUE = bacteria at the tip of 

the tongue and B-BTONGUE = bacteria at the back of the tongue.  
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Eleven connections were observed in the Pearson correlation coefficient VLP 

abundance network before sleep, 5 of which were from all locations connecting with 

the back of the tongue (Fig 7A). The strongest correlation was between the molars 

and the tip of the tongue (0.84). Like with bacteria, the VLP network after sleep also 

broke down with fewer connections observed (Fig 7B). However, most of the 

correlations after sleep that are present remained strong. The correlations the back of 

the tongue has with the molars, palate and temporomandibular joint increased in 

strength after sleep (Fig 7B). The palate formed new strong correlations between the 

molars and the temporomandibular joint (Fig 7B). Of the 8 connections after sleep, the 

correlation between VLP abundances at the palate and the back of the tongue was 

the strongest (0.99). The gingivae and the temporomandibular joint were the areas 

with the weakest connection in the network (0.47; Fig 7B). All locations after sleep 

were correlated to the temporomandibular joint. 
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Fig 7. Pearson correlation coefficient VLP abundance networks (p < 0.05 

filtered). Networks show the Pearson correlations between VLP abundances for all 

samples locations (A) before sleep and (B) after sleep. The wider and warmer the 

colour of the edge, the stronger the Pearson correlation coefficient. The colour and 

size of the nodes corresponds to the abundance of VLPs. V-GING = VLP at the 

gingivae, V-TMJ = VLP at the temporomandibular joint, V-PALATE = VLP at the 

palate, V-MOLARS = VLP at the molars, V-TTONGUE = VLP at the tip of the tongue 

and V-BTONGUE = VLP at the back of the tongue. 
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Discussion 

Here we present the paediatric bacterial and VLP numerical diversity within the 

oral cavity. Our data shows that the various microhabitats within the oral cavity of 

healthy children differ in absolute microbial abundances; and increase by counts of up 

to 108 overnight during sleep (Fig 1; Tables 1 and 2). This result suggests that the oral 

cavity is a dynamic and numerically heterogeneous environment. Here we see that 

there are large ranges in healthy individual’s oral cavities (S5-S8 Tables). These large 

ranges could indicate that high microbial abundances may not be indicative of oral 

related illnesses. This suggests, like taxonomy, microbial abundances are distinct to 

individuals even at the paediatric age group, where there has been less time for 

community and abundance divergence.  

Regarded as a niche within the human body, the oral cavity contains numerous 

microhabitats  [1, 4, 5]. Most of these microhabitats are lined with mucosal epithelia 

(i.e. tongue, palate, gingivae and temporomandibular joint) that shed into the saliva 

bringing with it the microbial rich biofilm [5, 22, 23]. One area sampled in this study 

expected to be a high shedding environment is the palate. We speculate that the 

increased friction caused by the rough surface of the tongue on the palate results in a 

higher rate of mucosal shedding compared to other locations in the oral cavity. 

Therefore, there is less time between mucosal shedding events for a complex and 

abundant microbial community on this surface. This makes it a good model for the 

early development of mouth microbial communities. This is consistent with our finding 

of lower bacterial and VLP counts at this location compared to other microhabitats 

(Table 1; Fig 2).  
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Low abundances of bacteria were also observed at the tip of the tongue (Table 

1). These low abundances support previous culture-based studies where lower 

bacterial colony forming units (CFU) were produced from samples collected from the 

dorsal anterior of the tongue [24]. As with the palate, the lower abundance values here 

are expected to be a result of mucosal shedding due to friction at the tip of the tongue 

through speech and swallowing. It is also the area in the oral cavity most exposed to 

the external environment. As a result, it is likely a constantly changing environment, 

for example, changes in moisture content due to breathing through the mouth. 

Interestingly, the tongue was also the location in the oral cavity with the highest 

microbial abundances. Higher bacterial abundances were reported at the back of the 

tongue before and after sleep (Table 1; Fig 2). This result also supports previous 

bacterial culture based topographic tongue studies where the highest CFU counts 

were in the area posterior to the circumvallate papillae [24]. It is likely that the papillae 

structures at the back of the tongue contribute to these high abundances by providing 

an environment with a large surface area that encourages microbial growth. The 

crevasses and fissures formed by these structures trap small food particles and 

provide refuge for microbes from saliva flow and clearance [24]. 

Post-nasal drip from the sinuses down the back of the throat to the back of the 

tongue may also be a contributing factor to the high microbial abundances at the back 

of the tongue. It is well established that the sinuses are colonised by bacteria and 

viruses and that these microbes can be found at ‘high’ concentrations [12, 25, 26]. 

Previous studies have shown certain strains of sinus bacteria are also found in the 

lower respiratory tract of newly transplanted lungs [27], suggesting the upper 

respiratory tract, including the sinuses, act as a microbial inoculant source. Therefore, 
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it is likely that post-nasal drip facilitates the addition and inoculation of bacteria and 

viruses from the sinuses to the oral cavity [28]. It is also likely that the mucus from the 

sinuses provides nutrients in the form of metabolites and proteins for the existing 

bacterial communities found at the back of the tongue [29]. 

High abundances of bacteria and VLPs were also found along the gingivae 

before and after sleep. Collected where the teeth and gums meet, it is possible that 

these samples consisted of plaque from the teeth as well as gum mucosa. 

Understanding the microbiology in this area is of significant interest to dental 

professionals as it is the site of for such oral diseases as dental caries and periodontal 

disease [30-32]. Plaque build-up on the teeth during the day and at night occurs 

through the attachment of specific genera of bacteria to the surface of the tooth to form 

a complex organised multi-genera consortium of microorganisms known as a biofilm 

[33-35]. This biofilm growth can extend below the gum into the periodontal pocket 

where it is protected from salivary clearance and daily oral hygiene practices. The 

periodontal pocket would also provide refuge for trapped food particles, which can be 

used as nutrients to support microbial growth. However, although some plaque 

fragments may have been removed, an analysis of the total plaque community in this 

study is unlikely as plaque is not as easily removed by a swab. Therefore, the microbial 

abundances presented in this study are ones loosely associated with surfaces that 

can easily be removed by a swab. 

Although bacterial heterogeneity was observed among locations before and 

after sleep, it was only observed in VLP abundances before sleep (Fig 3). Why VLPs 

were homogeneous after sleep is beyond the scope of this study. However, it warrants 
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further investigations into what, if any, factor is controlling viral dispersal in the oral 

cavity during sleep.  

During sleep, all sampled locations in the oral cavity significantly increased in 

bacteria and VLPs (p < 0.05; Figs 4 and 5). These increases may well be explained 

by differences in saliva secretion rates during the day and at night. Recently it has 

been shown that salivary flow creates gradients that influence the spatial organisation 

of the oral microbial communities [46]. It is known that saliva production and flow rate 

is elevated during the day compared to night during sleep [15, 16, 47, 48]. When food 

is consumed, predominantly during the day, an increase in saliva production is 

triggered to start the digestion process [8, 49]. Likewise, increased jaw movement as 

a result of speech also stimulates an increase in saliva production to lubricate the oral 

cavity [47]. When deglutition occurs to clear excess saliva or food, epithelial cells lining 

areas such as the palate, tongue, temporomandibular joint and gum line shed into the 

saliva taking with it the microbial rich mucosal layer [5, 22, 23]. Similarly, for the non-

shedding epithelial surfaces such as the teeth, it is likely small plaque biofilm 

fragments break off and shed into the saliva. Therefore, during sleep when there is 

reduced saliva production and deglutition it would be expected that less microbial 

shedding would occur allowing more time for bacterial and VLP microbial community 

development.  

Saliva also contains mucin molecules that play a role in controlling the microbial 

communities in the oral cavity due to their antibacterial properties [15, 50-52]. These 

mucins promote aggregation and removal of oral bacteria [15, 50-52]. Therefore, it 

could be postulated that when there is a reduction in saliva secretion during sleep, 

antimicrobial mucins will be at a lower concentration and will therefore result in an 
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increase in the oral bacteria. Here we show that during sleep oral bacteria significantly 

increase by up to 108 bacteria. Therefore, it is reasonable to suggest that saliva is 

involved in regulating oral microbial abundance. 

Along with its antimicrobial properties, saliva is also involved in the dilution of 

sugars and buffering acids derived from both microbes and dietary intake [15, 53]. 

With reduced ‘flushing’ of saliva through the oral cavity during sleep, it could be 

postulated that each microbial habitat in the oral cavity becomes more distinct and 

individualised based on its environment (i.e. pH or nutrient concentrations). This is 

supported by the breakdown of the bacterial network during sleep (Fig 6).  This shows 

that there are fewer interactions between locations with each area acting more 

independently. However, although there is also a breakdown in the number of 

connections between locations for VLP during sleep, the strength of most of the 

correlations increases (Fig 7). This suggests that unlike bacteria, the VLP in the oral 

cavity are less likely to be impacted by the individualised conditions of each oral 

environment. This is again supported by the homogenisation of VLP abundances after 

sleep (Fig 3). 

For this study, the participants involved did not engage in oral hygiene practices 

before sleep. The reasoning for this was to control for any biases introduced through 

individuality in the cleaning process. Therefore, it is expected that the abundance 

profiles generated in this study are on the higher end of the spectrum as plaque and 

nutrients in the form of trapped food particles that would have typically been removed 

remained. This too could provide another possible explanation for the significant 

increases in microbial concentrations.  
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In conclusion, our results demonstrate that flow cytometry can successfully be 

used as a tool to enumerate bacteria and VLPs from oral swab samples. Here we 

show that the oral cavity is a numerically dynamic heterogeneous environment. This 

further highlights and supports the importance of defining the oral cavity by its various 

microhabitats rather than as a whole. In addition, the microbial abundances within the 

oral cavity change over time and counts increase by up to 100 million bacteria and 70 

million VLPs during sleep. This demonstrates that the oral cavity is an active bacterial 

and viral environment during sleep and that changes in oral environmental conditions 

can have a large impact on the absolute microbial abundances. As the oral 

microbiome taxonomically changes with each developmental stage of life [5, 54], 

future studies into the absolute microbial counts at different age groups will assist in 

identifying if these microbial abundance dynamics are specific to age. Knowledge of 

the differences in the microbial abundance dynamics of the oral cavity may aid in the 

diagnosis and the development of personalised treatment options for oral related 

diseases.  
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Supporting information 

S1 Table. Bacterial abundances in the oral cavity before sleep for each participant. Eluted swab samples were prepared and run three 
times on the flow cytometer as method replicates (R). Participant’s average bacterial abundances before sleep were calculated using these 
three values (S5 Table). 
 

 
Participant 

1 2 3 4 5 6 7 8 9 10 

Temporomandibular 
joint 

R1 1.6E+07 4.4E+06 4.2E+06 3.7E+06 3.7E+06 2.3E+05 4.7E+05 5.4E+05 1.2E+06 2.3E+06 

R2 1.0E+07 4.2E+06 4.5E+06 3.4E+06 3.8E+06 2.5E+05 4.5E+05 6.8E+05 1.4E+06 2.3E+06 

R3 1.2E+07 3.9E+06 4.1E+06 3.9E+06 1.2E+06 2.2E+05 5.8E+05 7.0E+05 7.2E+05 2.1E+06 

Back of tongue 

R1 2.6E+07 8.9E+07 3.3E+07 4.6E+07 9.6E+06 2.4E+07 3.9E+07 1.6E+07 9.4E+06 8.1E+06 

R2 2.3E+07 9.8E+07 2.9E+07 4.6E+07 5.8E+06 2.6E+07 3.6E+07 1.9E+07 9.2E+06 6.9E+06 

R3 2.2E+07 7.3E+07 2.5E+07 4.6E+07 8.8E+06 2.8E+07 3.9E+07 1.3E+07 8.0E+06 7.6E+06 

Gingivae 

R1 6.8E+07 1.4E+07 2.2E+07 3.8E+06 1.1E+07 6.2E+05 1.4E+07 1.1E+07 1.4E+07 4.7E+06 

R2 8.9E+07 1.8E+07 1.8E+07 2.8E+06 7.4E+06 4.5E+05 1.6E+07 1.3E+07 1.2E+07 3.2E+06 

R3 9.9E+07 1.7E+07 1.4E+07 3.3E+06 9.7E+06 5.0E+05 1.3E+07 9.1E+06 1.1E+07 4.5E+06 

Palate 

R1 2.1E+06 2.1E+06 2.3E+05 1.7E+06 1.9E+05 1.5E+05 7.3E+04 9.2E+04 4.4E+05 2.4E+05 

R2 1.9E+06 2.3E+06 1.9E+05 1.6E+06 1.6E+05 1.6E+05 9.8E+04 7.5E+04 4.7E+05 2.5E+05 

R3 2.1E+06 2.3E+06 1.2E+05 1.5E+06 8.2E+04 1.7E+05 8.9E+04 8.5E+04 3.7E+05 1.9E+05 

Molars 

R1 9.8E+05 1.7E+07 8.2E+06 3.7E+06 4.9E+06 5.3E+05 5.4E+05 3.8E+05 1.0E+07 3.9E+06 

R2 1.9E+06 1.5E+07 7.7E+06 3.3E+06 4.5E+06 5.3E+05 6.4E+05 3.4E+05 9.8E+06 3.4E+06 

R3 1.7E+06 1.6E+07 6.9E+06 2.9E+06 4.0E+06 4.6E+05 4.6E+05 2.0E+05 1.2E+07 3.1E+06 

Tip of tongue 

R1 2.3E+06 1.7E+07 4.6E+05 1.6E+06 2.3E+05 1.8E+05 5.4E+05 3.2E+05 1.2E+06 2.2E+06 

R2 2.0E+06 1.9E+07 5.6E+05 1.6E+06 3.4E+05 1.9E+05 4.3E+05 2.2E+05 9.6E+05 1.3E+06 

R3 3.0E+06 1.6E+07 5.0E+05 1.4E+06 1.1E+05 2.2E+05 3.8E+05 2.4E+05 9.7E+05 1.5E+06 
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S2 Table. Bacterial abundances in the oral cavity after sleep for each participant. Eluted swab samples were prepared and run three 

times on the flow cytometer as method replicates (R). Participant’s average bacterial abundances after sleep were calculated using these three 

values (S6 Table).  

 
Participant 

1 2 3 4 5 6 7 8 9 10 

Temporomandibular 
joint 

R1 8.1E+07 3.9E+06 2.5E+06 4.1E+07 7.1E+06 3.3E+07 6.8E+06 2.9E+06 1.2E+07 2.0E+07 

R2 5.0E+07 3.3E+06 3.4E+06 5.1E+07 8.6E+06 3.9E+07 1.3E+07 2.9E+06 8.6E+06 3.3E+07 

R3 7.4E+07 2.8E+06 2.9E+06 4.4E+07 8.4E+06 3.6E+07 9.4E+06 1.7E+06 1.2E+07 2.7E+07 

Back of tongue 

R1 1.4E+08 8.0E+07 1.9E+08 1.5E+08 8.9E+07 1.2E+08 4.0E+07 7.5E+07 2.3E+08 2.3E+08 

R2 1.2E+08 1.6E+08 1.6E+08 2.4E+08 7.5E+07 7.6E+07 4.6E+07 5.7E+07 2.1E+08 2.3E+08 

R3 1.6E+08 1.9E+08 1.7E+08 2.4E+08 4.8E+07 1.0E+08 3.4E+07 5.7E+07 1.7E+08 1.7E+08 

Gingivae 

R1 6.3E+07 5.5E+07 8.3E+06 1.8E+07 2.7E+07 2.3E+07 2.2E+07 7.9E+07 3.2E+07 7.5E+07 

R2 6.5E+07 6.5E+07 2.4E+07 1.7E+07 3.4E+07 2.6E+07 1.8E+07 7.4E+07 4.5E+07 7.0E+07 

R3 7.5E+07 3.1E+07 1.9E+07 1.7E+07 1.8E+07 2.3E+07 2.0E+07 5.1E+07 3.6E+07 9.3E+07 

Palate 

R1 9.6E+06 1.2E+06 2.2E+06 3.0E+06 2.4E+06 1.2E+07 4.9E+05 4.1E+05 4.3E+06 2.2E+06 

R2 1.5E+07 2.2E+06 1.5E+06 4.8E+06 2.3E+06 1.5E+07 7.1E+05 3.3E+05 5.5E+06 1.8E+06 

R3 9.9E+06 2.5E+06 1.6E+06 3.0E+06 3.3E+06 1.4E+07 6.2E+05 3.4E+05 4.6E+06 1.5E+06 

Molars 

R1 5.5E+07 1.1E+07 1.3E+07 1.3E+07 4.7E+07 2.6E+06 4.2E+06 3.3E+06 2.4E+07 1.6E+07 

R2 4.9E+07 1.7E+07 1.7E+07 1.4E+07 4.2E+07 2.9E+06 3.4E+06 2.5E+06 2.4E+07 2.1E+07 

R3 6.8E+07 1.6E+07 1.4E+07 2.0E+07 2.3E+07 2.6E+06 2.8E+06 2.0E+06 2.7E+07 1.5E+07 

Tip of tongue 

R1 9.2E+06 1.4E+07 5.4E+06 2.0E+07 1.0E+07 2.5E+07 1.1E+06 3.9E+06 2.7E+07 2.3E+07 

R2 7.0E+06 1.4E+07 5.2E+06 1.6E+07 1.1E+07 2.6E+07 1.5E+06 4.5E+06 2.6E+07 1.6E+07 

R3 6.5E+06 1.5E+07 4.6E+06 1.7E+07 6.6E+06 2.7E+07 9.3E+05 3.5E+06 2.4E+07 1.7E+07 



97 
 

S3 Table. VLP abundances in the oral cavity before sleep for each participant. Eluted swab samples were prepared and run 
three times on the flow cytometer as method replicates (R). Participant’s average VLP abundances before sleep were calculated 
using these three values (S7 Table). 

 

 
Participant 

1 2 3 4 5 6 7 8 9 10 

Temporomandibular 
joint 

R1 1.4E+07 8.2E+06 2.1E+06 6.0E+06 3.2E+06 2.5E+05 1.9E+06 1.2E+06 1.3E+06 1.5E+07 

R2 1.4E+07 1.0E+07 2.7E+06 6.7E+06 4.1E+06 4.7E+05 1.5E+06 1.6E+06 1.2E+06 2.7E+07 

R3 1.4E+07 8.9E+06 2.0E+06 5.3E+06 3.1E+06 4.1E+05 2.1E+06 1.3E+06 1.1E+06 9.2E+06 

Back of tongue 

R1 5.2E+07 3.3E+07 8.7E+06 7.6E+07 9.9E+06 3.9E+06 2.2E+06 1.0E+07 2.1E+07 2.5E+07 

R2 4.4E+07 3.6E+07 7.5E+06 5.8E+07 8.8E+06 3.8E+06 1.1E+06 1.2E+07 2.0E+07 2.7E+07 

R3 4.9E+07 2.6E+07 1.2E+07 4.9E+07 1.0E+07 4.2E+06 1.5E+06 6.3E+06 1.2E+07 2.9E+07 

Gingivae 

R1 8.9E+07 4.3E+07 1.6E+07 1.3E+07 1.1E+07 1.5E+06 1.7E+07 2.5E+07 4.9E+06 3.3E+06 

R2 9.6E+07 4.9E+07 1.4E+07 1.4E+07 1.4E+07 1.3E+06 1.2E+07 2.4E+07 5.8E+06 2.8E+06 

R3 1.2E+08 5.6E+07 2.2E+07 1.2E+07 8.4E+06 1.3E+06 1.7E+07 1.2E+07 4.8E+06 4.6E+06 

Palate 

R1 3.2E+06 1.6E+06 2.3E+05 9.1E+06 2.3E+05 1.4E+06 8.7E+04 4.9E+05 1.4E+06 8.4E+05 

R2 2.4E+06 1.6E+06 8.0E+04 1.3E+07 6.1E+05 1.5E+06 9.0E+04 2.4E+05 8.9E+05 6.8E+05 

R3 3.0E+06 2.1E+06 1.8E+05 1.1E+07 2.2E+05 1.2E+06 1.1E+05 1.9E+05 5.6E+05 4.6E+05 

Molars 

R1 1.9E+07 1.9E+07 1.2E+06 1.3E+07 3.4E+06 1.1E+06 9.2E+04 7.3E+06 7.8E+06 1.3E+07 

R2 1.7E+07 2.3E+07 1.6E+06 9.1E+06 3.1E+06 1.2E+06 1.3E+05 7.9E+06 8.1E+06 2.1E+07 

R3 2.4E+07 2.4E+07 1.1E+06 1.5E+07 2.0E+06 8.1E+05 8.6E+04 3.9E+06 7.7E+06 1.4E+07 

Tip of tongue 

R1 3.6E+06 1.0E+07 4.1E+05 9.1E+06 2.7E+05 5.5E+05 3.4E+05 2.2E+06 8.5E+05 6.4E+06 

R2 4.0E+06 1.2E+07 6.3E+05 7.6E+06 8.1E+05 3.9E+05 1.5E+05 2.0E+06 8.5E+05 8.7E+06 

R3 4.1E+06 1.2E+07 8.3E+05 7.9E+06 5.2E+05 4.0E+05 2.0E+05 4.7E+06 6.9E+05 4.6E+06 
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S4 Table. VLP abundances in the oral cavity after sleep for each participant. Eluted swab samples were prepared and run 
three times on the flow cytometer as method replicates (R). Participant’s average VLP abundances after sleep were calculated 
using these three values (S8 Table). 
 
 

 

 
Participant 

1 2 3 4 5 6 7 8 9 10 

Temporomandibular 
joint 

R1 1.9E+08 2.4E+06 9.5E+05 7.4E+07 1.7E+06 1.1E+08 4.0E+06 8.2E+06 7.9E+06 1.3E+08 

R2 2.5E+08 7.6E+06 1.0E+06 1.4E+08 3.4E+06 1.1E+08 2.4E+06 7.9E+06 1.3E+07 1.0E+08 

R3 1.8E+08 6.4E+06 8.4E+05 1.0E+08 4.0E+06 1.4E+08 2.9E+06 3.1E+06 1.1E+07 9.6E+07 

Back of tongue 

R1 3.9E+08 3.1E+07 1.7E+07 8.3E+07 8.9E+06 8.2E+07 1.0E+07 1.2E+07 1.2E+07 5.6E+07 

R2 4.6E+08 6.2E+07 1.4E+07 1.5E+08 6.6E+06 1.0E+08 8.4E+06 1.2E+07 1.2E+07 6.1E+07 

R3 7.3E+08 6.2E+07 2.1E+07 1.5E+08 6.6E+06 1.1E+08 8.0E+06 7.9E+06 1.1E+07 6.9E+07 

Gingivae 

R1 1.7E+08 2.1E+08 4.0E+06 4.3E+07 7.0E+06 8.8E+07 3.9E+06 1.2E+08 3.0E+07 3.2E+08 

R2 1.1E+08 2.7E+08 5.3E+06 9.2E+07 1.6E+07 1.1E+08 5.6E+06 1.1E+08 3.5E+07 2.3E+08 

R3 1.6E+08 6.0E+07 6.8E+06 2.6E+07 4.8E+06 8.0E+07 7.6E+06 8.0E+07 3.0E+07 3.1E+08 

Palate 

R1 8.7E+07 2.9E+06 4.2E+05 1.1E+07 3.3E+06 1.3E+07 2.6E+05 9.8E+05 1.7E+06 6.7E+06 

R2 1.6E+08 2.8E+06 5.5E+05 1.6E+07 3.6E+06 1.4E+07 4.9E+05 1.4E+06 2.3E+06 5.2E+06 

R3 6.3E+07 1.5E+06 6.1E+05 1.1E+07 4.2E+06 1.3E+07 4.9E+05 9.0E+05 2.1E+06 5.3E+06 

Molars 

R1 2.6E+08 1.7E+07 1.2E+07 1.8E+07 3.3E+07 1.0E+07 1.1E+06 4.1E+06 6.9E+07 7.0E+07 

R2 2.4E+08 1.6E+07 1.0E+07 2.6E+07 2.4E+07 1.0E+07 1.3E+06 4.8E+06 4.4E+07 5.8E+07 

R3 5.4E+08 2.1E+07 1.6E+07 2.6E+07 3.0E+07 9.7E+06 2.1E+06 4.3E+06 6.9E+07 5.8E+07 

Tip of tongue 

R1 3.6E+07 4.9E+06 7.2E+05 3.6E+07 1.2E+06 8.2E+07 4.9E+05 7.1E+06 3.4E+06 2.3E+07 

R2 1.8E+07 5.3E+06 5.6E+05 2.6E+07 1.7E+06 9.3E+07 3.7E+05 1.0E+07 3.0E+06 2.0E+07 

R3 1.7E+07 4.0E+06 9.9E+05 1.4E+07 1.3E+06 8.4E+07 1.8E+05 7.6E+06 2.9E+06 1.6E+07 
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S5 Table. Participant’s average bacterial counts for each sample site in the oral cavity before sleep. 

 

 

 

 

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 1.28E+07 2.38E+07 8.52E+07 2.05E+06 1.51E+06 2.45E+06 

2 4.19E+06 8.66E+07 1.62E+07 2.22E+06 1.59E+07 1.74E+07 

3 4.28E+06 2.91E+07 1.79E+07 1.80E+05 7.61E+06 5.05E+05 

4 3.67E+06 4.60E+07 3.32E+06 1.63E+06 3.29E+06 1.57E+06 

5 2.91E+06 8.05E+06 9.52E+06 1.44E+05 4.45E+06 2.29E+05 

6 2.36E+05 2.61E+07 5.25E+05 1.61E+05 5.06E+05 1.99E+05 

7 4.99E+05 3.82E+07 1.46E+07 8.65E+04 5.46E+05 4.50E+05 

8 6.39E+05 1.62E+07 1.12E+07 8.41E+04 3.08E+05 2.64E+05 

9 1.08E+06 8.85E+06 1.23E+07 4.29E+05 1.07E+07 1.03E+06 

10 2.25E+06 7.53E+06 4.16E+06 2.27E+05 3.48E+06 1.64E+06 
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S6 Table. Participant’s average bacterial counts for each sample site in the oral cavity after sleep. 

 

 

 

 

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 6.83E+07 1.40E+08 6.78E+07 1.17E+07 5.73E+07 7.59E+06 

2 3.36E+06 1.42E+08 5.00E+07 1.99E+06 1.44E+07 1.42E+07 

3 2.94E+06 1.75E+08 1.69E+07 1.73E+06 1.48E+07 5.07E+06 

4 4.50E+07 2.07E+08 1.75E+07 3.60E+06 1.58E+07 1.74E+07 

5 8.05E+06 7.06E+07 2.60E+07 2.66E+06 3.72E+07 9.30E+06 

6 3.61E+07 9.99E+07 2.41E+07 1.39E+07 2.69E+06 2.59E+07 

7 9.73E+06 3.99E+07 1.99E+07 6.06E+05 3.47E+06 1.18E+06 

8 2.49E+06 6.31E+07 6.81E+07 3.60E+05 2.62E+06 3.94E+06 

9 1.09E+07 2.03E+08 3.78E+07 4.82E+06 2.51E+07 2.53E+07 

10 2.68E+07 2.10E+08 7.97E+07 1.83E+06 1.74E+07 1.86E+07 
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S7 Table. Participant’s average VLP counts for each sample site in the oral cavity before sleep.  

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 1.41E+07 4.83E+07 1.00E+08 2.89E+06 2.04E+07 3.90E+06 

2 9.14E+06 3.15E+07 4.93E+07 1.77E+06 2.23E+07 1.13E+07 

3 2.23E+06 9.23E+06 1.73E+07 1.63E+05 1.33E+06 6.24E+05 

4 5.97E+06 6.12E+07 1.27E+07 1.08E+07 1.24E+07 8.18E+06 

5 3.49E+06 9.70E+06 1.11E+07 3.55E+05 2.82E+06 5.29E+05 

6 3.76E+05 3.96E+06 1.37E+06 1.37E+06 1.02E+06 4.45E+05 

7 1.82E+06 1.62E+06 1.52E+07 9.42E+04 1.04E+05 2.28E+05 

8 1.40E+06 9.63E+06 2.01E+07 3.04E+05 6.39E+06 2.97E+06 

9 1.19E+06 1.80E+07 5.19E+06 9.54E+05 7.86E+06 7.98E+05 

10 1.71E+07 2.69E+07 3.56E+06 6.57E+05 1.59E+07 6.55E+06 
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S8 Table. Participant’s average VLP counts for each sample site in the oral cavity after sleep.  

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 2.07E+08 5.28E+08 1.49E+08 1.02E+08 3.44E+08 2.36E+07 

2 5.44E+06 5.16E+07 1.82E+08 2.42E+06 1.80E+07 4.73E+06 

3 9.47E+05 1.74E+07 5.38E+06 5.30E+05 1.28E+07 7.53E+05 

4 1.05E+08 1.26E+08 5.39E+07 1.29E+07 2.34E+07 2.52E+07 

5 3.01E+06 7.38E+06 9.25E+06 3.71E+06 2.92E+07 1.40E+06 

6 1.20E+08 9.83E+07 9.39E+07 1.33E+07 1.00E+07 8.62E+07 

7 3.11E+06 8.84E+06 5.71E+06 4.12E+05 1.52E+06 3.48E+05 

8 6.38E+06 1.05E+07 1.04E+08 1.08E+06 4.39E+06 8.20E+06 

9 1.07E+07 1.16E+07 3.19E+07 2.03E+06 6.07E+07 3.09E+06 

10 1.08E+08 6.20E+07 2.87E+08 5.70E+06 6.16E+07 1.96E+07 
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Abstract 

In this study we measured the absolute microbial abundance variation in the 

oral cavity of paediatric sleep disorder breathers (SDB). Using flow cytometry, 

bacterial and virus-like particle (VLP) populations at 6 locations in the oral cavity of 

SDB were enumerated and analysed for regions of heterogeneity. Oral swab samples 

were collected from 20 paediatric SDB participants at the temporomandibular joint, 

back of the tongue, tip of the tongue, palate, gingivae and molars prior to and 

preceding their polysomnography sleep analysis. We report that, like the healthy 

paediatric oral microbiome, the paediatric SDB oral cavity is numerically 

heterogeneous in microbial communities, and that these communities significantly 

increase in abundance during sleep by counts of up to 70 million. We also report 

significant VLP count differences of up to 23 million between the healthy and SDB 

paediatric oral microbiome. Here we show that oral biomass varies between healthy 

and SDB oral cavities. Therefore, we highlight the importance of controlling for time 

and location in comparative human microbiome studies as this biomass changes 

based on space and time.  
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Introduction 

During sleep, the pharyngeal muscles in the upper airway are in a complex 

balance [1]. If this balance is disrupted, airway collapsibility may result, increasing 

upper airway resistance and reducing air flow [1].  Defined as a continuum respiratory 

disorder ranging from mild snoring to severe obstructive sleep apnoea syndrome 

(OSA), sleep disorder breathing (SDB) affects 10% of the paediatric population [2].  

One major factor to the disorder is the impairment of normal ventilation and sleep 

pattern due to upper airway obstruction in the form of adenotonsillar hypertrophy [3]. 

If left untreated, paediatric SDB can lead to numerous behavioural, neurocognitive, 

cardiovascular and growth issues [4].  

The oral cavity is part of the upper airway and has been a site of interest for 

numerous microbiome studies as it is thought to be the gateway to the respiratory and 

digestive systems [5]. It has been well established that the oral cavity is colonised by 

an array of microbes [5-7] and that these microbes are niche specific based on the 

various microhabitats present [8]. These microhabitats differ not only in surface 

structure but also in environmental conditions including oxygen, pH and temperature 

[7, 9, 10]. These microhabitats in the healthy paediatric oral cavity are numerically 

heterogeneous and increase in abundance during sleep [11, 12].  

With increasing evidence suggesting sleep perturbations alter the gut 

microbiota [13-15]; it is reasonable to suggest that perturbations in sleeping patterns 

could also have a similar effect on the oral microbiome. Using flow cytometry we 

investigated the oral microbial abundance profiles of SDB before and after sleep. Flow 

cytometry can enumerate bacteria and virus-like particles (VLPs) based on particle 

size and DNA content. For this study, VLPs refer to small particles with a low DNA 
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concentration, the characteristics of viruses. We, therefore, aim to investigate the 

abundance variation in bacteria and VLPs in paediatric SDB to determine if they are 

different to previously reported healthy paediatric populations.  

Materials and Methods 

Ethics statement 

This study was approved by The Human Research Ethics Committees of the 

Women’s and Children’s Hospital and University of Adelaide, South Australia.  

Participants involved were a subgroup of SDB children from a larger study 

investigating the effects of SDB on development. The study was conducted in 

accordance with the 1964 Declaration of Helsinki and its later amendments. Parents 

of participants provided written consent and children written assent for involvement in 

the study. Child’s health and behaviour questionnaire were completed by the parents 

of the participants prior to sample collection. 

Sample collection 

Samples were collected from 20 paediatric SDB (female n = 8, male n = 12) 

undergoing a polysomnography sleep test. Participant ages ranged from 4.75 to 18.92 

years with a group average of 12.26 ± 1.00 years. BMI’s were between 12.50 and 

38.30 with an overall group average of 22.83 ± 1.55. Participants were asked to refrain 

from oral hygiene practices for the duration of the study. 

Oral microhabitats were sampled using individually packaged sterile rayon 

swabs (Copan, Brescia, Italy; product code: 155C) as previously described [12]. Each 

swab, stored in its own individual polypropylene tube, had a diameter of approximately 

5 mm and a plastic shaft length of 13.3 cm. Swabs were collected from each participant 
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at the left temporomandibular joint, the middle of the back of the tongue, the occlusal 

site of the last two distal molars on the bottom jaw on the right side, the gingival margin 

of the last proximal molar on the right lower jaw, the middle of the palate and the middle 

of the tip of the tongue. These samples will be referred to in this article as the 

temporomandibular joint, back of tongue, molars, gingivae, palate and tip of tongue 

respectively. Swabs were collected from participants between 8.30-9.00 pm just prior 

to lights out (before sleep) and between 6.00-6.30 am the following morning upon 

awakening (after sleep). Samples were collected from participants by the same 

researcher before and after sleep at the same location by rotating the swab clockwise 

6 times. Once collected, swabs were placed back into their polypropylene tubes and 

stored at -80°C until analysis.  

Swab sample preparation 

Swab samples were prepared according to methods previously described [12]. 

Briefly, thawed swab tips were cut off and vortexed for 3 minutes in 1 ml of sterile (0.2 

µm filtered and UV treated) TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4, Sigma). Swab 

elute was diluted 1:100 in 0.2 µm filtered and UV treated TE buffer, then stained with 

SYBR-I Green (1:20,00 final dilution; Molecular Probes) [16]. Samples were then 

incubated in the dark at 80°C for 10 minutes [16]. Sterile rayon swabs were used as a 

control and were prepared in the same manner as the participant samples. These 

samples were used to eliminate any background artefacts introduced from the swab 

or the sample preparation. Each swab sample was prepared in triplicate for analysis 

(S1-S4 Tables). Flow cytometric parameters were normalised based on the 

fluorescence and concentration of 1 µm fluorescent beads (Molecular Probes) [17]. 

These beads were added to each sample at a concentration of 105 beads ml-1 [17]. 
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Flow cytometry 

A FACSCanto ll flow cytometer (Becton Dickinson) fitted with red (633 nm, 17 

mW), Violet (405 nm, 30 mW) and blue (488 nm, 20 mW) lasers was used to identify 

and enumerate bacterial and VLP populations from the swab samples. For each 

sample, green florescence, forward angle light scatter and side angle light scatter were 

recorded. Phosphate-buffered saline was used as sheath fluid in the flow cytometer. 

FlowJo software (Tree Star, Inc) was used to enumerate and analyse bacterial 

and VLP populations. Bacterial and VLP populations in the samples were 

differentiated using SYBR Green fluorescence and side scatter [16, 18, 19] 

Data analysis 

Statistical analysis of the abundance data was analysed using the program 

MATLAB (MathWorks, Natick, Massachusetts, United States). Paired comparisons of 

bacterial and VLP abundances among locations before and after sleep were analysed 

using the Mann-Whitney U test. The Wilcoxon sign rank test was used to compare 

bacterial and VLP abundances before and after sleep in SDB. The Mann-Whitney U 

test was also used to compare SDB bacterial and VLP abundances to microbial counts 

previously published on the healthy paediatric oral cavity [12]. P values were corrected 

for false positives using the multiple comparisons hypothesis for false discovery [20]. 

Statistical significance was considered when p < 0.05. 
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Results  

SDB bacterial abundance heterogeneity before sleep 

The average bacterial abundances for each microhabitat in the SDB oral cavity 

before sleep are presented in Table 1. The palate was the area in the oral cavity with 

the lowest abundances of bacteria before sleep with participant averages ranging from 

3.80 x 104 to 6.79 x 106 bacteria (Table 1; S5 Table). The group average of 9.55 ± 

3.88 x 105 bacteria for this location was significantly lower in abundance than tip of the 

tongue (1.96 ± 0.54 x 106 bacteria; p = 0.006), molars (3.19 ± 0.86 x 106 bacteria; p = 

0.001), temporomandibular joint (4.50 ± 0.95 x 106 bacteria; p < 0.0001), back of the 

tongue (1.90 ± 0.36 x 107 bacteria; p < 0.0001) and gingivae (2.56 ± 0.70 x 107 bacteria; 

p < 0.0001). No significant difference was observed between the average bacterial 

abundances at the gingivae (2.56 ± 0.70 x 107 bacteria) and the back of the tongue 

(1.90 ± 0.36 x 107 bacteria) before sleep (Fig 1; Table 1; p > 0.05). Participants 

bacterial counts at these two locations ranged from 2.83 x 105 (back of the tongue) to 

1.05 x 108 (gingivae) with a combined average of 2.23 ± 0.39 x 107 bacteria for both 

locations (Table 1; S5 Table). The gingivae (2.56 ± 0.70 x 107 bacteria) were 

significantly higher in bacterial abundance before sleep than the temporomandibular 

joint (4.50 ± 0.95 x 106 bacteria; p = 0.0039), palate (9.55 ± 3.88 x 105 bacteria; p < 

0.0001), molars (3.19 ± 0.86 x 106 bacteria; p = 0.00031) and tip of tongue (1.96 ± 

0.54 x 106 bacteria; p < 0.0001; Fig 1; Table 1). A significantly higher bacterial 

abundance at the back of tongue was also reported compared to the 

temporomandibular joint (4.50 ± 0.95 x 106 bacteria; p = 0.0012), palate (9.55 ± 3.88 

x 105 bacteria; p < 0.0001), molars (3.19 ± 0.86 x 106 bacteria; p = 0.00026) and tip of 

tongue (1.96 ± 0.54 x 106 bacteria; p < 0.0001; Fig 1; Table 1). Finally, the 
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temporomandibular joint (4.50 ± 0.95 x 106 bacteria) was reported to be significantly 

higher in bacterial abundance than the tip of the tongue (1.96 ± 0.54 x 106 bacteria; p 

= 0.013; Fig 1; Table 1). All other locations, when paired with each other, did not show 

a significant difference in bacterial abundances (Fig 1; p > 0.05). Overall there was a 

2.47 x 107 range difference between the highest and lowest bacterial counts before 

sleep in the oral cavity, a difference of approximately 27 times (Table 1). 
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Table 1. Average bacterial abundances within the paediatric SDB oral cavity. 

Error represents the standard error of the mean. Wilcoxon sign rank tests p values 

were corrected for false discovery rates. Percentage increases were calculated by 

taking an average of each patient’s percentage increase/decrease in bacteria for each 

location.  

 

 

 

Sample location 
Bacteria before 

sleep (± SEM) 

Bacteria after 

sleep (± SEM) 

Average 

increase in 

bacteria (± SEM) 

Percentage 

increase (± 

SEM) 

p value 

 

Temporomandibular 

joint 

4.50 x 106 

(9.46 x 105) 

2.65 x 107 

(6.88 x 106) 

2.21 x 107 

(7.08 x 106) 

2097 

(1112%) 
< 0.0001 

Back of tongue 
1.90 x 107 

(3.64 x 106) 

8.94 x 107 

(1.49 x 107) 

7.04 x 107 

(1.33 x 107) 

1005 

(425%) 
< 0.0001 

Gingivae 
2.56 x 107 

(6.96 x 106) 

5.80 x 107 

(1.65 x 107) 

3.24 x 107 

(1.26 x 107) 

485 

(175%) 
< 0.0001 

Palate 
9.55 x 105 

(3.88 x 105) 

3.88 x 106 

(9.15 x 105) 

2.93 x 106 

(9.81 x 105) 

2080 

(560%) 
< 0.0001 

Molars 
3.19 x 106 

(8.61 x 105) 

1.59 x 107 

(4.98 x 106) 

1.27 x 107 

(4.75 x 106) 

1312 

(395%) 
< 0.0001 

Tip of tongue 
1.96 x 106 

(5.38 x 105) 

1.50 x 107 

(4.79 x 106) 

1.30 x 107 

(4.41 x 106) 

1297 

(321%) 
< 0.0001 
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Figure 1. Mann-Whitney U tests for bacterial heterogeneity in the oral cavity 

before and after sleep in SDB. Significant differences between locations are shown 

in green (p < 0.05). Non-significant differences are shown in red (p > 0.05). Mann-

Whitney U test comparisons have been corrected for false discovery rates. 
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SDB bacterial abundance heterogeneity after sleep 

 Bacterial counts of 3.88 ± 0.92 x 106 at the palate were significantly lower than 

the temporomandibular joint (2.65 ± 0.69 x 107 bacteria; p = 0.00023), back of tongue 

(8.94 ± 1.49 x 107 bacteria; p < 0.0001), gingivae (5.80 ± 1.65 x 107 bacteria; p < 

0.0001), molars (1.59 ± 0.50 x 107 bacteria; p = 0.00096) and tip of tongue (1.50 ± 0.48 

x 107 bacteria; p = 0.0068) in SDB after sleep (Fig 1; Table 1). The back of the tongue 

(8.94 ± 1.49 x 107 bacteria) was the location with the highest abundance of bacteria 

after sleep and was significantly higher than the temporomandibular joint (2.65 ± 0.69 

x 107 bacteria; p = 0.00092), gingivae (5.80 ± 1.65 x 107 bacteria; p = 0.046), palate 

(3.88 ± 0.92 x 106 bacteria; p < 0.0001), molars (1.59 ± 0.50 x 107 bacteria; p < 0.0001) 

and tip of tongue (1.50 ± 0.48 x 107 bacteria; p < 0.0001; Fig 1; Table 1).  The gingivae 

(5.80 ± 1.65 x 107 bacteria) were the location with the second highest abundance of 

bacteria in the oral cavity after sleep and were also significantly higher in bacterial 

counts than the temporomandibular joint (2.65 ± 0.69 x 107 bacteria; p = 0.047), palate 

(3.88 ± 0.92 x 106 bacteria; p < 0.0001), molars (1.59 ± 0.50 x 107 bacteria; p = 0.0039) 

and tip of tongue (1.50 ± 0.48 x 107 bacteria; p = 0.0015; Fig 1; Table 1). Finally, the 

temporomandibular joint (2.65 ± 0.69 x 107 bacteria) was also reported to be 

significantly higher in bacterial counts than the tip of the tongue (1.50 ± 0.48 x 107 

bacteria; p = 0.049) after sleep (Fig 1; Table 1). No significant difference was observed 

between bacterial counts at the molars and the temporomandibular joint or tip of the 

tongue after sleep (Fig 1; p > 0.05). Overall there was a bacterial range difference of 

23 times between the palate and the back of the tongue after sleep (Table 1). 
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SDB VLP abundance heterogeneity before sleep 

VLP counts of 1.38 ± 0.64 x 106 at the palate were significantly lower than the 

temporomandibular joint (6.36 ± 2.17 x 106 VLP; p = 0.0036), back of tongue (1.05 ± 

0.23 x 107 VLP; p = 0.00013), gingivae (3.05 ± 1.00 x 107 VLP; p = 0.00012), molars 

(4.69 ± 1.43 x 106 VLP; p = 0.0027) and tip of tongue (3.87 ± 1.48 x 106 VLP; p = 

0.014) before sleep (Fig 2; Table 2). No significant difference was observed between 

VLP abundances at the back of the tongue (1.05 ± 0.23 x 107 VLP) and gingivae (3.05 

± 1.00 x 107 VLP) before sleep (p > 0.05; Fig 2). However, VLPs at both locations were 

significantly higher than the molars (p = 0.035 and 0.021 respectively) and tip of the 

tongue (p = 0.014 and 0.012 respectively) before sleep (Fig 2; Table 2). All other paired 

comparisons among locations did not show a significant difference in VLP abundance 

before sleep (p > 0.05; Fig 2). A 22 times VLP difference was observed between the 

location with the highest (gingivae) and lowest (palate) VLP abundances in the oral 

cavity before sleep (Table 2). 
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Figure 2. Mann-Whitney U tests for VLP heterogeneity in the oral cavity before 

and after sleep in SDB. Significant differences between locations are shown in green 

(p < 0.05). Non-significant differences are shown in red (p > 0.05). Mann-Whitney U 

test comparisons have been corrected for false discovery rates. 
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Table 2. Average VLP abundances within the SDB paediatric oral cavity. Error 

represents the standard error of the mean. Wilcoxon sign rank tests p values were 

corrected for false discovery rates. Percentage increases were calculated by taking 

an average of each patient’s percentage increase/decrease in VLPs for each location. 

 

 

 

Sample location 
VLP before sleep 

(± SEM) 

VLP after sleep 

(± SEM) 

Average increase 

in VLP 

(± SEM) 

Percentage 

increase (± 

SEM) 

p value 

 

Temporomandibular 

joint 

6.36 x 106 

(2.17 x 106) 

3.43 x 107 

(1.22 x 107) 

2.08 x 107 

(1.07 x 107) 

3698 

(2195%) 
0.0001 

Back of tongue 
1.05 x 107 

(2.29 x 106) 

7.20 x 107 

(2.60 x 107) 

6.16 x 107 

(2.51 x 107) 

1038 

(377%) 
< 0.0001 

Gingivae 
3.05 x 107 

(1.00 x 107) 

7.72 x 107 

(3.13 x 107) 

4.67 x 107 

(2.48 x 107) 

1035 

(587%) 
0.0003 

Palate 
1.38 x 106 

(6.35 x 105) 

1.35 x 107 

(6.72 x 106) 

1.21 x 107 

(6.27 x 106) 

5443 

(2195%) 
< 0.0001 

Molars 
4.69 x 106 

(1.43 x 106) 

3.55 x 107 

(1.62 x 107) 

3.08 x 107 

(1.50 x 107) 

2160 

(1183%) 
< 0.0001 

Tip of tongue 
3.87 x 106 

(1.48 x 106) 

7.38 x 107 

(5.55 x 107) 

6.99 x 107 

(5.42 x 107) 

969 

(366%) 
< 0.0001 
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SDB VLP abundance homogeneity after sleep 

Participant VLP averages ranged from 1.21 ± 0.63 x 107 at the palate to 7.72 ± 

3.13 x 107 at the gingivae after sleep (S8 Table), a difference of approximately 6 times. 

Both the gingivae (7.72 ± 3.13 x 107 VLP) and the back of tongue (7.20 ± 2.60 x 107 

VLP) were reported to have significantly higher VLP counts than the palate (7.72 ± 

3.13 x 107 VLP) after sleep (p = 0.018 and p = 0.015 respectively; Fig 2; Table 2).  All 

other locations when compared with each other did not show significant differences in 

VLP abundance after sleep (p > 0.05; Fig 2).  

Significant increase in bacterial and VLP counts during sleep  

All sampled locations in SDB increased in average bacterial abundance during 

sleep (Fig 3). These increases were all significant (p < 0.05; Table 1). The area with 

the greatest average increase in bacteria after sleep was the back of the tongue with 

a 5 times count increase of 7.04 ± 1.33 x 107 bacteria (p < 0.0001; Table 1). The palate 

was the location with the smallest increase in bacteria with a 4 times increase of 2.93 

± 0.98 x 106 bacteria during sleep (p < 0.0001; Table 1). The temporomandibular joint, 

gingivae, molars and tip of tongue increased by 6, 2, 5 and 8 times respectively (p < 

0.0001; Table 1). Percentage increases ranged from approximately 490% at the 

gingivae to 2100% at the temporomandibular joint and palate (Table 1).  
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Figure 3. Bacterial loads in the paediatric SDB oral cavity before and after sleep. 

A significant increase in bacterial abundances was observed for all microhabitats after 

sleep (p < 0.05). The back of tongue and gingivae were the locations with the highest 

bacterial counts both before and after sleep. The lowest bacterial counts were 

recorded at the palate.  
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Similarly, with VLPs, all sample locations in SDB showed a significant increase 

in VLP abundance after sleep (p < 0.05; Fig 4; Table 2). The tip and the back of the 

tongue were the areas with the greatest increases in VLPs after sleep with 6.99 ± 5.42 

x 107 and 6.16 ± 2.51 x 107 VLP count increases respectively (p < 0.0001; Table 2). 

However, the tip of the tongue was the location with the lowest percentage increase 

in VLP with 970% (Table 2). The location with the lowest increase in VLPs was the 

palate with a count increase of 1.21 ± 6.3 x 107 VLP (p < 0.0001; Table 2). However, 

the palate was the location with the highest percentage increase in VLP with 5400% 

(Table 2). The temporomandibular joint, gingivae and molars increased in VLPs during 

sleep by approximately 5 (p = 0.00011), 3 (p = 0.00026) and 8 (p < 0.0001) times 

respectively (Table 2).  
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Figure 4. VLP loads in the paediatric SDB oral cavity before and after sleep. A 

significant increase in VLP abundances was observed for all microhabitats after sleep 

(p < 0.05). The gingivae and palate were the locations with the highest and lowest VLP 

counts before and after sleep respectively.  

 

 

 

 



121 
 

Significant differences in microbial concentrations between health states 

Mann-Whitney U comparisons were made between healthy and SDB bacterial 

and VLP abundances before and after sleep using previously published data [11, 12]. 

The average bacterial abundance at the back of the tongue in SDB (1.90 ± 0.36 x 107 

bacteria) was significantly lower (p = 0.047) than healthy individuals (2.90 ± 0.76 x 107 

bacteria) before sleep, with SDB having approximately 1.01 x 107 less bacteria than 

healthy participants at that location (S9 Table) [11, 12]. All other paired location 

comparisons before sleep between healthy and SDB did not show any significant 

differences in bacterial concentration (p > 0.05; S9 Table).  After sleep, bacterial 

abundances at the back of the tongue in SDB (8.94 ± 1.49 x 107 bacteria) were also 

significantly lower than healthy participants (1.35 ± 1.49 x 107 bacteria) by 

approximately 4.56 x 107 bacteria (p = 0.019; S9 Table). No other paired location 

comparisons between healthy and SDB bacterial counts after sleep showed a 

significant difference (p > 0.05; S9 Table). 

Significant differences in VLP concentrations were identified for all locations 

before sleep between healthy and SDB participants (p < 0.05; S10 Table). Before 

sleep, SDB were 6.78 x 105 VLP higher at the temporomandibular joint (p = 0.013), 

6.89 x 106 VLP higher at the gingivae (p = 0.0089) and 3.23 x 105 VLP higher at the 

tip of the tongue (p = 0.018) than healthy participants (S10 Table) [12]. However, SDBs 

were significantly lower in VLP abundances than healthy individuals at the back of the 

tongue (p = 0.0041), palate (p = 0.0052) and molars (p = 0.0052) with 1.15 x 107, 5.57 

x 105 and 4.36 x 106 less VLP respectively (S10 Table).  After sleep, SDB had 

significantly lower VLP abundances than healthy individuals at the temporomandibular 

joint (p = 0.045), back of the tongue (p = 0.045), gingivae (p = 0.025) and molars (p = 

0.022) with count differences of 2.26 x 107, 2.02 x 107, 1.49 x 107 and 2.11 x 107 VLP 
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respectively between health states (S10 Table) [12]. No significant difference was 

observed between VLP concentrations in healthy and SDBs at the palate and the tip 

of the tongue (p > 0.05; S10 Table). 

Mann-Whitney U comparisons were also used to identify any significant 

differences in the average increases in bacteria and VLPs between healthy and SDB 

for each location. Average increases in bacterial concentrations at all locations in 

SDBs were not significantly different to the average bacterial increases at the 

corresponding location in healthy individuals (p > 0.05). The same could be said for 

the average VLP increases for each location between healthy and SDBs (p > 0.05).  

Discussion 

In this study, we present the absolute microbial abundances of oral 

microhabitats in SDB before and after sleep. Our results suggest that like the healthy 

paediatric oral microbiome [11, 12], the paediatric SDB oral cavity is numerically 

heterogeneous in bacteria and VLP among microhabitats. Our data also supports our 

previous finding of a significant increase in bacterial and VLP populations at each 

microhabitat during sleep (p < 0.05; Figs 3 and 4; Tables 1 and 2) [11, 12]. 

Furthermore, we show the absolute VLP abundances in SDB significantly differ to 

healthy controls (p < 0.05). However, based on this study alone we cannot corroborate 

if these differences are a cause or result of SDB.  

Previous taxonomic and absolute abundance profiles of the microbial 

communities in the healthy oral cavity have identified regions of heterogeneity among 

microhabitats [8, 11, 12]. These microbial patterns of spatial variation are thought to 

be influenced by factors such as oral anatomy, oral hygiene, moisture levels, 
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temperature gradients, pH gradients, salivary flow, abrasion (i.e. form the tongue), 

surface structure (i.e. soft shedding mucosa and non-shedding tooth surfaces) and 

host immune response [5, 7-11, 21-24]. Absolute abundance counts of the healthy 

paediatric oral cavity showed that bacterial heterogeneity was observed among 

locations before and after sleep, but only in VLP before sleep [11, 12]. Our data on 

SDB is consistent with this finding, but also shows heterogeneity in VLP after sleep 

(Figs 1 and 2). However, more regions of heterogeneity were observed in SDB than 

healthy participants. Most significant and non-significant bacterial microhabitat 

abundance comparisons in SDB were seen to closely resemble what was identified in 

healthy controls (Figs 1 and 2) [11, 12]. In addition, bacterial abundances before sleep 

at the tip of the tongue in SDB were approximately 3 million counts lower than the 

temporomandibular joint and 1 million counts higher than the palate (p < 0.05; Fig 1; 

Table 1). After sleep the temporomandibular joint was 12 million counts higher than 

the tip of the tongue, but 31 million counts lower than the gingivae (p < 0.05; Fig 1; 

Table 1). These regions of bacterial heterogeneity in SDB were not reported in healthy 

participants [11, 12].  

In addition to the regions of VLP heterogeneity reported in healthy participants 

[12], SDB VLP counts at the palate were approximately 2, 3 and 5 million counts lower 

than the tip of tongue, molars and temporomandibular joint respectively, making it the 

location with significantly lower VLP in the SDB oral cavity before sleep (p < 0.05; Fig 

2; Table 2). Other regions of VLP heterogeneity identified in SDB that were not 

identified in healthy controls were the 6 and 26 million lower counts of VLP at the 

molars compared to the back of tongue and gingivae respectively (p < 0.05; Fig 2; 

Table 2). However, the 16 million count difference reported between the back of the 

tongue and temporomandibular joint before sleep in healthy participants was not seen 
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to be significant in SDB (p < 0.05; Fig 2) [12]. All microhabitat VLP counts in the healthy 

paediatric oral cavity have been reported to be homogeneous after sleep [12]. Most 

sampled locations in SDB were also homogeneous in abundance to each other after 

sleep. However, unlike in healthy participants, VLP abundances at the back of the 

tongue and gingivae were 59 and 64 million counts higher than the palate after sleep 

respectively (p < 0.05; Fig 2; Table 2). As more regions of heterogeneity were 

observed in SDB this could suggest that the microhabitats in SDB are more distinct 

compared to healthy controls. This could be a result of greater differences in the 

anatomical and environmental factors mentioned above between microhabitats in 

SDB compared to healthy [5, 7-11, 21-24]. However, as these factors were not 

examined in this study, further research is required to understand if and how these 

conditions vary within the oral microhabitats of SDB.  

We speculate that the majority of VLPs presented in this study are 

bacteriophages due to their close association with their bacterial hosts and high 

abundance in the environment [25-27]. Bacteriophages are an established component 

of the oral microbiome and are thought to be involved in shaping the bacterial 

communities residing there through their lytic and lysogenic lifecycles [25, 28, 29]. 

However, it is speculated that most of the oral bacteriophages are lysogenic, which 

enhances the transfer of genetic material within the environment [30-32]. It is through 

the transfer of genetic material that bacteria acquire new gene functions [31], such as 

antibiotic resistance [33]. Therefore, it is important to monitor bacteriophage 

abundances in various health states as they have the potential to alter the microbial 

community’s resistance to antibiotic treatments. 
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Individuals experiencing sleep related breathing disorders, such as OSA, are 

frequent mouth breathers throughout the day and during sleep [36, 37]. As a result, 

dry mouth has been reported with some studies proposing it as a significant symptom 

of OSA [37]. Upper airway resistance due to enlarged tonsils and adenoids are thought 

to be major contributors to why SDB breathe though their mouth [38]. As a result, the 

tip of the tongue in SDBs is expected to be the location most exposed to and influenced 

by the external environment. This means the microbial community residing there are 

constantly adapting to the changes in environmental conditions, making the tip of the 

tongue a competitive environment for the bacterial hosts. This competitive 

environment potentially makes it a location prone to invading pathogens. Therefore, 

viral lysis at this location could act as a line of defence against invading pathogens 

introduced from the external environment [39].   

Snoring is another characteristic of SDB, where the soft palate, epiglottis, 

pharyngeal walls and tongue oscillate [40]. We speculate that snoring introduces 

friction at the back of the tongue that is not normally displayed to the same extent in 

healthy individuals. We speculate that the increased friction at the back of the tongue 

in SDB results in the shedding or dislodgment of mucosal fragments, bringing with it 

the bacterial communities residing there. As a result, the bacterial communities are 

less likely to develop to as high of abundance as healthy non-snorers. This may be 

reflected in the 46 million lower bacterial count at the back of the tongue after sleep in 

SDB than healthy controls (p = 0.020) [11, 12]. Bacterial counts were also 10 million 

counts lower in SDB at the back of the tongue before sleep compared to healthy 

controls (p = 0.047). Again, this may be a result of a dryer oral cavity due to mouth 

breathing throughout the day [36]. 
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It has been reported that recurrent vibrations of the upper airways [41, 42] and 

exposure to respiratory viruses [43] results in localised inflammation and mucosal 

swelling [44-46].  Specifically, early life exposure to respiratory syncytial virus has 

been shown to increase upper airway lymphoid tissue and result in a higher obstructive 

apnoea-hypopnea index [43], highlighting a potential role for viruses in the 

pathophysiology of sleep apnoea. Here we show that VLP abundances in SDB were 

significantly different to healthy controls before and after sleep (p < 0.05). Half of the 

locations had significantly higher VLP counts than the healthy controls with differences 

of up to 7 million. The other half had significantly lower VLP, by counts of up to 12 

million. After sleep, healthy controls were 23, 20, 15 and 21 million counts higher in 

VLP abundance at the temporomandibular joint, back of tongue, gingivae and molars 

respectively compared to SDB (p < 0.05). These differences in VLPs could again be 

due to variations in environmental conditions between health states, such as the 

already mentioned factors of salivary flow, oral dryness, anatomical differences or 

immune responses [5, 7-11, 21-24]. However, they could also indicate a difference in 

bacterial community structure between health states. Although no significant 

difference was observed in the bacterial abundances between healthy and SDB for 

most microhabitats, differences in the bacterial taxonomy could still be present. The 

differences in VLP abundance between healthy and SDB may reflect different viral 

communities present with different host ranges. Therefore, bacterial 16S analysis is 

required to identify these possible taxonomic differences as flow cytometry without 

specific bacterial probes cannot identify taxonomy.  

In conclusion, we observed that oral microhabitats in paediatric SDB 

significantly differ in microbial abundance to healthy paediatric participants. The main 

differences were observed between VLPs, suggesting a possible difference in the 
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bacterial taxonomy as opposed to abundance. With increasing studies showing the 

importance of the oral microbiome in many metabolic pathways, it is imperative to 

understand what effect perturbations to these communities have on our health. This 

is none so more important than in the paediatric age group where growth and 

development is still taking place. Further studies in characterising the bacterial 

taxonomy of microhabitats in paediatric SDB before and after sleep will provide further 

insight into what, if any, differences are present in the oral microbiome, and the 

potential impact these changes have on overall health. However, care should be taken 

when interoperating results, as we have shown biomass in the oral cavity varies 

through space and time. 
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Supplementary information 

S1 Table. SDB bacterial abundances in the oral cavity before sleep for each participant. Eluted swab samples were prepared 

and run three times on the flow cytometer as a method replicate (R).  

 

 

 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

1 9.3E+06 8.9E+06 1.0E+07 2.7E+07 2.5E+07 2.8E+07 9.0E+07 6.4E+07 5.9E+07 3.4E+06 3.8E+06 2.7E+06 6.9E+06 5.1E+06 5.1E+06 3.6E+06 3.7E+06 3.0E+06

2 8.2E+06 1.0E+07 8.7E+06 4.0E+07 2.8E+07 3.4E+07 5.9E+07 6.3E+07 6.8E+07 7.0E+06 6.7E+06 6.7E+06 6.2E+06 6.7E+06 7.9E+06 1.1E+07 9.8E+06 9.5E+06

3 2.0E+07 1.5E+07 1.7E+07 5.4E+07 5.9E+07 5.6E+07 1.2E+08 9.1E+07 1.1E+08 1.0E+06 9.9E+05 9.9E+05 8.4E+06 6.3E+06 5.9E+06 3.9E+06 4.1E+06 4.2E+06

4 3.6E+06 4.5E+06 5.4E+06 1.3E+07 1.1E+07 1.1E+07 7.2E+07 7.4E+07 1.0E+08 4.9E+05 3.0E+05 7.1E+05 7.4E+05 5.4E+05 1.2E+06 2.0E+06 1.3E+06 1.7E+06

5 8.2E+06 1.0E+07 7.0E+06 3.3E+07 3.0E+07 2.4E+07 5.1E+07 4.7E+07 3.2E+07 4.4E+05 2.1E+05 3.7E+05 1.1E+07 1.1E+07 7.5E+06 1.8E+06 2.0E+06 2.4E+06

6 3.2E+06 4.4E+06 2.8E+06 1.4E+07 1.6E+07 1.8E+07 1.5E+06 2.4E+06 2.3E+06 1.2E+05 2.9E+05 2.1E+05 3.1E+06 2.5E+06 3.5E+06 6.1E+06 6.1E+06 5.2E+06

7 6.9E+06 7.8E+06 7.9E+06 5.2E+07 5.3E+07 6.3E+07 1.7E+07 1.4E+07 2.0E+07 1.0E+06 9.1E+05 1.1E+06 8.1E+05 1.6E+06 1.1E+06 4.8E+05 6.4E+05 7.2E+05

8 6.7E+06 6.2E+06 6.7E+06 8.2E+06 8.3E+06 8.4E+06 1.6E+07 1.5E+07 1.1E+07 2.9E+05 2.8E+05 2.7E+05 5.4E+05 4.3E+05 6.5E+05 3.8E+05 6.6E+05 7.8E+05

9 2.2E+06 2.3E+06 2.2E+06 2.6E+07 3.2E+07 2.8E+07 2.6E+06 2.8E+06 3.7E+06 3.1E+05 3.1E+05 3.6E+05 3.0E+05 2.3E+05 2.2E+05 1.5E+06 1.6E+06 1.6E+06

10 1.9E+06 1.9E+06 1.8E+06 7.5E+06 8.0E+06 7.4E+06 5.2E+06 4.8E+06 4.1E+06 1.5E+05 1.2E+05 4.4E+04 1.6E+06 1.2E+06 1.4E+06 8.1E+05 8.5E+05 5.9E+05

11 2.0E+06 4.1E+06 2.6E+06 7.1E+06 8.4E+06 6.8E+06 3.3E+06 4.2E+06 3.2E+06 1.6E+04 3.6E+04 6.2E+04 4.0E+05 5.2E+05 6.3E+05 1.9E+06 2.4E+06 3.0E+06

12 1.9E+06 1.3E+06 1.7E+06 4.5E+06 4.7E+06 3.5E+06 2.5E+07 2.2E+07 1.9E+07 8.3E+04 6.8E+04 7.2E+04 7.5E+06 9.8E+06 7.7E+06 4.8E+05 4.3E+05 3.7E+05

13 1.0E+06 1.4E+06 1.1E+06 1.1E+07 9.4E+06 1.1E+07 3.7E+06 4.4E+06 4.6E+06 9.8E+04 1.1E+05 9.5E+04 1.1E+06 1.4E+06 1.6E+06 4.7E+04 7.8E+04 4.0E+04

14 5.3E+05 7.0E+05 6.1E+05 2.2E+07 1.9E+07 1.6E+07 2.0E+06 2.7E+06 1.8E+06 1.2E+05 1.2E+05 1.5E+05 1.4E+06 1.3E+06 1.2E+06 2.8E+05 3.6E+05 1.3E+05

15 3.6E+05 3.0E+05 5.0E+05 1.6E+06 1.1E+06 9.1E+05 1.2E+06 4.8E+05 7.9E+05 8.9E+04 1.4E+05 6.5E+04 4.2E+05 2.0E+05 3.0E+05 9.7E+05 1.3E+06 7.4E+05

16 4.7E+05 3.9E+05 4.4E+05 1.7E+05 3.1E+05 2.3E+05 3.8E+06 7.1E+06 8.2E+06 2.8E+04 4.5E+04 6.1E+04 4.3E+05 3.6E+05 4.1E+05 1.2E+05 8.6E+04 1.5E+05

17 3.3E+06 4.5E+06 3.2E+06 2.4E+07 1.9E+07 1.9E+07 1.0E+07 1.0E+07 8.6E+06 4.3E+06 3.9E+06 3.8E+06 1.2E+07 1.7E+07 1.1E+07 2.6E+06 1.4E+06 2.1E+06

18 6.2E+05 8.5E+05 7.8E+05 7.8E+05 6.6E+05 6.1E+05 3.9E+06 4.5E+06 3.7E+06 1.9E+05 2.0E+05 1.5E+05 1.3E+05 1.2E+05 1.1E+05 1.2E+06 1.3E+06 9.0E+05

19 5.5E+06 3.5E+06 8.6E+06 1.4E+07 1.5E+07 1.6E+07 2.2E+07 2.2E+07 2.0E+07 3.1E+05 2.8E+05 2.2E+05 1.0E+06 9.4E+05 1.0E+06 6.6E+05 6.6E+05 4.6E+05

20 2.9E+06 1.6E+06 2.2E+06 2.9E+07 2.4E+07 2.4E+07 2.8E+07 3.5E+07 3.0E+07 4.4E+05 3.3E+05 3.5E+05 6.2E+05 8.3E+05 9.8E+05 5.7E+05 4.8E+05 6.4E+05

Tip of tongue
Participant

Temporomandibular joint Back of tongue Gingivae Palate Molars 
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S2 Table. SDB bacterial abundances in the oral cavity after sleep for each participant. Eluted swab samples were prepared 

and run three times on the flow cytometer as a method replicate (R).  

 

 

 

 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

1 4.5E+07 2.4E+07 3.7E+07 6.5E+07 1.0E+08 8.8E+07 6.4E+07 5.6E+07 4.0E+07 6.3E+05 4.2E+05 3.5E+05 1.1E+07 2.2E+07 1.5E+07 9.3E+06 1.4E+07 1.1E+07

2 5.9E+07 5.8E+07 6.9E+07 1.7E+08 1.4E+08 1.4E+08 1.1E+08 1.1E+08 1.3E+08 9.1E+06 7.7E+06 7.5E+06 8.4E+07 1.1E+08 9.5E+07 4.2E+07 6.3E+07 1.7E+08

3 3.3E+06 7.9E+06 5.9E+06 1.9E+08 2.4E+08 2.8E+08 2.8E+08 4.0E+08 3.1E+08 6.1E+06 8.0E+06 6.8E+06 5.3E+06 9.4E+06 6.6E+06 2.2E+07 3.3E+07 2.2E+07

4 2.2E+06 2.4E+06 1.7E+06 2.3E+07 8.3E+06 2.4E+07 5.4E+07 3.1E+07 5.0E+07 5.6E+05 4.0E+05 3.5E+05 2.0E+06 1.6E+06 1.3E+06 1.0E+06 1.2E+06 1.3E+06

5 1.7E+07 2.0E+07 1.4E+07 1.4E+08 1.6E+08 1.6E+08 1.2E+08 1.2E+08 1.5E+08 1.4E+07 1.7E+07 1.4E+07 5.5E+07 6.6E+07 5.0E+07 2.3E+07 3.6E+07 3.0E+07

6 1.9E+07 1.4E+07 1.9E+07 1.3E+08 1.7E+08 1.2E+08 2.4E+07 2.3E+07 1.5E+07 7.3E+05 9.8E+05 9.7E+05 3.6E+06 2.8E+06 3.4E+06 3.4E+06 4.8E+06 2.9E+06

7 2.6E+06 2.1E+06 3.1E+06 1.1E+08 8.7E+07 9.9E+07 2.3E+07 2.1E+07 3.1E+07 6.3E+05 6.8E+05 7.1E+05 5.9E+06 6.9E+06 4.6E+06 3.3E+06 3.5E+06 3.4E+06

8 4.2E+07 5.1E+07 4.3E+07 6.3E+07 6.2E+07 5.5E+07 4.5E+07 3.7E+07 5.8E+07 4.1E+05 4.2E+05 3.8E+05 1.7E+06 2.6E+06 2.6E+06 2.5E+06 2.8E+06 2.8E+06

9 3.7E+06 4.2E+06 4.4E+06 3.1E+07 3.5E+07 3.0E+07 1.5E+06 2.7E+06 1.5E+06 3.1E+06 3.4E+06 2.6E+06 2.2E+07 1.7E+07 1.4E+07 1.4E+06 2.1E+06 2.0E+06

10 6.3E+07 3.6E+07 5.8E+07 6.4E+07 7.9E+07 7.3E+07 3.0E+06 2.1E+06 3.4E+06 4.5E+06 3.4E+06 5.0E+06 2.9E+06 3.8E+06 4.2E+06 9.5E+05 8.7E+05 9.6E+05

11 1.4E+07 8.9E+06 8.3E+06 5.2E+07 5.2E+07 6.4E+07 8.4E+06 1.0E+07 8.9E+06 1.0E+06 1.8E+06 1.0E+06 1.1E+07 6.7E+06 1.3E+07 2.8E+06 3.3E+06 3.2E+06

12 1.3E+07 1.3E+07 8.4E+06 2.6E+07 2.8E+07 2.5E+07 5.6E+06 5.4E+06 4.2E+06 1.1E+06 1.2E+06 9.7E+05 8.9E+06 6.8E+06 8.1E+06 8.9E+06 9.8E+06 8.4E+06

13 3.1E+07 2.6E+07 3.5E+07 1.2E+08 1.4E+08 1.2E+08 4.6E+07 4.9E+07 4.5E+07 3.1E+06 2.7E+06 2.3E+06 6.9E+06 5.6E+06 5.9E+06 2.3E+06 3.1E+06 2.5E+06

14 1.4E+08 1.3E+08 1.2E+08 1.9E+08 1.6E+08 8.7E+07 4.2E+07 7.2E+07 4.6E+07 5.8E+06 1.1E+07 9.9E+06 2.8E+07 3.0E+07 1.9E+07 8.3E+06 6.1E+06 5.7E+06

15 4.1E+07 3.2E+07 4.3E+07 1.2E+08 1.0E+08 1.2E+08 1.4E+07 2.1E+07 3.3E+07 1.0E+07 7.5E+06 7.1E+06 8.0E+06 1.3E+07 6.1E+06 1.5E+07 2.4E+07 1.9E+07

16 6.2E+06 7.7E+06 8.3E+06 4.8E+06 4.3E+06 2.7E+06 7.7E+06 1.4E+07 7.0E+06 1.5E+06 1.2E+06 1.8E+06 9.2E+06 1.6E+07 1.8E+07 4.4E+06 6.1E+06 3.8E+06

17 3.4E+07 6.6E+07 2.9E+07 9.2E+07 3.7E+08 1.4E+08 7.5E+07 1.1E+08 1.4E+08 7.3E+05 7.3E+05 6.4E+05 2.2E+06 3.0E+06 8.1E+06 1.4E+07 3.9E+07 2.5E+07

18 2.3E+06 2.3E+06 2.2E+06 1.6E+07 7.8E+06 1.1E+07 3.8E+07 3.5E+07 3.5E+07 9.7E+06 9.3E+06 7.6E+06 3.2E+06 3.3E+06 5.6E+06 3.6E+07 3.6E+07 3.8E+07

19 4.2E+06 4.1E+06 4.1E+06 2.2E+07 1.8E+07 2.1E+07 6.7E+07 6.4E+07 4.7E+07 2.9E+06 4.4E+06 3.3E+06 1.6E+07 1.3E+07 1.4E+07 1.9E+06 2.0E+06 2.0E+06

20 9.4E+06 1.0E+07 7.6E+06 3.9E+07 4.0E+07 3.6E+07 3.3E+07 5.2E+07 2.8E+07 7.1E+05 6.1E+05 5.9E+05 1.4E+07 1.3E+07 9.1E+06 1.5E+07 1.6E+07 1.5E+07

Participant
Temporomandibular joint Tip of tongueBack of tongue Gingivae Palate Molars 
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S3 Table. SDB VLP abundances in the oral cavity before sleep for each participant. Eluted swab samples were prepared and 

run three times on the flow cytometer as a method replicate (R).  

 

 

 

 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

1 7.1E+06 6.0E+06 9.3E+06 1.2E+07 1.1E+07 1.3E+07 1.1E+08 9.9E+07 9.0E+07 1.4E+06 1.6E+06 1.4E+06 1.3E+07 1.4E+07 1.3E+07 2.9E+06 2.7E+06 3.5E+06

2 3.7E+07 4.7E+07 3.9E+07 4.4E+07 2.7E+07 3.9E+07 1.3E+08 1.5E+08 7.9E+07 1.2E+07 1.1E+07 1.3E+07 2.5E+07 2.4E+07 2.3E+07 3.1E+07 2.5E+07 2.8E+07

3 1.0E+07 9.3E+06 1.0E+07 1.3E+07 1.4E+07 1.7E+07 1.5E+08 1.1E+08 1.4E+08 4.8E+05 5.0E+05 5.1E+05 4.8E+06 4.1E+06 4.5E+06 1.1E+06 9.3E+05 9.5E+05

4 4.8E+06 3.1E+06 5.6E+06 2.5E+06 2.6E+06 3.9E+06 1.3E+07 1.2E+07 1.6E+07 8.6E+05 7.6E+05 6.2E+05 9.0E+05 1.2E+06 1.1E+06 1.0E+06 6.3E+05 1.1E+06

5 2.0E+07 1.7E+07 1.7E+07 2.1E+07 2.1E+07 1.6E+07 1.5E+07 1.0E+07 1.3E+07 4.9E+05 4.5E+05 4.8E+05 1.5E+07 1.9E+07 1.4E+07 1.1E+07 1.4E+07 1.7E+07

6 4.6E+05 6.7E+05 5.2E+05 2.1E+06 2.4E+06 3.1E+06 1.1E+06 1.6E+06 1.4E+06 7.0E+04 4.4E+04 3.4E+04 1.7E+06 1.5E+06 1.7E+06 3.4E+06 4.5E+06 3.8E+06

7 1.6E+06 7.6E+05 1.3E+06 1.8E+07 1.5E+07 2.4E+07 5.3E+06 4.7E+06 5.5E+06 4.2E+05 3.1E+05 5.1E+05 1.4E+06 8.6E+05 5.9E+05 1.1E+06 4.4E+05 1.5E+06

8 3.8E+06 5.8E+06 3.2E+06 3.2E+06 3.0E+06 2.3E+06 6.0E+06 4.6E+06 6.1E+06 1.1E+05 7.9E+04 1.2E+05 6.6E+05 1.0E+06 1.2E+06 5.4E+05 8.3E+05 7.3E+05

9 9.8E+06 8.5E+06 3.8E+06 4.6E+06 4.9E+06 5.0E+06 2.7E+06 4.2E+06 2.2E+06 3.0E+06 2.2E+06 3.3E+06 3.0E+05 2.5E+05 2.5E+05 8.1E+06 7.9E+06 1.0E+07

10 1.2E+06 9.6E+05 1.4E+06 2.5E+06 3.3E+06 2.8E+06 1.6E+06 8.7E+05 9.4E+05 9.9E+04 4.9E+04 6.7E+04 4.7E+05 4.1E+05 1.1E+06 3.4E+05 2.4E+05 3.1E+05

11 1.4E+07 1.9E+07 1.9E+07 2.2E+06 2.3E+06 4.2E+06 6.1E+06 4.5E+06 7.1E+06 7.0E+03 2.9E+04 1.6E+05 1.0E+06 1.3E+06 7.7E+05 4.0E+06 2.7E+06 4.9E+06

12 5.4E+06 4.3E+06 6.4E+06 4.0E+06 3.2E+06 3.4E+06 5.9E+07 3.5E+07 4.8E+07 1.7E+05 2.0E+05 1.2E+05 4.5E+06 5.0E+06 4.8E+06 1.1E+06 1.5E+06 1.1E+06

13 7.4E+05 1.3E+06 1.6E+06 1.5E+07 1.4E+07 2.3E+07 1.8E+06 2.7E+06 2.5E+06 3.0E+05 8.8E+04 5.6E+04 2.4E+06 4.1E+06 6.2E+06 1.1E+06 6.1E+05 4.1E+05

14 3.3E+05 3.1E+05 6.7E+04 2.9E+06 2.2E+06 2.2E+06 2.3E+06 1.9E+06 2.1E+06 1.8E+04 9.9E+03 1.0E+04 3.8E+06 8.0E+06 2.5E+06 4.8E+04 5.2E+04 3.8E+04

15 5.1E+05 2.3E+05 1.9E+05 2.2E+06 8.1E+05 1.7E+06 1.1E+06 1.3E+06 3.6E+06 4.1E+04 5.8E+04 5.5E+04 2.6E+05 2.5E+05 1.8E+05 3.2E+06 1.6E+06 1.4E+06

16 1.7E+05 1.6E+05 9.4E+04 3.1E+05 3.9E+05 2.3E+05 3.1E+05 5.0E+05 5.3E+05 3.4E+04 6.5E+04 3.7E+04 1.7E+05 3.3E+05 1.8E+05 2.2E+05 1.8E+05 2.5E+05

17 2.2E+06 2.8E+06 2.2E+06 2.6E+07 1.6E+07 2.3E+07 5.3E+06 7.9E+06 5.5E+06 5.6E+06 6.1E+06 5.6E+06 5.6E+06 1.0E+07 1.4E+07 1.8E+06 2.0E+06 1.8E+06

18 6.7E+05 1.3E+06 1.5E+06 6.0E+05 4.8E+05 7.2E+05 6.1E+05 6.7E+05 1.1E+06 2.2E+05 2.8E+05 1.7E+05 1.9E+05 3.0E+05 4.2E+05 2.1E+06 8.9E+05 4.4E+05

19 1.5E+06 1.7E+06 2.8E+06 1.9E+07 2.7E+07 2.9E+07 5.2E+07 3.7E+07 6.5E+07 1.5E+06 1.8E+06 1.1E+06 4.2E+06 2.4E+06 2.9E+06 1.1E+06 8.7E+05 1.4E+06

20 1.9E+06 8.1E+05 1.9E+06 1.6E+07 1.7E+07 1.5E+07 1.1E+08 1.1E+08 8.4E+07 1.6E+06 6.6E+05 8.2E+05 1.5E+06 1.6E+06 1.5E+06 3.3E+06 3.2E+06 4.3E+06

Tip of tongue
Participant

Temporomandibular joint Back of tongue Gingivae Palate Molars 
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S4 Table. SDB VLP abundances in the oral cavity after sleep for each participant. Eluted swab samples were prepared and 

run three times on the flow cytometer as a method replicate (R).  

 

 

 

 

 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

1 2.8E+07 3.0E+07 3.5E+07 7.3E+06 8.3E+06 9.7E+06 5.8E+07 4.7E+07 6.8E+07 7.8E+04 8.6E+05 1.2E+05 9.5E+06 1.1E+07 9.2E+06 2.5E+06 3.2E+06 2.5E+06

2 2.0E+08 2.5E+08 2.4E+08 2.0E+08 1.3E+08 1.4E+08 4.6E+08 4.2E+08 3.3E+08 1.7E+08 1.1E+08 8.6E+07 2.9E+08 2.9E+08 2.3E+08 5.2E+08 7.1E+08 2.1E+09

3 3.1E+06 1.1E+07 7.6E+06 9.8E+07 1.3E+08 2.4E+08 6.2E+08 5.3E+08 4.3E+08 6.5E+06 9.9E+06 8.5E+06 7.4E+06 8.0E+06 6.9E+06 7.1E+06 7.0E+06 6.0E+06

4 4.2E+05 4.3E+05 8.1E+05 5.6E+06 4.8E+06 1.1E+07 1.1E+07 6.3E+06 1.2E+07 6.1E+05 6.0E+05 4.6E+05 8.5E+05 8.1E+05 2.4E+05 1.2E+06 8.8E+05 6.7E+05

5 4.8E+07 6.6E+07 1.2E+08 4.6E+08 4.3E+08 4.6E+08 5.7E+07 5.3E+07 5.9E+07 6.0E+07 6.7E+07 7.8E+07 1.7E+08 1.9E+08 2.8E+08 2.5E+08 1.8E+08 2.2E+08

6 2.5E+06 2.1E+06 2.7E+06 1.2E+08 2.8E+08 8.5E+07 2.3E+07 2.4E+07 1.8E+07 2.8E+06 1.9E+06 3.6E+06 3.6E+06 4.1E+06 4.4E+06 7.3E+06 9.2E+06 6.2E+06

7 2.4E+05 1.5E+05 1.8E+05 7.6E+06 5.5E+06 8.4E+06 3.9E+06 3.9E+06 5.2E+06 4.1E+05 6.5E+05 1.4E+06 3.6E+06 1.5E+06 2.7E+06 6.1E+05 5.7E+05 1.4E+06

8 4.3E+06 5.9E+06 3.9E+06 1.8E+06 1.6E+06 1.7E+06 2.2E+07 1.3E+07 3.0E+07 9.5E+04 7.1E+04 9.1E+04 3.0E+05 6.7E+05 3.9E+05 2.1E+05 2.0E+05 3.5E+05

9 4.7E+06 2.7E+06 3.4E+06 1.6E+07 1.3E+07 1.2E+07 2.0E+06 6.4E+06 3.8E+06 7.0E+06 5.5E+06 9.5E+06 7.1E+07 6.4E+07 5.1E+07 4.0E+06 4.2E+06 5.0E+06

10 2.7E+07 2.7E+07 2.6E+07 1.6E+07 1.2E+07 1.4E+07 1.2E+06 8.9E+05 7.0E+05 4.9E+06 6.2E+06 5.3E+06 4.3E+06 5.9E+06 5.3E+06 7.0E+05 1.1E+06 8.5E+05

11 4.6E+06 4.0E+06 6.4E+06 7.2E+06 4.6E+06 5.2E+06 4.7E+06 6.6E+06 7.1E+06 2.8E+06 2.4E+06 2.7E+06 6.1E+06 1.2E+07 1.0E+07 2.8E+06 1.7E+06 3.6E+06

12 5.3E+06 4.3E+06 4.2E+06 4.1E+06 5.1E+06 4.7E+06 2.8E+06 2.8E+06 2.6E+06 2.9E+05 4.3E+05 4.5E+05 4.3E+06 4.5E+06 3.4E+06 6.6E+05 6.9E+05 1.3E+06

13 4.7E+07 5.4E+07 7.9E+07 3.7E+07 4.7E+07 5.4E+07 1.2E+07 1.5E+07 1.7E+07 4.5E+06 4.4E+06 4.0E+06 1.4E+07 1.3E+07 1.2E+07 3.7E+06 3.8E+06 3.5E+06

14 9.4E+07 8.3E+07 1.1E+08 3.9E+07 3.7E+07 3.0E+07 5.1E+07 5.4E+07 5.4E+07 4.1E+06 4.6E+06 5.4E+06 3.0E+07 3.0E+07 2.4E+07 3.4E+06 2.9E+06 2.7E+06

15 8.9E+07 5.9E+07 4.9E+07 5.9E+07 4.9E+07 7.7E+07 1.6E+07 1.5E+07 3.3E+07 1.3E+07 1.2E+07 1.5E+07 1.2E+07 2.2E+07 2.0E+07 4.4E+07 5.4E+07 5.7E+07

16 1.7E+06 2.4E+06 2.4E+06 2.1E+06 1.7E+06 1.7E+06 2.0E+06 2.9E+06 1.6E+06 4.5E+05 4.8E+05 5.9E+05 2.8E+06 4.2E+06 5.2E+06 1.2E+06 4.3E+06 2.6E+06

17 4.6E+07 8.2E+07 2.1E+07 1.3E+08 5.9E+08 1.1E+08 1.1E+08 8.8E+07 2.5E+08 2.3E+06 1.1E+06 1.4E+06 5.3E+06 6.8E+06 1.1E+07 3.2E+07 4.4E+07 2.7E+07

18 2.8E+06 3.0E+06 3.3E+06 2.7E+07 1.3E+07 2.4E+07 9.0E+07 1.1E+08 8.1E+07 1.3E+07 1.9E+07 2.1E+07 1.3E+07 1.2E+07 1.3E+07 1.2E+07 1.1E+07 1.3E+07

19 8.7E+05 6.9E+05 1.0E+06 6.8E+06 4.1E+06 5.9E+06 6.4E+06 6.3E+06 3.9E+06 4.8E+06 5.6E+06 5.1E+06 1.0E+07 1.1E+07 9.0E+06 3.3E+06 2.2E+06 2.2E+06

20 1.8E+07 1.7E+07 1.3E+07 1.1E+07 1.1E+07 1.0E+07 7.0E+07 1.1E+08 9.1E+07 1.8E+06 1.9E+06 1.2E+06 3.6E+07 2.3E+07 2.2E+07 1.1E+07 1.3E+07 1.1E+07

Tip of tongue
Participant

Temporomandibular joint Back of tongue Gingivae Palate Molars 
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S5 Table. Mean bacterial abundances for each sample site in the oral cavity before sleep for each SDB participant.  

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 9.42E+06 2.66E+07 7.10E+07 3.28E+06 5.70E+06 3.41E+06 

2 9.04E+06 3.41E+07 6.35E+07 6.79E+06 6.93E+06 1.01E+07 

3 1.72E+07 5.67E+07 1.05E+08 9.93E+05 6.86E+06 4.06E+06 

4 4.49E+06 1.16E+07 8.29E+07 4.98E+05 8.23E+05 1.66E+06 

5 8.44E+06 2.89E+07 4.35E+07 3.41E+05 9.54E+06 2.04E+06 

6 3.46E+06 1.60E+07 2.06E+06 2.07E+05 3.03E+06 5.80E+06 

7 7.51E+06 5.58E+07 1.69E+07 1.00E+06 1.17E+06 6.15E+05 

8 6.53E+06 8.28E+06 1.41E+07 2.79E+05 5.40E+05 6.09E+05 

9 2.24E+06 2.88E+07 3.04E+06 3.26E+05 2.50E+05 1.59E+06 

10 1.89E+06 7.64E+06 4.71E+06 1.02E+05 1.42E+06 7.52E+05 

11 2.87E+06 7.42E+06 3.59E+06 3.80E+04 5.16E+05 2.46E+06 

12 1.65E+06 4.23E+06 2.20E+07 7.42E+04 8.34E+06 4.27E+05 

13 1.20E+06 1.08E+07 4.24E+06 1.01E+05 1.38E+06 5.51E+04 

14 6.15E+05 1.88E+07 2.16E+06 1.27E+05 1.32E+06 2.55E+05 

15 3.85E+05 1.20E+06 8.19E+05 9.78E+04 3.05E+05 1.01E+06 

16 4.32E+05 2.38E+05 6.39E+06 4.47E+04 4.00E+05 1.17E+05 

17 3.68E+06 2.08E+07 9.80E+06 3.98E+06 1.33E+07 2.03E+06 

18 7.50E+05 6.82E+05 4.03E+06 1.82E+05 1.20E+05 1.14E+06 

19 5.91E+06 1.50E+07 2.14E+07 2.71E+05 1.01E+06 5.93E+05 

20 2.23E+06 2.57E+07 3.08E+07 3.71E+05 8.11E+05 5.64E+05 
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S6 Table. Mean bacterial abundances for each sample site in the oral cavity after sleep for each SDB participant.  

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 3.54E+07 8.44E+07 5.33E+07 4.70E+05 1.62E+07 1.14E+07 

2 6.22E+07 1.50E+08 1.16E+08 8.10E+06 9.47E+07 9.30E+07 

3 5.69E+06 2.36E+08 3.30E+08 6.96E+06 7.11E+06 2.57E+07 

4 2.11E+06 1.83E+07 4.49E+07 4.34E+05 1.65E+06 1.16E+06 

5 1.70E+07 1.52E+08 1.29E+08 1.51E+07 5.70E+07 2.97E+07 

6 1.74E+07 1.40E+08 2.07E+07 8.92E+05 3.26E+06 3.69E+06 

7 2.58E+06 9.89E+07 2.53E+07 6.73E+05 5.79E+06 3.43E+06 

8 4.53E+07 5.99E+07 4.71E+07 4.02E+05 2.31E+06 2.72E+06 

9 4.12E+06 3.21E+07 1.90E+06 3.04E+06 1.78E+07 1.85E+06 

10 5.25E+07 7.21E+07 2.83E+06 4.31E+06 3.61E+06 9.27E+05 

11 1.03E+07 5.61E+07 9.27E+06 1.29E+06 9.97E+06 3.12E+06 

12 1.15E+07 2.61E+07 5.09E+06 1.07E+06 7.90E+06 9.04E+06 

13 3.05E+07 1.29E+08 4.67E+07 2.72E+06 6.12E+06 2.62E+06 

14 1.30E+08 1.45E+08 5.31E+07 8.77E+06 2.56E+07 6.70E+06 

15 3.87E+07 1.13E+08 2.26E+07 8.23E+06 8.94E+06 1.96E+07 

16 7.44E+06 3.93E+06 9.45E+06 1.48E+06 1.45E+07 4.76E+06 

17 4.30E+07 2.00E+08 1.10E+08 7.03E+05 4.45E+06 2.61E+07 

18 3.54E+07 8.44E+07 5.33E+07 4.70E+05 1.62E+07 1.14E+07 

19 6.22E+07 1.50E+08 1.16E+08 8.10E+06 9.47E+07 9.30E+07 

20 5.69E+06 2.36E+08 3.30E+08 6.96E+06 7.11E+06 2.57E+07 
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S7 Table. Mean VLP abundances for each sample site in the oral cavity before sleep for each SDB participant.  

 

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 7.44E+06 1.21E+07 9.82E+07 1.48E+06 1.34E+07 3.03E+06 

2 4.09E+07 3.66E+07 1.18E+08 1.19E+07 2.40E+07 2.80E+07 

3 9.96E+06 1.46E+07 1.33E+08 4.98E+05 4.48E+06 9.89E+05 

4 4.47E+06 3.01E+06 1.39E+07 7.45E+05 1.07E+06 9.33E+05 

5 1.80E+07 1.97E+07 1.27E+07 4.73E+05 1.62E+07 1.42E+07 

6 5.50E+05 2.54E+06 1.38E+06 4.94E+04 1.64E+06 3.88E+06 

7 1.23E+06 1.91E+07 5.19E+06 4.14E+05 9.58E+05 1.00E+06 

8 4.25E+06 2.84E+06 5.58E+06 1.02E+05 9.59E+05 7.02E+05 

9 7.35E+06 4.84E+06 3.06E+06 2.84E+06 2.67E+05 8.66E+06 

10 1.16E+06 2.87E+06 1.12E+06 7.18E+04 6.70E+05 2.98E+05 

11 1.75E+07 2.91E+06 5.90E+06 6.42E+04 1.04E+06 3.86E+06 

12 5.35E+06 3.53E+06 4.73E+07 1.61E+05 4.78E+06 1.26E+06 

13 1.22E+06 1.73E+07 2.32E+06 1.48E+05 4.20E+06 6.94E+05 

14 2.37E+05 2.42E+06 2.12E+06 1.26E+04 4.74E+06 4.61E+04 

15 7.44E+06 1.21E+07 9.82E+07 1.48E+06 1.34E+07 3.03E+06 

16 4.09E+07 3.66E+07 1.18E+08 1.19E+07 2.40E+07 2.80E+07 

17 9.96E+06 1.46E+07 1.33E+08 4.98E+05 4.48E+06 9.89E+05 

18 4.47E+06 3.01E+06 1.39E+07 7.45E+05 1.07E+06 9.33E+05 

19 1.80E+07 1.97E+07 1.27E+07 4.73E+05 1.62E+07 1.42E+07 

20 5.50E+05 2.54E+06 1.38E+06 4.94E+04 1.64E+06 3.88E+06 
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S8 Table. Mean VLP abundances for each sample site in the oral cavity after sleep for each SDB participant.  

 

Participant Temporomandibular joint Back of tongue Gingivae Palate Molars Tip of tongue 

1 3.08E+07 8.44E+06 5.77E+07 3.54E+05 9.94E+06 2.71E+06 

2 2.28E+08 1.55E+08 4.04E+08 1.24E+08 2.68E+08 1.11E+09 

3 7.31E+06 1.54E+08 5.28E+08 8.27E+06 7.46E+06 6.71E+06 

4 5.53E+05 7.04E+06 9.71E+06 5.61E+05 6.35E+05 9.12E+05 

5 7.90E+07 4.49E+08 5.62E+07 6.82E+07 2.15E+08 2.18E+08 

6 2.42E+06 1.63E+08 2.17E+07 2.77E+06 4.00E+06 7.58E+06 

7 1.92E+05 7.17E+06 4.35E+06 8.25E+05 2.61E+06 8.72E+05 

8 4.72E+06 1.71E+06 2.16E+07 8.60E+04 4.51E+05 2.52E+05 

9 3.57E+06 1.37E+07 4.06E+06 7.30E+06 6.23E+07 4.39E+06 

10 2.69E+07 1.39E+07 9.34E+05 5.45E+06 5.17E+06 8.67E+05 

11 5.00E+06 5.66E+06 6.14E+06 2.63E+06 9.48E+06 2.67E+06 

12 4.61E+06 4.61E+06 2.76E+06 3.91E+05 4.06E+06 8.82E+05 

13 6.01E+07 4.62E+07 1.49E+07 4.31E+06 1.28E+07 3.66E+06 

14 9.58E+07 3.54E+07 5.31E+07 4.69E+06 2.79E+07 3.00E+06 

15 6.57E+07 6.16E+07 2.14E+07 1.32E+07 1.80E+07 5.15E+07 

16 2.16E+06 1.82E+06 2.17E+06 5.07E+05 4.08E+06 2.71E+06 

17 4.97E+07 2.76E+08 1.48E+08 1.64E+06 7.81E+06 3.43E+07 

18 3.03E+06 2.12E+07 9.29E+07 1.76E+07 1.27E+07 1.18E+07 

19 8.68E+05 5.57E+06 5.52E+06 5.16E+06 1.01E+07 2.57E+06 

20 1.56E+07 1.07E+07 8.91E+07 1.65E+06 2.71E+07 1.18E+07 
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S9 Table. The average oral bacterial abundances in healthy [12] and SDB before 

and after sleep (Healthy n = 10, SDB n = 20). Significant differences were calculated 

using Mann-Whitney tests that were corrected for false discovery rates. Significantly 

higher bacterial counts were identified in healthy participants at the back of the tongue 

both before and after sleep compared to SDB.  

 Sample location Healthy (±SEM) 
SDB  

(±SEM) 
P value 

Before sleep 

Temporomandibular joint 
3.26 x 106 

(± 1.17 x 106) 

4.50 x 106 

(± 9.46 x 105) 
> 0.05 

Back of tongue 
2.90 x 107 

(± 7.60 x 106) 

1.90 x 107 

(± 3.64 x 106) 
0.047 

Gingivae 
1.75 x 107 

(± 7.74 x 106) 

2.56 x 107 

(± 6.96 x 106) 
> 0.05 

Palate 
7.21 x 105 

(± 2.77 x 105) 

9.55 x 105 

(± 3.88 x 105) 
> 0.05 

Molars 
4.83 x 106 

(± 1.62 x 106) 

3.19 x 106 

(± 8.61 x 105) 
> 0.05 

Tip of tongue 
2.57 x 106 

(± 1.66 x 106) 

1.96 x 106 

(± 5.38 x 105) 
> 0.05 

After sleep 

Temporomandibular joint 
2.14 x 107 

(± 7.03 x 106) 

2.65 x 107 

(± 6.88 x 106) 
> 0.05 

Back of tongue 
1.35 x 108 

(± 2.02 x 107) 

8.94 x 107 

(± 1.49 x 107) 
0.019 

Gingivae 
4.08 x 107 

(± 7.56 x 106) 

5.80 x 107 

(± 1.65 x 107) 
> 0.05 

Palate 
4.32 x 106 

(± 1.48 x 106) 

3.88 x 106 

(± 9.15 x 105) 
> 0.05 

Molars 
1.91 x 107 

(± 5.44 x 106) 

1.59 x 107 

(± 4.98 x 106) 
> 0.05 

Tip of tongue 
1.29 x 107 

(± 2.78 x 106) 

1.50 x 107 

(± 4.79 x 106) 
> 0.05 
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S10 Table. The average oral VLP abundances in healthy [12] and SDB before 

and after sleep (Healthy n = 10, SDB n = 20). Significant differences were calculated 

using Mann-Whitney tests that were corrected for false discovery rates. Error 

represents the standard error of the mean (±SEM).  

 Sample location 
Healthy 

(±SEM) 

SDB 

(±SEM) 
P value 

Before sleep 

Temporomandibular joint 
5.68 x 106 

(± 1.86 x 106) 

6.36 x 106 

(± 2.17 x 106) 
0.013 

Back of tongue 
2.20 x 107 

(± 6.30 x 106) 

1.05 x 107 

(± 2.29 x 106) 
0.0041 

Gingivae 
2.36 x 107 

(± 9.54 x 106) 

3.05 x 107 

(± 1.00 x 107) 
0.0089 

Palate 
1.94 x 106 

(± 1.03 x 106) 

1.38 x 106 

(± 6.35 x 105) 
0.0052 

Molars 
9.05 x 106 

(± 2.61 x 106) 

4.69 x 106 

(± 1.43 x 106) 
0.0052 

Tip of tongue 
3.55 x 106 

(± 1.23 x 106) 

3.87 x 106 

(± 1.48 x 106) 
0.018 

After sleep 

Temporomandibular joint 
5.69 x 107 

(± 2.30 x 107) 

3.43 x 107 

(± 1.22 x 107) 
0.045 

Back of tongue 
9.22 x 107 

(± 5.02 x 107) 

7.20 x 107 

(± 2.60 x 107) 
0.045 

Gingivae 
9.21 x 107 

(± 2.91 x 107) 

7.72 x 107 

(± 3.13 x 107) 
0.025 

Palate 
1.44 x 107 

(± 9.88 x 106) 

1.35 x 107 

(± 6.72 x 106) 
> 0.05 

Molars 
5.66 x 107 

(± 3.26 x 107) 

3.55 x 107 

(± 1.62 x 107) 
0.022 

Tip of tongue 
1.73 x 107 

(± 8.24 x 106) 

7.38 x 107 

(± 5.55 x 107) 
> 0.05 
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Chapter 6 

THE SPATIAL DISTRIBUTION OF THE BACTERIAL 

COMMUNITIES WITHIN THE HEALTHY PAEDIATRIC ORAL 

CAVITY BEFORE AND AFTER SLEEP 
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Abstract 

Regarded as the gateway to the body, the oral cavity is comprised of various 

microhabitats that provide unique surfaces for the colonisation of distinct microbial 

communities. It is recognised that these microhabitats are heterogeneous in their 

absolute bacterial distribution and increase significantly during sleep. However, there 

are no taxonomic studies that investigate if and how these bacterial communities 

change in the paediatric oral cavity during sleep. Here, we present the paediatric oral 

taxonomic microbial dynamics of 6 individuals before and after sleep using 16S 

ribosomal RNA gene sequencing. Differences among microhabitats were driven by 

differences in the relative abundance of ‘core’ taxa characteristic to the healthy oral 

microbiome. Furthermore, an increase in the relative abundance of anaerobic bacteria, 

specifically Veillonella and Prevotella, during sleep was observed. This suggests that 

in addition to controlling for sample location, care must also be taken when interpreting 

differences in taxonomic profiles in the oral cavity as differences may reflect 

inconsistencies in the collection time of the sample. 
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Introduction 

The oral cavity is estimated to harbour over 600 species of bacteria [1, 2]. These 

bacteria play an important role in maintaining oral health [3]. However, dysbiosis of 

these communities have also been linked to oral and systemic diseases such as dental 

carries, periodontitis and cardiovascular disease [4-8]. With different oral surfaces 

having distinct microbial communities, the oral microbiome is now being defined by its 

various microhabitats rather than as a whole [9].  These communities are further 

influenced by changes in environmental factors including diet, smoking, hosts 

immunity and oral hygiene [8, 10, 11]. One factor that has not been investigated is the 

impact of sleep on these microbial communities. During sleep, the environmental 

conditions of the oral cavity change due to a reduction in saliva flow, oxygen exposure 

and pH [12-15]. The microbial communities of healthy oral cavities are dynamic, with 

bacterial and viral concentrations significantly increasing during sleep [16]. However, 

taxonomic shifts in these communities remain unclear.  

Here, we present an evaluation of the bacterial taxonomic shifts in the oral 

cavity of 6 healthy children during sleep using 16S ribosomal RNA sequencing. The 

overall aims for this study were to (i) characterise the microhabitats of the paediatric 

oral cavity before and after sleep, (ii) to use this data to determine if there is a change 

in the oral microbiome during sleep and (iii) to identify if there are significant 

differences in the resulting bacterial communities between genders and participants. 

Overall, we hypothesised that during sleep, the bacterial communities in the paediatric 

oral cavity would significantly change. Ultimately, by understanding the ‘normal’ 

microbial shifts during sleep, further studies into what impact sleeping disturbances 

have on our oral microbiome can be investigated. 
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Materials and Methods 

Ethics statement 

The healthy participants involved in this study were a control subgroup from a 

larger study investigating effects of sleep disorder breathing on development. This 

study was approved by The Human Research Ethics Committees of the Women’s and 

Children’s Hospital and University of Adelaide, South Australia; and was conducted in 

accordance with the 1964 Declaration of Helsinki and its later amendments. Written 

consent was provided by the parents of the participants and written assent by the 

participants. A child’s health and behaviour questionnaire was completed by the 

parents prior to sample collection.  

Sample collection 

Oral swab samples were collected from 6 healthy children undergoing an 

overnight polysomnography sleep test at the Women’s and Children’s Hospital. The 

Children’s ages ranged from 7.75 to 16.58 years with the overall average of 10.40 ± 

3.99 years. Of the 6 participants sampled 2 were female and 4 were male. The average 

BMI for the group samples was 18.63 ± 3.92 with a range between 14.2 to 19.7. 

Individually polypropylene packaged sterile rayon swabs (Copan, Brescia, Italy; 

product code: 155C; length 13.3 cm, diameter 5 mm) were used to collect the oral 

samples using methods previously described [16, 17]. Briefly samples were collected 

from the middle of the palate, the gingival margin of the last proximal molar on the right 

lower jaw, the occlusal site of the last two distal molars on the bottom jaw on the right 

side, the left temporomandibular joint, the middle of the back of the tongue and the 

middle of the tip of the tongue for all participants (Fig. 1). For the duration of this 
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manuscript these locations will be referred to as the palate, gingivae, molars, 

temporomandibular joint, back of tongue and tip of tongue respectively (Fig. 1). Each 

participant had these locations sampled twice, once just before lights out between 

8.30-9.00 pm, referred to as before sleep, and immediately on waking the following 

day between 6.00-6.30 am, referred to as after sleep. Therefore, each participant was 

sampled 12 times (6 before sleep and 6 after sleep). Swabs were collected from each 

location by rotating the swab tip clockwise 6 times. All samples in this study were 

collected by the same researcher at the same locations before and after sleep using 

the same methods described. Once collected, swab sampled were placed back into 

their polypropylene tube and frozen at -80°C until analysis.  

 

 

 

 

 

 

 

 

Figure 1. Microhabitat sample locations in the paediatric oral cavity. Separate 

swabs were rotated clockwise 6 times at each location to collect oral samples.  
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Swab sample preparation 

Flow cytometry was performed on swab samples prior to 16S analysis [16]. 

Briefly, preparation of the swab samples for flow cytometry involved thawing the swabs 

at room temperature then cutting the tips off into 1 ml of sterile (0.2 µm filtered and UV 

treated) TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4, Sigma). The swab tip and TE 

buffer were vortexed for 3 minutes to elute the bacteria and viruses from the swab tip. 

A small volume from each sample was taken at this stage for flow cytometric analysis 

[16]. The remainder of each sample was snap frozen in liquid nitrogen and stored at -

80°C until 16S analysis.  

Bacteria 16S PCR amplification 

Eluted oral swab samples were thawed at room temperature and briefly 

vortexed to ensure uniform microbial distribution. Direct PCR amplification [18] was 

used to amplify the V3-V4 region of the 16S gene using the forward primer 341F and 

the reverse primer 805R. Illumina overhang adaptors sequences were added to both 

the 341F forward and 805R reverse primer sequences. PCR amplification of the 

samples was performed in 25 µl reactions using KAPA Taq HiFi Hotstart (Kapa 

Biosystems, Boston, MA, USA). For each 25µl PCR reaction, 10 µl of eluted swab 

sample was used. Negative control samples were prepared with sterile (0.2 µm filtered 

and UV treated) water and were run with each PCR reaction. PCR reactions were 

performed as followed: initial denaturing step at 95°C for 3 minutes followed by 30 

cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds. A final 

extension step was performed at 72°for 5 minutes. PCR products were run on agarose 

gel (2.5%) to verify amplification success and negative controls. DNA sequences were 
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then generated on an Illumina MiSeq run (Genomics Facility, Flinders Medical Centre, 

Adelaide, Australia).  

Bioinformatics 

A total of 7,660,611 pair-end reads successfully assembled and quality filtered 

at a Phred score of 30 using the bioinformatics program Paired-End reAd mergeR 

(PEAR) v0.9.4 [19]. Samples were then processed as previously described [20] using 

both Quantitative Insights Into Microbial Ecology (QIIME) v.1.8.0 [21] and UPARSE 

[22]. In brief, sequences were quality filtered to a minimum quality score of 30, a 

minimum 200 bp in length, no more than 6 ambiguous bases and no primer 

mismatches using QIIME. VSEARCH [23] was used to dereplicate sequences and 

singletons were removed using USEARCH [24]. Chimeras were removed, and 

remaining sequences clustered in to operational taxonomic units (OTUs) at 97% using 

the cluster_otus command in USEARCH. Greengenes database (13_08) was used to 

assign taxonomy using the default program UCLUST [24] in QIIME. Sequences were 

rarefied to 4920 to remove biases due to differing sequencing depths.  

Sequence analysis 

Bray-Curtis similarity matrices were calculated from square root transformed 

relative abundance data using the multivariate statistics program PRIMER (version 7, 

Primer-E, Plymouth) [25, 26].  The non-parametric distribution free Analysis of 

Similarity (ANOSIM) test was used to test the null hypothesis of no differences among 

a priori group to determine patterns of bacterial community variation [25]. 

Permutational Multivariate Analysis of Variance (PERMANOVA+, version 1.0.3) was 

used to determine differences in overall bacterial composition between locations, time, 

gender and participants using 9999 unrestricted permutations of the raw data [26].  The 
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distance-based test for homogeneity (PERMDISP) was used to test the multivariate 

dispersions within a group [27]. When statistical significance was observed through 

PERMANOVA and ANOSIM analysis (p < 0.05), a similarity percentage analysis 

(SIMPER) was used to identify what genera of bacteria were driving the dissimilarity 

among groups (90% cut off) [27]. Bootstrap averaged metric Multidimensional Scaling 

(MDS) analysis was run on samples to establish the spread and separation of samples 

bases on the results from ANOSIM [25].  A bootstrap region of 95% was used and 500 

bootstraps per group were run. The average of these 500 bootstraps were used to 

determine the average centroid and where 95% of the averages lied within the 

multivariate space. 

Results 

Overall sequence statistics 

Sixty-five of 72 samples were successfully sequenced. The back of the tongue 

was the area with the least number of successful samples, with 4 of the 6 samples 

amplifying before sleep and only 1 of the 6 samples after sleep. The healthy 

participants used in this study were a subset group from a larger study with sleep-

disorder breathers where 7,660,611 reads were successfully joined after paired-end 

assembly. After 97% OTU clustering 3,143,387 sequences were clustered into 536 

OTUs. Each sample contained an average of 47,627 (± 38,475 SD) sequences, with 

a minimum of 1,491 and a maximum of 253,489 sequences. 

Relative abundance of oral bacteria differs among microhabitat 

ANOSIM and PERMANOVA tests revealed healthy oral bacterial populations 

separated into groups based on microhabitat (ANOSIM R = 0.157, p = 0.002; 
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PERMANOVA pseudo-F = 2.58, p < 0.0001). Pairwise comparisons in ANOSIM 

revealed of the 15 paired comparisons between microhabitats, 11 were seen to be 

significant (Table 1; R < 0.5, p < 0.04). The tip of the tongue was observed to be 

significantly different to all other oral microhabitats (Table 1; R < 0.5, p < 0.04). The 

temporomandibular joint, gingivae and molars were similar in bacterial composition 

(Table 1; R < 0.034, p ≥ 0.232), as were the palate and back of tongue (Table 1; R = 

0.1, p = 0.181). The low R values for the significantly different comparisons indicate 

that although these locations do not have the same bacterial community composition, 

there is strong overlap in bacterial communities present. 
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Table 1. ANOSIM pairwise tests between microhabitats in the paediatric oral 

cavity. A significant difference in the patterns of bacterial community composition 

between microhabitats is denoted by an asterisk (*). No significant difference was 

observed in bacterial community structure among the temporomandibular joint, 

gingivae and molars; or the back of the tongue and palate. The tip of the tongue was 

significantly different to all microhabitats.    

Pairwise tests R statistic P value 

Temporomandibular joint, Back of tongue 0.32 0.019* 

Temporomandibular joint, Gingivae 0.01 0.351 

Temporomandibular joint, Palate 0.14 0.036* 

Temporomandibular joint, Molars 0.034 0.232 

Temporomandibular joint, Tip of tongue 0.27 0.0002* 

Back of tongue, Gingivae 0.36 0.010* 

Back of tongue, Palate 0.10 0.181 

Back of tongue, Molars 0.27 0.040* 

Back of tongue, Tip of tongue 0.46 0.004* 

Gingivae, Palate 0.23 0.005* 

Gingivae, Molars -0.035 0.698 

Gingivae, Tip of tongue 0.30 0.0001* 

Palate, Molars 0.12 0.038* 

Palate, Tip of tongue 0.14 0.030* 

Molars, Tip of tongue 0.22 0.001* 
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PERMDISP analysis based on microhabitat revealed an overall significant 

difference in the dispersion of data (F= 4.00, p = 0.011). Pairwise PERMDISP tests 

showed that there was a significant difference in the dispersion of data between the 

tip of the tongue and the temporomandibular joint (t = 3.99, p = 0.001), gingivae (t = 

4.45, p = 0.0005), palate (t = 2.97, p = 0.012) and molars (t = 3.98, p = 0.0012) (Figure 

1). The microhabitat with the greatest level of variability in data was the molars with a 

Bray-Curtis distance-to-centroid of 22.82 ± 1.45. The tip of the tongue was the least 

dispersed with 16.29 ± 0.76. Separation of each microhabitat was observed using 

metric MDS of the Bray-Curtis dissimilarity (Fig. 2). However, there was some overlap 

among locations (Fig. 2). The greatest spread of the 95% bootstrap region was at the 

back of the tongue (Fig. 2).  

 

 

 

 

  

 

 

 

 

 



156 
 

 

 

 

Figure 2. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity for all samples at the temporomandibular joint (green triangle), 

back of the tongue (inverted dark blue triangles), gingivae (light blue squares), 

palate (red diamonds) and tip of the tongue (grey crosses) in the paediatric oral 

cavity. Centroid values are for each microhabitat are surrounded by a smooth 

bootstrap region where 95% of the 500 bootstrap averages lie.  
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SIMPER analysis on each microhabitat revealed an average Bray-Curtis 

similarity of 67.65 for the temporomandibular joint, 70.28 for the back of the tongue, 

67.26 for the gingivae, 69.70 for the palate, 66.31 for the molars and 76.19 for the tip 

of the tongue. Streptococcus and Haemophilus were the top two relatively abundant 

genera contributing to a combined total of 35.99%, 34.37%, 25.94%, 30.75% and 

29.22% of the total within group similarity at the temporomandibular joint, gingivae, 

palate, molars and tip of the tongue respectively. Streptococcus and Veillonella were 

the top relatively abundant taxa at the back of the tongue contributing to 27.30% of 

the within group similarity at that location. Pairwise SIMPER analysis on the 

significantly different microhabitats, as identified by ANOSOM, revealed that the 

dissimilarities among locations were driven predominantly by differences in the relative 

abundance of Veillonella, Streptococcus, Prevotella, Haemophilus and Rothia genera.  
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Table 2. The relative abundance of the top bacterial genera driving the 

dissimilarity among microhabitats. Values are the average percentage contribution 

for each genus to the total bacterial community identified at each microhabitat.  Error 

represents the standard error of the mean.  

 Streptococcus Haemophilus Veillonella Prevotella Rothia 

Palate 
32.36% 

(± 1.91%) 

8.95% 

(± 1.61%) 

10.32% 

(± 2.09%) 

9.40% 

(± 2.41%) 

2.44% 

(± 0.59%) 

Gingivae 
39.08% 

(± 3.24%) 

12.41% 

(± 2.08%) 

10.20% 

(± 2.87%) 

5.41% 

(± 1.88%) 

0.32% 

(± 0.19%) 

Molars 
40.08% 

(± 4.98%) 

9.62% 

(± 1.68%) 

5.01% 

(± 0.80%) 

5.98% 

(± 2.40%) 

1.26% 

(± 0.31%) 

Temporomandibular 

joint 

46.50% 

(± 4.96%) 

8.90% 

(± 1.50%) 

8.15% 

(± 2.75%) 

8.53% 

(± 2.95%) 

0.34% 

(± 0.090%) 

Back of tongue 
25.14% 

(± 6.03%) 

5.85% 

(± 1.82%) 

23.83% 

(± 5.23%) 

9.57% 

(± 2.97%) 

1.79% 

(± 0.32%) 

Tip of tongue 
33.00% 

(± 1.68%) 

15.73% 

(± 2.51%) 

11.83% 

(± 1.90%) 

5.29% 

(± 1.36%) 

4.67% 

(± 1.02%) 



159 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The top 5 bacterial genera driving the dissimilarity between 

microhabitats in the oral cavity, additional bacterial identified at each location 

are grouped into other. The back of the tongue and palate were characterised by a 

higher relative abundance of Veillonella and Prevotella. The Tip of the tongue was 

characterised by a higher abundance of Veillonella, Rothia and Haemophilus. The 

Temporomandibular joint, Gingivae and Molars were characterised by a higher relative 

abundance of Streptococcus. The percentage contribution for each of the 5 genera to 

the total bacterial communities identified at each microhabitat can be found in Table 

2.   
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A higher relative abundance of Veillonella, Rothia and Haemophilus at the tip 

of the tongue were seen to be the main taxa driving the dissimilarity among other 

microhabitats. Specifically, pairwise SIMPER comparisons with the 

temporomandibular joint revealed a higher abundance of Veillonella, Rothia and 

Haemophilus at the tip of the tongue. These taxa contributed to 19.97% of the Bray-

Curtis dissimilarity between locations (31.24). Comparisons between the gingivae and 

the tip of the tongue showed a Bray-Curtis dissimilarity measure of 31.74. Of that, 

13.37% of the dissimilarity was driven by a higher relative abundance of Rothia and 

Veillonella. A higher relative abundance of Haemophilus and Veillonella at the tip of 

the tongue contributed to 11.54% of the 31.57 Bray-Curtis dissimilarity measure with 

the molars. Finally, the higher abundance of Haemophilus at the tip of the tongue 

compared to the back of the tongue and palate contributed to 7.30% and 6.26% of the 

30.45 and 28.52 Bray-Curtis dissimilarity between these microhabitats respectively.  

A higher abundance of Veillonella and Prevotella taxa, and a lower relative 

abundance of Streptococcus at the back of the tongue, were the main discriminating 

genera identified by pairwise SIMPER analysis between the temporomandibular joint 

(37.74), gingivae (38.37) and molars (37.85). These taxa contributed to 26.38, 23 and 

23.36% of the dissimilarity at each microhabitat respectively. Veillonella was also 

higher in relative abundance at the palate compared to the temporomandibular joint, 

gingivae and molars. These differences contributed to 6.43, 6.15 and 5.20% of the 

dissimilarity observed respectively. Pairwise SIMPER comparisons between the back 

and tip of the tongue identified that a higher abundance of Vellionella at the back of 

the tongue, and a higher abundance of Haemophilus at the tip of the tongue, were the 

top taxa contributing to 14.47% of the 30.45 Bray-Curtis dissimilarity. The 

temporomandibular joint was higher in relative abundance of Streptococcus than the 
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palate (33.40) and tip of the tongue (31.24) and contributed to 5.43 and 5.99% of the 

dissimilarity at each location respectively. However, the palate was higher in relative 

abundance of Prevotella than the temporomandibular joint and contributed a further 

10.55% of the dissimilarity between these microhabitats.  

Bacterial populations shift in relative abundance during sleep 

The overall analysis of all samples split by time of collection (i.e. before and 

after sleep) showed a significant difference in bacterial community composition 

(ANOSIM R = 0.151, p < 0.0001; PERMANOVA pseudo-F = 5.093, p = 0.0002). Data 

distributions before and after sleep were also homogeneous in their dispersion 

(PERMDISP F = 2.51, p = 0.14). A metric MDS showed clear separation of samples 

collected before and after sleep based on the Bray-Curtis dissimilarity measures (Fig. 

4). Both groups had a similar spread in the distribution of data (Fig. 4).  
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Figure 4. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity for all samples before (green triangle) and after (inverted dark blue 

triangle) sleep in the paediatric oral cavity. Centroid values are for each 

microhabitat are surrounded by a smooth bootstrap region where 95% of the 500 

bootstrap averages lie.  
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SIMPER analysis revealed that there was a Bray-Curtis similarity of 67.12 

among all samples collected before sleep and 70.34 among all samples collected after 

sleep. Streptococcus and Haemophilus were the genera of bacteria dominating the 

before sleep samples and contributed to 31.90% of the Bray-Curtis similarity. After 

sleep, Streptococcus and Veillonella were the most relatively abundant taxa 

contributing to 29.21% of the Bray-Curtis similarity. SIMPER pairwise comparisons 

showed that there was an average Bray-Curtis dissimilarity of 33.40 between taxa 

before and after sleep. The increase in relative abundance of Veillonella from 9.23% 

before sleep to 11.34% after sleep and Prevotella 3.84% before sleep to 10.74% after 

sleep were the top two discriminating genera driving the dissimilarity between time 

points. Combined, both taxa contributed to 16.64% of the Bray-Curtis dissimilarity.  

Based on this dissimilarity in bacterial composition with time, samples collected 

at each microhabitat before sleep were then compared among each other and 

samples collected after sleep compared to one another (i.e. bacterial populations at 

the molars before sleep compared to bacterial populations at the palate before sleep). 

Through grouping the samples based on time of sampling and microhabitat, 

comparisons into the specific bacterial shifts at each microhabitat during sleep could 

be made.  
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Differences in oral community composition based on collection time and microhabitat  

Significantly different bacterial community compositions were revealed overall 

when data was grouped by sample time and microhabitat (ANOSIM R = 0.238, p < 

0.0001; PERMANOVA pseudo-F = 2.27, p < 0.0001). However, by splitting the sample 

in this way, the sample size for each group is reduced. Therefore, there is a lower 

number of possible permutations that can be run for each pairwise test. These 

permutations ranged from 5 to 462. As there was only one sample for the back of the 

tongue after sleep, any pairwise comparisons with that data point were disregarded as 

there was not enough replicates to form a sensible significance test. 

Before sleep, ANOSIM pairwise tests revealed a significant difference in 

bacterial community structure between the back of the tongue and the tip of the tongue 

(R = 0.71, p = 0.005), temporomandibular joint (R = 0.65, p = 0.005), gingivae (R = 

0.45, p = 0.014), palate (R = 0.43, p = 0.029) and molars (R = 0.50, p = 0.01). The 

bacterial communities at the tip of the tongue were also seen to differ from the gingivae 

(R = 0.27, p = 0.009), molars (R = 0.20, p = 0.03) and temporomandibular joint (R = 

0.36, p = 0.006). After sleep, bacterial community composition at the tip of the tongue 

was significantly different to the palate (R = 0.33, p = 0.009), molars (R = 0.19, p = 

0.026), temporomandibular joint (R = 0.24, p = 0.035) and the gingivae (R = 0.52, p = 

0.002). The palate was also different in bacterial composition compared to the gingivae 

(R = 0.47, p = 0.015) and the temporomandibular joint (R = 0.27, p = 0.043). When 

comparing bacterial community composition at each microhabitat before sleep to its 

corresponding microhabitat after sleep, only the palate (R = 0.32, p = 0.028) and tip of 

tongue (R = 0.41, p = 0.013) showed a significant difference.   
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Overall, distributions based on the time of microhabitat sampling were seen to 

be homogeneous in their dispersions (PERMDISP F = 4.11, p = 0.054). However, 

pairwise PERMDISP comparisons revealed heterogeneity in the dispersion of 

multivariate data between the tip of the tongue and the temporomandibular joint (t = 

3.86 and 3.02, p = 0.0039 and 0.010), gingivae (t = 4.36 and 2.65, p = 0.0021 and 

0.035) and molars (t = 4.56 and 3.24, p = 0.0036 and 0.0066) before and after sleep 

respectively. The tip of the tongue had the least dispersal before (14.28 ±0.91) and 

after (13.85 ± 0.88) sleep. The molars had the largest dispersal of data before (22.93 

± 1.67) and after (20.94 ± 2.01) sleep.  

Before sleep, pairwise SIMPER analysis between the tip and the back of the 

tongue revealed that higher relative abundance of Veillonella and Prevotella at the 

back of the tongue and a higher relative abundance of Haemophilus and 

Streptococcus at the tip of the tongue, were the top relatively abundant taxa 

contributing to the dissimilarity. These differences in relative abundance were 

responsible for 29.23% of the 34.23 Bray-Curtis dissimilarity reported between 

locations. SIMPER also revealed that the higher relative abundance of Veillonella and 

Prevotella at the back of the tongue contributed to 17.93, 16.92, 15.50 and 18.03% of 

the Bray-Curtis dissimilarity between pairwise comparisons with the 

temporomandibular joint (42.86), gingivae (40.64), palate (36.08) and molars (42.00) 

respectively. Pairwise comparisons also showed that a high relative abundance of 

Haemophilus at the tip of the tongue contributed to 7.69 and 6.06% of the dissimilarity 

at the temporomandibular joint (31.32) and molars (31.81) respectively. A lower 

abundance of Streptococcus at the back of the tongue compared to the 

temporomandibular joint (42.86), gingivae (40.64), molars (42.00) and palate (36.08) 

also contributed to 8.89, 4.77, 6.29 and 5.29% of the dissimilarity between pairwise 
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comparisons at those locations respectively. A higher relative abundance of Rothia at 

the tip of the tongue was also responsible for contributing 7.50 and 7.76% of the 

dissimilarity between the temporomandibular joint (31.32) and gingivae (30.88) 

respectively. Other main differences observed between pairwise SIMPER 

comparisons of the genera that responsible for diving dissimilarity were: the high 

relative abundances of Streptococcus at the temporomandibular joint contributing 

7.63% of the dissimilarity between the tip of the tongue (31.32), the high relative 

abundance of Haemophilus at the gingivae contributing to 4.81% of the dissimilarity 

between the back of the tongue (40.64), the high relative abundance of Veillonella at 

the tip of the tongue contributing 6.32% of the dissimilarity between the gingivae 

(30.88) and the high relative abundance of Neisseria at the tip of the tongue 

contributing to 5.80% of the dissimilarity between the molars (31.18). 

After sleep, pairwise SIMPER analysis showed that a higher relative abundance 

of Veillonella at the tip of the tongue contributed to 9.03, 6.36 and 7.15% of the 

dissimilarity at the temporomandibular joint (27.86), gingivae (30.32) and molars 

(29.46) respectively. Veillonella was also higher in relative abundance at the palate 

compared to the gingivae (34.53) and temporomandibular joint (31.78) and was 

responsible for 5.44 and 7.00% of the dissimilarity at these locations respectively. 

Prevotella was also higher in relative abundance at the palate when pairwise 

comparisons were made to the tip of the tongue (26.78), gingivae (34.52) and 

temporomandibular joint (37.78). This difference in abundance contributed to 9.28, 

11.59 and 11.65% of the dissimilarity at each location respectively. Other differences 

that were main dissimilarity drivers between locations after sleep were the higher 

relative abundance of Rothia at the tip of the tongue contributing to 6.15% of the 

dissimilarity between the gingivae (30.32), and the higher relative abundance of 
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CW040 at the gingivae contributing to 5.60% of the dissimilarity between the palate 

(34.52).   

Before sleep, the average Bray-Curtis similarity measure for the palate was 

70.74.  The top two most abundant genera for this group were Streptococcus and 

Haemophilus contributing to 29.61% of the similarity within the group. After sleep the 

palate had a Bray-Curtis similarity measure of 70.34 with Streptococcus and 

Veillonella the top two genera with the highest relative abundance within the group. 

Both genera contributed to 23.27% of the total similarity within the group. When the 

palate was compared before and after sleep, the average dissimilarity measure 

between groups was 32.39. An increase in the relative abundance of Prevotella and 

Veillonella during sleep were the top genera driving the dissimilarity between these 

two groups. These genera were responsible for 16.93% of the dissimilarity.  

With an average Bray-Curtis similarity of 77.92, the tip of the tongue before 

sleep was also populated with a higher relative abundance of Streptococcus and 

Haemophilus. Both genera contributed to a cumulative total of 31.73% to the similarity 

within this group. After sleep, the tip of the tongue had an average Bray-Curtis 

similarity of 78.64. Streptococcus and Veillonella were now the two genera with the 

highest relative abundance within the group contributing to a combined total of 28.52% 

of the dissimilarity. The average dissimilarity between the before and after sleep 

groups at the tip of the tongue was 25.55, with Haemophilus and Veillonella the main 

genera driving the dissimilarity between groups. Haemophilus was higher in relative 

abundance before sleep and Veillonella after sleep. These genera contributed to a 

total of 15.25% of the observed dissimilarity.  
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Bacterial communities vary among participants  

Participants were seen to have significantly different bacterial community 

composition to each other (ANOSIM R = 0.428, p < 0.0001; PERMANOVA pseudo-F 

= 5.71, p < 0.0001). Overall, bacterial dispersion among participants was 

homogeneous (PERMDISP F = 1.21, p = 0.41), with the slight exception of a significant 

difference in dispersion between participants 2 and 4 (PERMDISP t = 2.77, p = 0.017). 

Each participant’s average Bray-Curtis similarity measure was between 69.35 and 

75.54 (SIMPER). Streptococcus was the most abundant within all participants and 

contributed the most to the similarity with anywhere between 15.56-23.32% (SIMPER). 

No significant difference was observed in bacterial composition between genders 

(ANOSIM R = 0.088, p = 0.052). A metric MDS of participant’s samples showed that 

oral samples from the same participant grouped together with minimal overlap (Fig. 

5). A slight overlap in samples between participants 2 and 6 was observed (Fig. 5). 

Participants 2 and 5 had the greatest spread of samples (Fig. 5).  
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Figure 5. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity for all oral samples collected from each of the 6 participants 

involved in this study. Centroid values are for each microhabitat are surrounded by 

a smooth bootstrap region where 95% of the 500 bootstrap averages lie.  
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Discussion  

The purpose of this study was to understand the taxonomic shifts in the 

bacterial communities within microhabitats of the healthy paediatric oral cavity during 

sleep. This was achieved through 16S ribosomal RNA sequencing of 6 oral 

microhabitats (Fig. 1) before and after sleep in 6 healthy paediatric participants.  We 

identified significant differences in the relative abundance of ‘core’ taxa among oral 

microhabitats, and a shift in these taxa during sleep, specifically in the anaerobic 

bacteria Veillonella and Prevotella. Here we present, to the best of our knowledge, the 

first study to address taxonomic bacterial microhabitat variation in the paediatric oral 

cavity during sleep. The influence of sleep on the oral microbiome adds complexity in 

understanding the healthy microbiome and suggests that the bacterial communities 

within the microhabitats could be influenced by a circadian cycle.  

Previously it has been reported that the adult oral cavity contains distinct niches 

with significantly different microbial communities [28, 29]. Most of the dissimilarities 

identified were due to differences in the relative abundance of a ‘core’ set of taxa 

among oral locations [28-30]. This study supports this finding as bacterial 

dissimilarities in the paediatric oral microbiome were driven by differences in the 

relative abundance of the top abundant taxa. This has previously been suggested to 

be a result of the continuous dispersal of microorganisms through saliva [9, 31]. 

Microorganisms from the surfaces of the microhabitats within the oral cavity shed into 

the saliva. Saliva then facilitates the transport of these microbial communities to other 

surfaces within the oral cavity [32]. Based on the conditions of the new microhabitat, 

such as the pH, bacterial binding receptors and oxygen concentrations, depends on 

what bacteria from the saliva will colonise [9, 33].  
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Bacterial community analysis on overall microhabitats revealed each 

microhabitat assembled into one of three groups. These groups consisted of: the 

temporomandibular joint, gingivae and molars; back of tongue and palate; and the tip 

of the tongue. The microhabitats within each of these groups did not display an overall 

significant difference in the bacterial communities present (ANOSIM p > 0.05; Table 

1). Spatially, the temporomandibular joint, gingivae and molars are near one other 

(Figure 1). Interestingly, this group consists of both soft shedding mucosal surfaces 

(temporomandibular joint and gingivae) and non-shedding tooth surfaces (molars), 

factors used to explain differences among these microhabitats in the past [28, 33]. We 

have previously reported that the absolute bacterial abundance at the molars and the 

temporomandibular joint are similar [16]. However, the bacterial counts at these two 

microhabitats were generally lower than the gingivae [16]. This demonstrates that 

significant differences in the absolute microbial abundances among microhabitats in 

the oral cavity do not reflect a difference in bacterial taxonomic structure. In this study, 

these three microhabitats were generally higher in relative abundance of 

Streptococcus compared to the palate, tip of the tongue and back of the tongue.  

Streptococcus was identified as the most abundant genus in the paediatric oral 

cavity (Fig. 3). This supports previous oral microbiome studies in adults and children 

[1, 28, 30, 34, 35]. It is likely the samples collected at the molars and gingival margin 

contained small fragments of plaque. Recent studies have shown that the plaque 

biofilm consists of a highly spatially and taxonomically organised consortium of 

microorganisms [36]. Streptococcus initially attaches to the surface of the tooth and 

acts as a substrate for the attachment of other bacterial species [36, 37]. However, 

due to its facultative aerobic nature, Streptococcus also colonise towards the surface 

of the plaques ‘corn-cob’ structure and is involved in driving many biochemical 
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gradients in the biofilm [36]. Due to its high abundance at other microhabitats in the 

oral cavity, Streptococcus is also believed to be a wide-ranging coloniser of multiple 

surfaces [36]. The Veillonella genera of bacteria, also abundant in the paediatric oral 

cavity, depend on the organic acids produced by Streptococcus from the breakdown 

of carbohydrates in the oral cavity [38]. 

The back of the tongue and the palate were similar in bacterial composition and 

were higher in the relative abundance of the anaerobic bacteria Prevotella and 

Veillonella. Although different in their surface structure, these two microhabitats are 

often in contact with one another, possibly explaining the similarities observed. 

Dissimilarity among oral microhabitats and the tip of the tongue was also driven by a 

higher relative abundance of Veillonella, suggesting that a higher abundance of this 

genus of bacteria is characteristic of the tongue. This supports previous topographic 

tongue microbiome studies that show a skew towards these anaerobic bacteria [33, 

39, 40]. The high relative abundance of this taxa at this anatomical location is likely 

due to the papillae on the surface of the tongue.  These structures create small 

anaerobic pockets where nutrients are trapped, and bacteria are protected from 

salivary clearance [41]. Prevotella and Veillonella are commonly identified in the 

healthy oral microbiome [29, 30]. However, these hydrogen-sulfide producing bacteria 

found within the tongue biofilm are also responsible for oral malodour when increased 

in abundance [39, 42].  

A higher relative abundance of Haemophilus and Rothia at the tip of the tongue 

were driving the dissimilarity among all other oral microhabitats, including the back of 

the tongue. These genera of bacteria are aerobic or facultative anaerobic, which 

suggests a decreasing oxygen gradient from the tip to the back of the tongue. As the 
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tip of the tongue is most exposed to the external environment, and is directly exposed 

to the air we breathe, it is logically consistent that this location is higher in aerobic 

species of bacteria compared to other locations.  

During sleep, the dynamics of the oral cavity change. Healthy individuals 

breathe predominantly through their nose during sleep [43], creating an anaerobic 

environment within the mouth. Salivary flow and intraoral pH have also been reported 

to decrease during sleep [12, 15, 44]. Saliva plays an important role in the buffering of 

the intraoral pH by neutralising acids, some of which are produced by bacteria 

including Streptococcus [12, 45]. Therefore, during sleep when there is reduced 

salivary flow, the intraoral pH declines creating a slightly acidic environment [15]. 

During sleep, Veillonella and Prevotella increased in relative abundance and were the 

top taxa driving the dissimilarity between oral samples collected before and after sleep 

(Fig. 4). Both these bacteria are acid-tolerant and benefit from these acidic conditions 

[46, 47]. As previously mentioned Veillonella is dependent on the production of organic 

acids and utilises them as a carbon source [38]. However, Prevotella can act as an 

acid neutraliser through the fermentation of amino acids [46, 48]. This then facilitates 

the growth of periodontopathic bacteria that require a pH neutral environment [48]. 

Participants in this study had significantly different oral bacterial community 

structures to one another as evident by the grouping of oral samples according to 

participant (Fig. 5). Individualisation in human microbiomes occurs for the oral cavity, 

skin and gut [35, 49-52]. Differences in environments, diets and immune systems are 

thought to be involved in creating the dissimilarity among individuals [8, 10, 11]. The 

indication that individuals’ oral samples group together regardless of the sample 

location suggest of the potential need for personalised oral care in disease states.  
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Previous studies have suggested the differences in the microbial profiles of 

saliva between health and disease is not dependent on the time of sampling [53-55]. 

This is supported by reports of no diurnal variation in the microbiota of stimulated saliva 

samples from healthy adult individuals over 20 hours [56]. Other studies have reported 

temporal stability in saliva from 5 days to 7 years [53, 57]. Here we show that over 

approximately 9 hours of sleep, microhabitats within the oral cavity significantly differ 

in bacterial community composition. Therefore, unlike saliva, careful regulation in the 

time of sampling for oral microhabitats needs to be considered when investigating oral 

microbial related diseases.  

Limitations of this study include the heterogeneity in the spread of the data as 

identified by the PERMDISP results. The tip of the tongue was significantly less 

dispersed than most other microhabitats in the oral cavity (PERMDISP p > 0.05; Fig. 

2). This could suggest that the significant pairwise ANOSIM comparisons between the 

tip of the tongue and these locations are likely a result of differences in dispersion 

rather than location. Larger sampling size could help explain whether these differences 

in relative abundance of taxa with the tip of the tongue are a result of difference in the 

dispersal of data. Another limitation of this study was that no oral hygiene was 

implemented before sleep. Therefore, the increase in the anaerobic genera Veillonella 

and Prevotella may reflect the increase in sugars and carbohydrates in the oral cavity. 

Further work should investigate what effect oral hygiene has on the microbial 

community in the paediatric oral cavity before and after sleep.  

Here we show that microhabitat variation in the paediatric oral cavity is driven 

by differences in the relative abundance of ‘core’ taxa characteristic to the healthy oral 

microbiome. Our work suggests that the microhabitats in the oral cavity follow a 
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circadian cycle, and that the anaerobic bacteria, Veillonella and Prevotella, increase 

during sleep. Therefore, care must be taken when collecting microhabitat samples for 

taxonomic comparisons between health states, as differences in community structure 

could be due to discrepancies in sample collection time.   
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Abstract 

Sleep disorder breathing (SDB) describes a spectrum of breathing disorders 

where there is the complete or partial blockage of the airways during sleep. If left 

untreated in children, it can lead to serious health issues. Recently it has been shown 

that the absolute microbial abundance dynamics of the paediatric SDB oral cavity 

significantly differs to healthy participants. However, taxonomic shifts are yet to be 

investigated. Here we report for the first time, using 16S ribosomal RNA gene 

sequencing, a significant difference in the bacterial community composition among 

microhabitats within the paediatric SDB oral cavity. However, unlike the healthy oral 

cavity, these bacterial communities remain constant during sleep. We also show that 

the paediatric SDB oral cavity is significantly different in bacterial community 

composition to the healthy oral cavity, specifically after sleep at the tip of the tongue 

where there is a shift from the anaerobic bacteria Veillonella, to the aerobic bacteria 

Haemophilus in SDB. This suggests that mouth breathing during sleep in SDB 

influences the oral microbial communities. Therefore, future studies should be 

conducted into the causal relations between the oral microbiome and SDB, and what 

impact these microbial shifts have of overall health and wellbeing.  
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Introduction 

Sleep disorder breathing (SDB) affects approximately 10% of the paediatric 

population and describes a range of breathing disorders from snoring to obstructive 

sleep apnoea [1]. In children with SDB, the obstruction of the upper airways is usually 

due to hypertrophy of the tonsils and adenoids [2].  This results in the partial or 

complete blockage of air flow during sleep, leading to the disruption of the normal 

sleeping pattern [3]. Within the paediatric population, these disturbances to the normal 

sleeping pattern can lead to inattentiveness, fatigue, aggressiveness and hyperactivity 

[4, 5]. This can ultimately result in growth impairment, behavioural problems and 

neurocognitive and cardiovascular issues for the child  [6, 7].  

Currently, human microbial studies are focusing on characterising the shifts 

within the healthy microbiome, particularly at the spatial and temporal scales, to 

explain the progression of various disease states [8-14]. The oral cavity is one niche 

where this has been applied [8, 9]. Within the oral cavity are microhabitats that vary in 

surface structure [8, 9]. These microhabitats have been shown to harbour different 

microbial communities that vary taxonomically and numerically [8, 9, 15-17]. 

Previously, we have demonstrated that the microbial abundance dynamics within the 

paediatric SDB oral cavity significantly differ to the healthy paediatric oral cavity, 

particularly with the viral communities [18]. However, the taxonomic variations among 

microhabitats in the SDB oral cavity before and after sleep are still unknown.   

Recently it has been shown that sleep fragmentation, a common symptom of 

obstructive sleep apnoea, perturbs the gut microbiota [19, 20]. As the oral cavity is the 

gateway to the digestive system, understanding what, if any, affect irregular breathing 

has on the microbiome of the upper respiratory tract could assist in interpreting or 
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tracking the progression of microbial shifts further down the digestive system. Here, 

we compared the bacterial taxonomic community composition of the paediatric oral 

cavity between healthy and SDB using 16S rRNA sequencing. We examined the 

microbial spatial distribution of the SDB oral cavity at 6 locations before and after 

sleep. Here we report on a significant difference in the microbial community structure 

of the oral cavity between healthy and SDB.  

Materials and Methods 

Ethics statement 

This study was approved by the Human Research Ethics Committees of the 

Women’s and Children’s Hospital and the University of Adelaide, South Australia. The 

study has been conducted in accordance with the 1964 declaration of Helsinki and its 

later amendments. Written consent was provided by all parents and children written 

assent for their involvement in the study. A child’s health and behaviour questionnaire 

was also completed by the parents prior to sample collection.  

Sample collection 

Oral swabs were collected from 12 participants undergoing a polysomnography 

sleep test at the Women’s and Children’s Hospital as part of a larger study 

investigating the effects of sleep disorder breathing on the development of children. 

Of the 12 participants, 6 were healthy controls (female = 2, male = 4) and 6 were 

participants that had been diagnosed with SDB (female = 2, male = 4). Healthy 

participants ages ranged from 7.75 to 16.58 years with an overall average of 10.40 ± 

3.99 years. SDB ages ranged from 6.33 to 15.92 years with an overall average of 



188 
 

10.01 ± 1.49 years. BMI’s for the healthy group range between 14.2 to 19.7 (average 

= 18.63 ± 3.92). SDB had BMI’s from 12.83 to 26.6 (average = 19.07 ± 2.10).  

Oral swab samples were collected by methods previously described [15, 16, 

18]. Briefly, sterile individually packaged rayon swabs (Copan, Brescia, Italy; product 

code: 155C; length: 13.3 cm, diameter: 5 mm) were used to collect samples from the 

middle of the tip of the tongue, middle of the palate, middle of the back of the tongue, 

the gingival margin of the last proximal molar on the right lower jaw, the left 

temporomandibular joint and the occlusal site of the last two distal molars on the 

bottom jaw. These samples will be referred to as the tip of the tongue, palate, back of 

tongue, gingivae, temporomandibular joint and molars respectively for the duration of 

this manuscript. Swabs were collected by rotating the swab tip clockwise 6 times at 

the sample location. Swabs were collected from each sample location just before lights 

out between 8.30-9.00 pm and again the following morning at the same locations 

between 6.00-6.30 am. These samples will be referred to as before and after sleep 

respectively. In total there were 144 swab samples collected form the 12 participants. 

All oral swabs were collected by the same researcher using the methods described 

above. All swab samples were then frozen at -80°C in their polyproline tubes until 

analysis. 

Swab preparation 

The oral swabs used in this study were part of another study investigating the 

absolute bacterial and Virus-like particle (VLP) abundances within the oral cavity of 

healthy and SDB using flow cytometry [16, 18]. In brief, swab tips were cut off into 1 

ml of sterile (0.2 µm filtered and UV treated) TE buffer (10 mM Tris, 1 mM EDTA pH 

7.4, sigma) and vortexed for 3 minutes to elute the bacteria and VLP from the swab 
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[16, 18]. The swab tip was then removed from the sample and a small volume of the 

buffer was collected for flow cytometric analysis [16, 18]. The remaining sample was 

snap frozen in liquid nitrogen and stored at -80°C ready for 16S analysis. During the 

preparation of the samples, negative control samples were prepared in the same 

manner using sterile rayon swabs (Copan, Brescia, Italy; product code: 155C; length: 

13.3 cm, diameter: 5 mm). 

Bacterial 16S PCR amplification 

Eluted oral swab samples and negative control samples were thawed at room 

temperature and vortexed briefly to ensure uniform microbial distribution within the 

samples. Direct PCR [21] was performed on the samples using primers 341F and 

806R (with Illumina overhang adaptors attached) that targeted the V4-V5 region of the 

16S gene. KAPA Taq HiFi Hotstart polymerase (Kapa Biosystems, Boston, MA, USA) 

was used for the PCR amplification of the samples. A total reaction volume of 25 µl 

was used. Ten microliters of sample were used in each reaction. The PCR reaction 

was then preformed as followed: initial denaturing step at 95°C for 3 minutes followed 

by 30 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds. 

A final extension step of 72°C for 5 minutes was performed, followed by storage at 

4°C. An agarose gel (2.5%) was run on the PCR products to ensure the successful 

amplification of oral samples and clear negative controls. DNA Sequences were 

generated using an Illumina Miseq run (Genomics Facility, Flinders Medical Centre, 

Adelaide Australia).  

Bioinformatic analysis 

Paired-End reAd mergeR (PEAR) v0.9.4 was used to successfully assemble 

and quality filter 7,660,611 reads at a Phred score of 30 [22]. As per previously 
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described methods [23], sequences were processed using Quantitative Insights Into 

Microbial Ecology (QIIME) v.1.8.0 [24] and UPARSE [25]. Briefly, sequences were 

quality filtered: to a minimum quality score of 30, to a minimum 200bp in length, no 

more than 6 ambiguous bases and no primer mismatches using QIIME. Sequences 

were dereplicated using  VSEARCH [26] and singletons removed in USEARCH [27]. 

The removal of chimeras and the clustering into operational taxonomic units (OTUs) 

at 97% similarity was achieved using the cluster_otus command in USEARCH. 

Taxonomy was assigned using the Greengenes database (13_08) using UCLUST [27] 

in QIIME. To remove biases due to differing sequencing depths, sequences were 

rarefied to 4920.  

Sequence analysis 

The multivariate statistics program PRIMER (version 7, Primer-E, Plymouth) 

was used to calculate Bray-Curtis similarity matrices were calculated from square root 

transformed relative abundance data [28, 29]. Permutational Multivariate Analysis of 

Variance (PERMANOVA+, version 1.0.3) was used to determine differences in overall 

bacterial composition between locations, time, gender, participants and health status 

using 9999 unrestricted permutations of the raw data [29].  Patterns of bacterial 

community variation were analysed using the Analysis of Similarity (ANOSIM) to test 

the null hypothesis of no differences among a priori group using 9999 permutations 

[28]. To test for multivariate dispersions within a group, the distance-based test for 

homogeneity (PERMDISP) was performed using 9999 permutations [30]. A similarity 

percentage analysis (SIMPER) was used to determine the top genera of bacteria 

driving the dissimilarity between samples (90% cut off) when statistical significance 

was observed from the PERMANOVA and ANOSIM results (p < 0.05) [30]. The spread 

and separation of samples were then visualised using a metric Multidimensional 
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Scaling (MDS) plot [28]. Five hundred bootstraps were run to determine the average 

centroid and where 95% of the averages lied within the multivariate space.  

Results 

Overall sequence statistics 

One hundred and twenty-two samples were successfully sequenced. After 

paired-end assembly, 7,660,611 reads were successfully joined. After 97% OTU 

clustering 5,577,556 sequences were clustered into 536 OTUs. Each sample 

contained an average of 44,980 (± 31,384 SD) sequences, with a minimum of 598 and 

a maximum of 253,489 sequences. 

Oral microhabitats vary in bacterial composition in SDB  

Overall, bacterial communities in the paediatric SDB oral cavity separated by 

microhabitat (ANOSIM R = 0.23, p < 0.0001; PERMANOVA pseudo-F = 3.45, p < 

0.0001). Ten of the 15 microhabitat pairwise ANOSIM comparisons were significantly 

different (Table 1; R ≥ 0.13, p < 0.05). The back of the tongue was the only microhabitat 

observed to be significantly different in bacterial composition to all other locations in 

the SDB oral cavity (Table 1; p < 0.05). The palate and tip of tongue were observed to 

be similar in bacterial composition (Table 1; R = 0.11, p = 0.066). However, both were 

significantly different to the back of tongue, gingivae and molars (Table 1; p < 0.05). 

In addition, the palate was also significantly different in bacterial composition 

compared to the temporomandibular joint (Table 1; R = 0.23, p = 0.008). There were 

no significant differences between bacterial communities at the gingivae, 

temporomandibular joint and molars (Table 1; p > 0.05).  
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Table 1. Pairwise ANOSIM comparisons between the microhabitats in the 

paediatric SDB oral cavity. A significant difference in the patterns of bacterial 

community composition between microhabitats is denoted by an asterisk (*). Average 

Bray-Curtis dissimilarity percentages were calculated using SIMPER analysis.  

Pairwise tests R statistic P value 
Average Bray-Curtis 

dissimilarity 

Temporomandibular joint, Back of tongue 0.56 0.006* 42.85% 

Temporomandibular joint, Gingivae -0.045 0.67 - 

Temporomandibular joint, Palate 0.23 0.008* 31.88% 

Temporomandibular joint, Molars 0.019 0.31 - 

Temporomandibular joint, Tip of tongue 0.11 0.089 - 

Back of tongue, Gingivae 0.55 0.003* 46.41% 

Back of tongue, Palate 0.65 0.005* 34.96% 

Back of tongue, Molars 0.75 0.0005* 45.00% 

Back of tongue, Tip of tongue 0.70 0.001* 41.15% 

Gingivae, Palate 0.39 < 0.0001* 35.99% 

Gingivae, Molars 0.055 0.17 - 

Gingivae, Tip of tongue 0.24 0.006* 36.44% 

Palate, Molars 0.18 0.013* 30.78% 

Palate, Tip of tongue 0.11 0.066 - 

Molars, Tip of tongue 0.13 0.045* 31.61% 
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Distance-based tests for homogeneity of multivariate dispersions among 

microhabitats revealed an overall even distribution of data points (PERMDISP F = 

4.81, p = 0.0042). However, pairwise PERMDISP comparisons showed significant 

differences between the dispersal of data between the back of the tongue with the 

temporomandibular joint (t = 3.59, p = 0.0026), palate (t = 2.80, p = 0.027), molars (t 

= 3.92, p = 0.0023), gingivae (t = 3.97, p = 0.0033) and tip of tongue (t = 2.49, p = 

0.041). A significant difference in the dispersal of data was also observed between the 

palate and the gingivae (t = 3.07, p = 0.0059). The range in Bray-Curtis distance-to-

centroid measures for microhabitats using PERMDISP were between 11.71 ± 0.93 at 

the back of the tongue to 24.93 ± 2.03 at the gingivae. A metric MDS plot using the 

Bray-Curtis bootstrap averages showed an overlap in the data between the 

temporomandibular joint, molars and gingivae (Fig. 1). An overlap in the 95% 

bootstrap region was also observed between the tip of the tongue and the palate (Fig. 

1). No microhabitats were observed to overlap with the back of the tongue (Fig. 1).  
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Figure 1. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity for all samples at the temporomandibular joint (green triangle), 

palate (inverted dark blue triangles), molars (light blue squares), tip of tongue 

(red diamonds), back of tongue (pink circles) and gingivae (grey crosses) in the 

SDB paediatric oral cavity. Centroid values are for each microhabitat are surrounded 

by a smooth bootstrap region where 95% of the 500 bootstrap averages lie.  
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SIMPER analysis on each oral microhabitat in SDB revealed average Bray-

Curtis similarities of 66.75, 73.53, 69.23, 71.70, 80.48 and 63.28% for the 

temporomandibular joint, palate, molars, tip of tongue, back of tongue and gingivae 

respectively. Streptococcus was the most abundant genera at temporomandibular 

joint, palate, molars, tip of tongue and gingivae contributing to 22.62, 17.01, 21.08, 

18.67 and 23.99% of the total within group similarity at each location respectively. At 

the back of the tongue, Veillonella was the top taxa among samples contributing to 

18.12% of the within group similarity at this location. Pairwise SIMPER analysis 

revealed that the dissimilarity between the back of the tongue and the other 

microhabitats was driven by a higher relative abundance of Veillonella and a lower 

relative abundance of Streptococcus. This contributed to 17.31, 18.48, 19.30, 17.49 

and 16.56% of the overall average dissimilarity between the back of the tongue and 

the temporomandibular joint, molars, palate, tip of tongue and gingivae respectively 

(Table 1; Fig. 2). In addition, the dissimilarity at temporomandibular joint, molars and 

gingivae were further driven by a higher relative abundance of Prevotella and 

Actinomyces at the back of the tongue contributing an additional 14.45, 12.99 and 

14.66% to the overall dissimilarity at each location respectively (Fig. 2). At the tip of 

the tongue, the average dissimilarity with the molars and gingivae was driven by a 

higher relative abundance of Rothia and Haemophilus contributing to 13.19 and 

14.75% of the overall dissimilarity respectively (Table 1; Fig. 2). Neisseria was also 

higher in relative abundance at the tip of the tongue and further contributed 5.84% to 

the dissimilarity at the gingivae (Fig. 2). Between the tip and back of tongue, 25.52% 

of the dissimilarity was driven by a higher relative abundance of Rothia, Haemophilus 

and Neisseria at the tip of the tongue and a higher relative abundance of Prevotella at 

the back of the tongue (Fig. 2).   
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Figure 2. The top bacterial taxa driving the dissimilarity between microhabitats 

in the SDB oral cavity. Additional bacteria identified at each microhabitat that were 

not involved in driving the dissimilarity are grouped into Other. Bar graph is based on 

the average relative abundance of the bacteria at each microhabitat.  

 

The temporomandibular joint was higher in relative abundance of Haemophilus 

and Gemellaceae compared to the back of the tongue and contributed to 10.25% of 

the average dissimilarity between microhabitats (Table 1; Fig. 2). The dissimilarity 

between the palate and the temporomandibular joint was driven by a higher relative 

abundance of Rothia and Actinobacillus at the palate and a higher relative abundance 

of Veillonella at the temporomandibular joint. Together, these taxa were responsible 

for 19.50% of the dissimilarity between the palate and temporomandibular joint (Table 

1; Figure 2). Rothia was higher at the palate in comparison to the gingivae and drove 

6.81% of the dissimilarity (Table 1; Fig. 2). Actinobacillus was higher in relative 
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abundance at the molars compared to the palate and the tip of the tongue and 

contributed to 7.04 and 6.86% of the dissimilarity between microhabitats respectively 

(Table 1; Fig. 2). At the gingivae, a higher relative abundance of Veillonella and 

Actinobacillus drove 12.43% of the dissimilarity with the palate (Table 1; Fig. 2).  

Bacterial community composition among microhabitats when split by time 

Pairwise ANOSIM comparisons between locations only before sleep revealed 

a significant difference in the relative abundance of bacterial communities at the back 

of the tongue compared with the temporomandibular joint (R = 0.51, p = 0.024), 

gingivae (R = 0.61, p = 0.016), palate (R = 0.93, p = 0.005), molars (R = 0.88, p = 

0.005) and tip of the tongue (R = 0.83, p = 0.008). These differences were 

predominantly driven by a higher relative abundance of Veillonella and Prevotella at 

the back of the tongue (SIMPER). The higher relative abundance of these bacterial 

genera combined with the observed lower abundance of Streptococcus and 

Haemophilus at the back of the tongue drove 32.61, 28.93, 31.77, 32.82 and 32.90% 

of the Bray-Curtis dissimilarity between the temporomandibular joint (Avg Diss = 

43.58), gingivae (Avg Diss = 46.00), palate (Avg Diss = 39.24), molars (Avg Diss = 

48.15) and tip of tongue (Avg Diss = 43.58) respectively (SIMPER). Pairwise ANOSIM 

comparisons also revealed a significant difference in bacterial community composition 

between the palate and gingivae (R = 0.33, p = 0.013). The average dissimilarity 

between these two locations was 35.96 and was predominantly driven by higher 

relative abundances of Rothia and Actinobacillus at the palate and Veillonella at the 

gingivae (SIMPER). Combined, these differences contributed to 22.22% of the overall 

dissimilarity between these two locations (SIMPER). After sleep, the only significant 

differences observed were between the palate and the temporomandibular joint 

(ANOSIM R = 0.36, p = 0.033) and the palate and gingivae (ANOSIM R = 0.45, p = 
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0.004). SIMPER analysis revealed that a higher relative abundance of Prevotella at 

the palate was the top contributing taxa driving 11.70 and 10.85% of the 29.64 and 

35.64 Bray-Curtis dissimilarity at the temporomandibular joint and gingivae 

respectively.  

When grouped by time of sampling (i.e. before and after sleep), bacterial 

communities in the paediatric SDB oral cavity did not significantly shift in overall 

bacterial composition during sleep (ANOSIM R = 0.033, p = 0.10; PERMANOVA 

Pseudo-F = 1.75, p = 0.10). No significant difference was also observed between 

pairwise comparisons at each microhabitat before and after sleep (ANOSIM p > 0.05).  

Bacterial communities differ in composition among participants and between genders 

in SDB 

Bacterial community structure among participants was observed to be 

significantly different (ANOSIM R = 0.52, p < 0.0001; PERMANOVA Pseudo-F = 7.33, 

p < 0.0001). This was further supported through the visualisation of the MDS plots 

where all samples collected from a participant grouped together (Fig. 3). Participant 4 

had the greatest spread of data with an average Bray-Curtis distance-to-centroid 

measure of 19.40 ± 2.61 and was observed to slightly overlap with participant 15 on 

the metric MDS plot of Bray-Curtis bootstrap averages (Fig. 3). However, there was 

no significant difference in the dispersal of participant 4’s data with any other 

participant (PERMDISP p > 0.05). No other overlaps were observed between 

participants (Fig. 3). Samples collected from each participant had overall average 

Bray-Curtis similarities ranging between 71 and 76%. Streptococcus was the dominant 
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taxa identified within each participant and contributed to between 14% and 24% of the 

overall Bray-Curtis similarities (SIMPER).  

 

Figure 3. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity of each SDB participant (n = 6). Centroid values are for each 

participant are surrounded by a smooth bootstrap region where 95% of the 500 

bootstrap averages lie.  

Significant differences in the bacterial composition between genders was 

revealed within the SDB cohort (ANOSIM R = 0.172, p = 0.002; PERMANOVA 

Pseudo-F = 7.86, p < 0.0001). No overlap was observed between the spread of the 

95% Bray-Curtis bootstrap regions between genders (Fig. 4). The multivariate 

dispersions between genders were heterogeneous (PERMDISP F = 4.23, p = 0.059) 

with males (23.26 ± 1.02) having a greater level of dispersion than females (20.01± 
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1.04) as determined by the average Bray-Curtis distance-to-centroid measure. The 

significant difference in bacterial composition between genders was predominantly 

driven by a higher relative abundance of Actinobacillus and Haemophilus in males and 

a higher relative abundance of Veillonella in females (SIMPER). These three taxa were 

responsible for driving 20.14% of the overall Bray-Curtis dissimilarity of 35.10% 

between locations (SIMPER). 
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Figure 4. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity for gender form the SDB cohort. Centroid values are for each gender 

are surrounded by a smooth bootstrap region where 95% of the 500 bootstrap 

averages lie.  

Bacterial communities in paediatric SDB significantly differ to healthy participants  

Comparisons between the overall bacterial communities in healthy and SDB 

participants revealed a significant shift between health states (ANOSIM R = 0.075, p 

= 0.0002; PERMANOVA Pseudo-F = 3.80, p = 0.0023). The metric MDS plot of Bray-

Curtis bootstrap averages showed clear separation between healthy and SDB 

participants (Fig. 5). SDB had a slightly greater dispersal of data with an average Bray-

Curtis distance-to-centroid measure of 23.57 ± 0.87 compared to 22.80 ± 0.66 for 

healthy participants (Fig. 5). However, the distribution of the multivariate data between 
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health states was not significant (PERMDISP F = 0.51, p = 0.50). An average similarity 

of 67.57% was reported for all healthy samples (n = 65) and 66.48% for all SDB 

samples (n = 57). Streptococcus was the top taxa contributing to 21.05 and 20.09% of 

the overall similarity within all healthy and SDB samples respectively. SIMPER 

comparison between healthy and SDB showed that there was a 33.94% average 

dissimilarity between health states and 6.67% of this was driven by a higher relative 

abundance of Veillonella in SDB (relative abundance: healthy = 10%; SDB = 13%). 

However, pairwise ANOSIM analysis based on health, microhabitat and time revealed 

only the tip of the tongue after sleep was the microhabitat where bacterial communities 

were reported to be significantly different between health states (R = 0.28, p = 0.026). 

Pairwise PERMDISP results revealed that the multivariate dispersal of data between 

these two locations was homogeneous (t = 1.54, p = 0.25). The average similarity for 

all tip of the tongue samples collected after sleep in healthy and SDB participants were 

78.64 (n = 6) and 71.17 (n = 5) respectively. SIMPER comparisons revealed an 

average dissimilarity of 26.46 between these two sample groups. Of this dissimilarity, 

14.42% was driven by a higher relative abundance of Veillonella (relative abundance: 

healthy = 16%; SDB = 10%) at the tip of the tongue in healthy participants and a higher 

relative abundance of Haemophilus at the tip of the tongue in SDB (relative 

abundance: healthy = 11%; SDB = 14%).  
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Figure 5. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity between healthy (green triangles) and SDB (inverted dark blue 

triangles). Centroid values are for each health state are surrounded by a smooth 

bootstrap region where 95% of the 500 bootstrap averages lie.  
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Discussion 

Here we present the first study to report on the microhabitat variation within the 

oral cavity of SDB. In addition, we report that these bacterial communities significantly 

differ to what is observed within the healthy paediatric oral cavity. This suggests that 

disruptions to the normal sleeping pattern of children may have an impact on the oral 

microbial communities present. Therefore, understanding what affect these shifts have 

on overall health and wellbeing may provide further insight into a potential link between 

the oral microbiome and SDB.   

The microbial communities within the oral microhabitats of SDB are expected 

to be influenced by a number of factors including salivary flow, oral anatomy, oral 

hygiene, moisture levels, abrasion (i.e. form the tongue), surface structure, host 

immune response and oxygen, nutrient, temperature and pH gradients [8, 15, 31-39]. 

Here we show that like the healthy oral cavity [17], the overall bacterial community 

composition among microhabitats within the SDB oral cavity are different (Fig. 1; p < 

0.05). Specifically, the back of the tongue compared with all other sampled 

microhabitats (Table 1; p < 0.05). A higher relative abundance of the anaerobic 

bacteria Veillonella, Prevotella and Actinomyces at this microhabitat were driving the 

dissimilarity among other sampled locations (Fig. 2). A similar trend was observed 

within the healthy oral cavity with Prevotella and Veillonella also the top taxa driving 

the dissimilarity between microhabitats [17]. The high relative abundance of these 

anaerobic bacteria is thought to be due to the papillae structures on the surface of the 

tongue [40]. Between these protrusions are anaerobic crevasses that trap nutrients 

and protect bacterial communities from salivary clearance [40]. However, as the tip of 

the tongue is the location in the oral cavity most exposed to the external environment, 
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and is directly exposure to the air we breathe, a higher relative abundance of aerobic 

bacteria is reported here compared to the back of the tongue (Fig. 2). This was also 

observed in the healthy oral cavity and was suggested to demonstrate a decreasing 

oxygen gradient from the tip to the back of the tongue [17].  

Bacterial communities at palate in SDB were similar in composition to the tip of 

the tongue (Table 1; p > 0.05). As the surface of the tongue is in direct contact with 

the palate, it is understandable that these two locations share a similarity in bacterial 

communities. However, in healthy individuals the bacterial communities at the palate 

closely resemble the anaerobic ones found at the back of the tongue, rather than the 

aerobic ones at the tip [17]. We believe that this difference between health states is 

due to the common symptom of mouth breathing in SDB [4, 5, 41, 42]. However, due 

to the increased oxygen exposure to both surfaces, the palate is more likely to reflect 

and support the growth of the aerobic bacterial communities found at the tip of the 

tongue rather than the anaerobic bacterial communities at the back of the tongue.  

In healthy individuals, the normal route of breathing at rest during the day and 

during sleep is through the nose [43, 44]. In the case of SDB, upper airway resistance, 

usually due to hypertrophy of the tonsils and adenoids, results in a shift to mouth 

breathing [41, 42]. We believe that this shift in the normal route of breathing is a major 

contributor to most of the bacterial dissimilarities observed between health states. For 

example, in healthy participants during sleep, overall bacterial communities in the oral 

cavity significantly shift towards a more anaerobic system, where the bacterial genera 

Prevotella and Veillonella increase in relative abundance [17]. Here we report that 

SDB oral bacterial communities do not significantly shift in composition during sleep 

(p > 0.05). Previously it has been reported that absolute bacterial concentrations in 
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the SDB oral cavity significantly increase by counts of up to 70 million [18]. Here, we 

show that these absolute abundance increases are not indicative of a significant shift 

in bacterial taxonomy (p > 0.05). One possible explanation for this bacterial continuity 

in SDB could lie in the microbial community’s continuous exposure to oxygen due to 

mouth breathing during the day and at night. Therefore, there is no considerable shift 

in oxygen concentration within the oral cavity during the day compared to during sleep. 

However, further tests would be required to confirm this.  

Microhabitat pairwise comparisons revealed a significant difference in the 

relative abundance of bacterial communities at the tip of the tongue after sleep 

between healthy and SDB. In healthy participants, the anaerobic genera of bacteria 

Veillonella were higher in relative abundance at the tip of the tongue after sleep [17]. 

Whereas, the aerobic bacteria Haemophilus was higher in relative abundance at the 

tip of the tongue after sleep in SDB. This could again reflect the high incidence of 

mouth breathing in SDB compared to healthy participants [4, 5, 41, 42]. These results 

could suggest that direct exposure to oxygen is a major contributing factor in shaping 

the paediatric oral bacterial communities. However, during sleep, oxygen 

concentrations in the oral cavity are not the only environmental factors to change. 

Studies have shown within the healthy oral cavity, temperature, pH and salivary flow 

rates also change [33, 35] influencing the oral microbial communities present [36, 45]. 

How these factors change within the SDB oral cavity are unknown. Therefore, further 

investigations into whether these environmental factors also change during sleep in 

SDB should be conducted to determine if they play a role in maintaining the bacterial 

continuity during sleep.  
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Sleep deprivation in healthy humans alters the gut microbiota [19]. This 

suggests that sleep disturbances influence the human microbiota. Here we show for 

the first time a significant difference in the oral bacterial communities between SDB 

and healthy individuals (Fig. 5). Overall, a higher relative abundance of Veillonella in 

the oral cavity of SDB was seen to be the top contributing taxa driving the dissimilarity 

between healthy individuals. This genius of bacteria is one of the top abundant ‘core’ 

taxa found within the healthy oral microbiome [46]. Within the healthy and SDB oral 

cavity, this genus of bacteria is commonly found at a higher abundance within the 

anaerobic microhabitats of the back of the tongue and subgingival plaque [17]. 

However, an increased relative abundance has been linked to dental caries and 

periodontal disease [47, 48]. Periodontal disease has also been linked to obstructive 

sleep apnoea [49] and to atherosclerosis [50], a cardiovascular disease that is also 

associated with obstructive sleep apnoea [51, 52]. However, further studies into why 

Veillonella is increased overall within the SDB oral cavity and its implications to overall 

health is required as it is beyond the scope of this study.  

Here we show that even during disease, oral microhabitats within individuals 

display a level of interpersonal similarity (Fig. 3). This is not uncommon in human 

microbiome studies [17, 53-57] and is thought to reflect differences in environments, 

diets and immune responses among individuals [58-60]. This individuality supports the 

idea of personalised treatment options for oral related diseases. Differences between 

genders were also identified within the SDB cohort of this study with males seen to 

have a higher relative abundance of Actinobacillus and Haemophilus within their oral 

cavity. (Fig. 4). This dissimilarity was not observed within healthy paediatric oral 

studies [17]. As SDB has a higher prevalence and severity in males [1, 61], further 
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research into whether these bacterial differences reflect hormonal variances between 

genders [62], or an underlining microbial link to SDB should be investigated.  

Limitations of this study include the small sample size of participants within the 

healthy (n = 6) and SDB (n = 6) groups. In addition, not all the sampled microhabitats 

from each participant successfully sequenced, particularly at the back of the tongue. 

As a result, the numbers of possible permutations run in the ANOSIM pairwise 

comparisons between the back of the tongue and the other microhabitats were much 

lower and did not meet the specified 9999 permutations. Significant differences in the 

distribution of the multivariate data between genders and the back of the tongue with 

the other microhabitats, as identified through PERMDISP, could mean that the 

significant differences observed reflected differences in the spread of the data rather 

the bacterial communities. A repeat of this experiment with a larger sample size will 

give a higher confidence of significant differences among microhabitats.  

Microbial communities in the healthy paediatric oral cavity display signs of a 

circadian rhythm where bacterial and viral communities shift during sleep [17]. Here 

we show that within the SDB oral cavity, this rhythm is disrupted, and bacterial 

communities remain constant during sleep. In addition, we report of a significant 

difference in the overall bacterial communities between the paediatric SDB and 

healthy oral cavities. Our results suggest that these shifts in bacterial communities 

maybe a result of mouth breathing during sleep in SDB. This suggests that bacterial 

communities in the paediatric oral cavity are predominantly shaped by the direct 

exposure to oxygen.  
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Thesis overview  

An increasing number of studies are beginning to show that sleep disorder 

breathing (SDB) in mice and adults is linked to a shift in the gut microbiome [1-6]. As 

it is well accepted that the human microbiome is linked to maintaining and promoting 

health [7, 8], understanding what affects these microbial community shifts have on our 

overall health is rapidly gaining momentum. However, little research has been 

conducted looking at the oral microbiome in SDB, in particular at the paediatric age 

group. As the oral cavity is linked to the digestive and respiratory systems [9], it is 

important to investigate any microbial shifts at this location as it may have further 

implications down the digestive and respiratory tracts [10]. Most oral microbiome 

studies in health and disease have focused on adults [7, 11, 12].  As the human oral 

microbiome shifts with age [12, 13], it is important to establish a healthy baseline at 

the paediatric age group so appropriate comparisons can be performed. Therefore, 

this thesis aimed to understand the spatial distribution of the healthy paediatric oral 

microbiome, and to establish if these communities differ in paediatric SDB. To do this 

we first established that flow cytometry could be used on medical samples to 

enumerate bacterial and viral populations (chapter 2). Following this, investigations 

using flow cytometry and 16S ribosomal RNA analyses were conducted to determine 

the numeric (chapters 3 and 4) and taxonomic (chapter 6) distribution of the of the 

healthy paediatric oral cavity before and after sleep to ultimately understand if these 

microbial community dynamics differ in SDB (chapters 5 and 7). This final chapter will 

summarise and address the main findings from this thesis in regards to the overall 

objectives presented in the introduction.  
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Synthesis of research  

Flow cytometric enumeration of bacteria and VLP in maxillary sinus flush samples 

Chapter 2 investigated using flow cytometry as a method of enumerating 

bacterial and viral particles within the maxillary sinuses of chronic rhinosinusitis 

patients. Previously used in environmental studies to monitor microbial abundance 

dynamics [14-16], flow cytometry provides a rapid method for enumerating absolute 

bacterial and VLP abundances within a sample. However, this method of microbial 

enumeration is not commonly applied to medical samples. Here we present the first 

study to enumerate bacterial and viral populations within the maxillary sinuses of 

humans. Results from this chapter demonstrate that flow cytometry can successfully 

be applied to medical samples and hence can be used to assess microbial dynamics 

within other niches of the human body.  

We also identified that in CRS patients, bacterial and VLP concentrations 

ranged between 104 to 108 bacterial ml-1 and 105 to 1010 VLP ml-1.  This shows that 

microbial abundances among patients with disease are not found at a similar level, 

implying that infection levels of bacteria and VLP are dependent on an individual. This 

highlights the potential for personalised treatment options when treating microbial 

related infections. One treatment method currently being investigated in this field is 

the use of phage therapy [17]. Knowledge that viruses are prominent within the 

sinuses of CRS patients may help in determining the appropriate dosage requirements 

for this treatment option [18]. Understanding the microbial abundances in the sinuses 

may also assist in interpreting the microbial dynamics within the oral cavity. Post-nasal 

drip down the back of the throat to the back of the tongue my also influence the 
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microbial abundance dynamics of the oral cavity as it could facilitate the transfer and 

inoculation of microbial communities from the sinuses to the oral cavity.  

The healthy paediatric oral cavity is a numerically dynamic heterogeneous environment 

Chapters 3 and 4 investigated the spatial distribution and dynamic of bacterial 

and viral populations in the healthy paediatric oral cavity. This was achieved through 

utilising the successful flow cytometric methods applied in chapter 2. Previously it has 

been shown that microhabitats in the oral cavity significantly different in taxonomic 

composition [7, 11, 12]. However, absolute abundance variation of bacteria and 

viruses among these microhabitats was unknown. Here we demonstrate for the first 

time that the oral bacterial and viral communities within microhabitats are numerally 

heterogeneous. This further supports and complements previous oral microbiome 

studies that suggest the oral microbiome be defined by its various microhabitats [7, 

11, 12]. Bacterial abundances in the oral cavity ranged from 7.2 ± 2.8 x 105 at the 

palate before sleep to 1.3 ± 0.2 x 108 at the back of the tongue after sleep. Viruses 

ranged between 1.9 ± 1.0 x 106 VLP at the palate before sleep to 9.2 ± 5.0 x 107 VLP 

at the back of the tongue after sleep. However, viral abundances were observed to 

display homogeneity among microhabitats after sleep. This could be suggesting of a 

factor controlling viral dispersal during sleep.  

This chapter also demonstrates that the oral cavity is a dynamic environment 

during sleep where bacteria and viruses significantly increase in abundance (p < 0.05). 

Bacteria were reported to increase by counts of 100 million and viruses by 70 million. 

As conditions in the oral environment change during sleep [19-22], this chapter 

suggests that these changes can have a large impact on the resulting microbial 

community abundance.  As microbial communities also shift with age [12, 13], it was 
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important to establish a healthy paediatric ‘baseline’ of absolute bacterial and viral 

counts, so comparisons could be made with paediatric SDB in chapter 5.  

Viral community abundances differ between healthy and SDB 

In chapter 5, utilising the same techniques from chapters 2-4, we present the 

first study to enumerate microhabitat variation the bacterial and viral communities in 

the paediatric SDB oral cavity. Here we see that like the healthy paediatric oral cavity 

(chapters 3 and 4); the paediatric SDB oral cavity is also numerically heterogeneous 

in bacteria and viruses. Bacterial counts ranged between 9.55 ± 3.88 x 105 at the 

palate before sleep to 8.94 ± 1.49 x 107 at the back of the tongue after sleep. Viruses 

were reported to range between 1.38 ± 0.64 x 106 at the palate before sleep to 7.72 ± 

3.13 x 107 at the gingivae after sleep. All microhabitat communities were also seen to 

be dynamic with significant increases in both bacteria and viruses during sleep. 

However, unlike healthy participants, SDB had more regions of heterogeneity in 

microbial communities, specifically in viruses after sleep. These differences may 

reflect variances in environmental conditions due to differences in sleeping patterns 

between healthy and SDB. These include but are not limited to snoring and mouth 

breathing [23-25].  

Bacterial counts at the back of the tongue in SDB were significantly lower than 

healthy participants by a count of approximately 46 million after sleep. We suspect this 

is a result of increased friction at the back of the tongue in SDB due to snoring. This 

increased friction at the back of the tongue causes the dislodgment and shedding of 

mucosal fragments, ultimately resulting in the loss of the microbial communities 

residing there [12, 26, 27]. Therefore, microbial communities at this location in SDB 

are unable to develop to the same abundance as healthy participants. Viral 
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communities in SDB were also significantly different to counts in healthy participants. 

These differences could be a result of the differing environmental conditions between 

health states, or it could reflect a difference in the bacterial taxonomic structure.   

Microbial communities shift anaerobically during sleep in healthy paediatric 

participants 

Chapter 6 used 16S ribosomal RNA sequencing to investigate the taxonomic 

composition of the bacterial communities at the 6 oral microhabitats in healthy 

participants. Overall PERMANOVA and ANOSIM results on microhabitats indicated a 

significant difference in bacterial community structure (PERMANOVA p < 0.05, 

ANOSIM p < 0.05). This supports previous taxonomic studies on adult oral cavities [7, 

11, 12]. However, pairwise ANOSIM comparisons revealed similarities among certain 

microhabitats (ANOSIM p > 0.05). The temporomandibular joint, gingivae and molars 

were similar in overall microbial composition (ANOSIM p > 0.05) and were higher in 

relative abundance of Streptococcus (SIMPER) than the palate, tip of tongue and back 

of tongue.  The back of the tongue and the palate were also similar in microbial 

composition (ANOSIM p > 0.05) with a higher relative abundance of the anaerobic 

bacteria Prevotella and Veillonella driving the dissimilarity among microhabitats 

(SIMPER). We suspect that the direct contact between both locations facilitates the 

transfer of microbial communities resulting in the similarities observed. At the tip of the 

tongue the aerobic bacteria Haemophilus and Rothia were identified as the top genera 

driving the dissimilarity among all locations tested. This is suggestive of a decreasing 

oxygen gradient from the tip to the back of the tongue.  

This chapter also reports for the first time a significant shift in oral bacterial 

communities during sleep within the healthy paediatric cohort (PERMANOVA p < 0.05, 
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ANOSIM p < 0.05). A higher relative abundance of the anaerobic bacteria Veillonella 

and Prevotella were observed to be the main genera driving the dissimilarity between 

time points. This suggests that the oral cavity shifts to a predominantly anaerobic 

system during sleep. This is likely a result of nasal breathing during the night [28] 

where air is not directly in contact with microhabitats in the oral cavity.  

Bacterial communities in SDB significantly differ to healthy individuals 

In chapter 7, 16S ribosomal RNA sequencing was also used to determine 

microhabitat variation within the SDB oral cavity before and after sleep. Here we show 

that like the healthy oral cavity (chapter 6), SDB oral microhabitats significantly differ 

in microbial community composition (PERMANOVA p < 0.05, ANOSIM p < 0.05). 

However, these oral bacterial communities do not significantly shift in composition 

during sleep (p > 0.05). This is thought to be a result of mouth breathing during the 

day and at night, a common symptom of SDB [29-32]. Therefore, oxygen 

concentrations in the oral cavity are not likely to change considerably during the day 

compared to at night, thus not resulting in a shift in oral microbial communities between 

time points. Therefore, the significant increase in absolute bacterial abundances in 

SDB during sleep (chapter 5) are not reflective of a significant difference in taxonomy.   

Mouth breathing is also thought to be why there is a significant shift in bacterial 

communities between healthy and SDB oral bacterial communities (PERMANOVA p 

< 0.05, ANOSIM p < 0.05; Fig 1). Specifically, at the tip of the tongue after sleep where 

there is a shift from the anaerobic bacteria Veillonella in health participants to the 

aerobic bacteria Haemophilus in SDB (SIMPER). Unlike SDB, healthy participants 

breath through their nose during sleep [33, 34] creating an anaerobic environment in 

the oral cavity (chapter 6). However, the overall total relative abundance of Veillonella 
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in SDB was higher than healthy participants and was the main genera responsible for 

driving the dissimilarity between health sates (SIMPER). This genus of bacteria is also 

found at a higher relative abundance in periodontal disease [35, 36], an oral disease 

which has been linked to obstructive sleep apnoea [37]. Determining that there is a 

significant shift in the oral bacterial communities between healthy and SDB means 

future studies can be conducted to ultimately understand why these shifts occur, what 

impact these shifts have on overall health and whether they are a cause or result of 

the sleep disorder.  

 

Figure 1. Metric Multidimensional Scaling (MDS) plot based on the Bray-Curtis 

dissimilarity between healthy (green triangles) and SDB (inverted dark blue 

triangles). Centroid values are for each health state are surrounded by a smooth 

bootstrap region where 95% of the 500 bootstrap averages lie.  
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Significance 

One of the main messages from this thesis is that flow cytometry can 

successfully be applied within the medical field to enumerate absolute microbial 

abundance dynamics from clinical samples using a DNA stain. We have established 

for the first time the absolute numerical range of bacterial and viral communities 

among microhabitats in the human oral cavity. In addition, we have also determined 

by how much these community dynamics change during sleep. As mentioned within 

chapters 2-5, flow cytometry has been used for decades to monitor microbial dynamics 

within environments such as marine and freshwater and ground water systems [14-

16]. As the majority of bacteria isolated from the body is yet to be successfully cultured 

[11, 38-40], flow cytometry provides an inexpensive and rapid alternative to enumerate 

microbial communities without the biases culturing introduces [14, 41, 42].   

As highlighted during the review process for chapter 4 (Appendix), 

investigations into the microbial dynamics of the oral cavity are relatively out dated. 

One study mentioned in the review process as a current method of measuring bacterial 

dynamics over time was a study published in 1989 that used photography to calculate 

plaque extension over time [43]. In brief, after plaque disclosure, tooth surfaces were 

photographed at 11 time points over a period of 96 hours to determine the rate of 

plaque growth. The bacterial dynamics at this location were determined based on the 

percentage of total plaque coverage on the surface of the teeth over the 96 hours. No 

absolute bacterial counts were performed in this study. Another study used fluorescent 

in situ hybridisation (FISH) using specific bacterial probes to count bacteria in plaque 

scrapings [44]. The specificity of the bacterial probes does not make it a good 

representation of the total bacterial community within this environment. To our 
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knowledge, there have been no studies investigating the viral abundance dynamics 

within the oral cavity. Therefore, there was a need for the development of a method 

that could be applied in the medical field to enumerate both bacterial and viral 

communities. Here we present in chapters 2- 5 of this thesis the first bacterial and viral 

abundance dynamics of the oral cavity using flow cytometry. 

Previous studies on the salivary microbiome have shown that bacterial 

communities remain stable over time [45-49]. However, results in this thesis have 

demonstrated that this is not the case for microhabitats within the oral cavity. 

Significant count increase in bacterial and viral communities were observed over a 9-

9½ hour period. Taxonomically, these microbial communities significantly shifted 

favouring anaerobic bacterial genera. Therefore, results from this thesis demonstrate 

the need for careful regulation of sample collection time when comparing oral related 

diseases to healthy controls.  

Future directions 

With the successful application of flow cytometry to in monitoring microbial 

dynamics in the sinuses and oral cavity (chapters 2-5), we propose that this technique 

be applied to other locations within the human body. Like the oral cavity, most other 

human microbiome studies focus on the taxonomic distribution and relative 

abundances of bacterial and viral communities within an environment [7, 50-52]. 

However; the absolute microbial dynamics of these environments are unknown. Flow 

cytometry could also be used to monitor temporal dynamics within the body, 

specifically in microbial related diseases or infections. 
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In some cases like chronic rhinosinusitis, specific bacterial species are thought 

to be involved in the pathogenesis of the disease [53, 54]. Therefore we propose that 

FISH in conjunction with flow cytometry [55-57] could be used to in microbial related 

diseases where there is a known pathogen of interest. This will enable the 

differentiation and enumeration of these specific bacterial species from the overall 

bacterial populations identified when using a general DNA stain like SYBR-Green. 

Knowledge of total bacterial communities in microbial related infections/diseases may 

assist in the future in determining appropriate dosages for antibiotics or even 

concentrations of bacteriophage in phage therapy.  

Here we provide the first insight into the numeric and taxonomic differences 

between the microhabitats of the healthy and SDB paediatric oral cavity.  Whether 

these differences are a cause or a result of SDB is beyond the scope of this thesis. 

However, the main finding of a significant difference in viral abundance and taxonomic 

communities between health states (chapters 5 and 7) warrants further investigations 

into what is causing theses dissimilarities. Future metagenomics analysis into the 

genetic profiles of the oral bacterial and viral communities in SDB may provide a better 

insight into the metabolic functions of these microbial communities [10].  

Conclusions 

This thesis provides an overview of the bacterial and viral abundance dynamics 

within the paediatric oral cavity of healthy and SDB. Here we present, to the best of 

our knowledge, the first studies into the absolute microbial abundance dynamics of the 

healthy and SDB paediatric oral cavity during sleep. Results demonstrate that the oral 

cavity is a numerically heterogeneous environment where counts of bacterial and 

viruses can increase by 100 million. Absolute viral counts significantly differ between 
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health states suggesting the potential involvement or impact of SDB on viral 

communities within the oral cavity. Furthermore, a taxonomic and numeric shift in 

bacterial and viral communities during sleep show that time of sample collection is 

important when designing and collecting samples for oral microbiome studies. Further 

bacterial and viral metagenomics analyses will assist in determining what role SDB 

has on the distribution of microbial communities within the oral cavity, and what if any, 

impact these shifts have on overall health and wellbeing.  
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