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ABSTRACT

The temporal variability of the human microbiome may be an important factor in determining its relationship with health
and disease. In this study, the saliva of 40 participants was collected every 2 months over a one-year period to determine
the temporal variability of the human salivary microbiome. Salivary pH and 16S rRNA gene copy number were measured for
all participants, with the microbiome of 10 participants assessed through 16S rRNA amplicon sequencing. In February 2013,
16S rRNA gene copy number was significantly (P < 0.001) higher, with individual changes between time points significant
(P = 0.003). Salivary pH levels were significantly (P < 0.001) higher in December 2012 than in October 2012 and February
2013, with significant (P < 0.001) individual variations seen throughout. Bacterial α-diversity showed significant differences
between participants (P < 0.001), but not sampling periods (P = 0.801), and a significant positive correlation with salivary pH
(R2 = 7.8%; P = 0.019). At the phylum level, significant differences were evident between participants in the Actinobacteria
(P < 0.001), Bacteroidetes (P < 0.001), Firmicutes (P = 0.008), Fusobacteria (P < 0.001), Proteobacteria (P < 0.001), Synergistetes
(P < 0.001) and Spirochaetes (P = 0.003) phyla. This study charted the temporal variability of the salivary microbiome,
suggesting that bacterial diversity is stable, but that 16S rRNA gene copy number may be subject to seasonal flux.
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INTRODUCTION

The role that the humanmicrobiome plays in health and disease
has become a major area of interest, and has revealed a number
of novel links to disease (Cho and Blaser 2012). The human mi-
crobiome is closely linked to the physiological state of the host,
and the state of the immune system in particular can have sub-
stantial effects on its structure and function. Understanding the
temporal variability of the human microbiome may give novel
insights into the pathways leading to microbiome-related con-
ditions (Grice et al. 2009).

The human oral cavity consists of a number of well-defined
areas (tongue dorsum, lateral sides of tongue, buccal epithe-
lium, hard palate, soft palate, supragingival plaque of tooth sur-
faces, subgingival plaque, maxillary anterior vestibule and ton-
sils), which have been shown to have distinct microbiomes (Aas
et al. 2005). Culture-independent study of the human oral micro-
biome has identified over 600 bacterial species which are preva-
lent, with distinct bacterial populations present at different spa-
tial regions (Dewhirst et al. 2010). Other studies have shown the
microbiome to be an important component of some oral dis-
eases, such as periodontal disease (Dahan et al. 2004; Liu et al.
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2012; Schwarzberg et al. 2014) and dental caries (Yang et al. 2012;
Scannapieco 2013). Interestingly, the oral microbiome has also
been related to systemic diseases, including cardiovascular dis-
ease (Seymour et al. 2007), ischemic stroke (Joshipura et al. 2002)
and diabetes (Genco et al. 2005).

Due to the ease of sampling, saliva has been one of the
most widely studied oral features in humans. However, the mi-
crobiome found within human saliva is distinct from the mi-
crobiomes of other oral structures, such as the tongue, tonsils,
throat and gingiva. Using culture-independent sequencing, the
microbiome of saliva is dominated at the phylum level by the Fir-
micutes, Bacteroidetes, Proteobacteria, Fusobacteria and Acti-
nobacteria whilst resolving down to the genus indicated that
Streptococcus, Veillonella, Prevotella, Neisseria and Fusobacterium
genera accounted for the majority of the microbiome (Segata
et al. 2012).

The variation in saliva microbiomes in 10 saliva samples ob-
tained from each of the 12 sampling locations around the world
was assessed but it was not possible to link microbial diversity
to geographical origins (Nasidze et al. 2009). The primary obser-
vation of this study was that there was a high degree of differ-
ences between individuals within populations, estimated at ap-
proximately 13.5%. Interestingly, this is also similar to the total
variance in neutral genetic markers within the human popula-
tion, suggesting that the composition of the oral microbiome is
largely determined by non-genetic factors, such as environmen-
tal features. In line with this, a longitudinal study of the salivary
microbiome of monozygotic and dizygotic twins suggested that
age and the environment has a higher impact on the compo-
sition of the oral microbiome than the host’s genetic make-up
(Stahringer et al. 2012).

The regulation of the human body in response to, or in an-
ticipation of, changing environmental conditions is an evolu-
tionary advantage, allowing for physiological and behavioural
changes to occur. Seasonal alterations in physiological and be-
havioural responses including weight and reproductive changes
are well established in mammals and linked to the effects of
melatonin (Barrett and Bolborea 2012). Melatonin has also been
shown to be responsible for seasonal changes in the human im-
mune system, namely cytokine production, neutrophil activity
and the differentiation and proliferation of lymphocytes (Klink
et al. 2012). There are also seasonal trends in upper respiratory
illnesses, particularly those related to viral infections (Linder
et al. 2013), which have been associated with increased bacterial
loads (Chappell et al. 2013). Taking these data together it may
be that the salivary microbiome will also show seasonal vari-
ability which may reflect host physiology, immunological status
and biochemistry.

To investigate this possibility, we sampled 40 participants
over a one-year period, collecting saliva samples every 2months.
For all participants, we measured salivary pH and used quan-
titative PCR to determine salivary 16S rRNA gene copy num-
ber. The microbiome was assessed in a subgroup of 10 partic-
ipants, whom were selected based on their lifestyle similarities,
through amplicon sequencing of the V3–V4 region of the 16S
rRNA gene. These analyses suggest a seasonal change in 16S
rRNA gene copy number in late winter, with no stage of the year
exhibiting a change in salivary bacterial diversity.

MATERIALS AND METHODS
Ethics statement

This study received ethical approval from the Aberystwyth Uni-
versity Research Ethics Committee. Written informed consent

was obtained from all participants at least 24 hours before the
first sample was donated and additional consent formswere ob-
tained before each subsequent sample was donated. All partici-
pant information obtained was link anonymized prior to subse-
quent data analysis.

Participant recruitment and sampling

Saliva samples were obtained from 40 participants consisting
of staff and students at Aberystwyth University, over a one-
year period, from October 2012 to October 2013. During this pe-
riod, a total of seven samples were collected every 2 months,
each over a 12-day period, i.e. October 2012 (10/09/2012 to
21/09/2012), December 2012 (10/12/2012 to 21/12/2012), Febru-
ary 2013 (11/02/2013 to 22/02/2013), April 2013 (08/04/2013 to
19/04/2013), June 2013 (10/06/2014 to 21/06/2014), August 2013
(12/08/2013 to 23/08/2013) and October 2013 (14/10/2013 to
25/10/2013). Participants donated 5 mL of saliva into a sterile
50 mL centrifuge tube and stimulated additional saliva if nec-
essary. All participant donations were completed in one time
point. Participants were not restricted in eating or drinking prior
to donating a saliva sample. At each sampling, information on
oral hygiene practice, antibiotic use, smoking history and diet
was collected.

Sample processing and DNA extraction

All saliva samples were checked to ensure that a 5 mL volume
of sample was present. Any excess saliva above 5 mL was re-
moved. Samples then underwent centrifugation at 10 000 × g
for 20 min at 4◦C, after which 2 mL of the saliva supernatant
was transferred to a PCR grade microcentrifuge tube. The re-
maining saliva supernatant was removed and destroyed, and
the saliva pellet transferred to a PCR grademicrocentrifuge tube.
The pellet was stored at –80◦C until DNA extraction was com-
pleted within 7 days of sample collection. All salivary super-
natant samples were stored at –80◦C until all sampling time
points had been completed. Genomic DNA was extracted from
200 μL of the saliva pellet using a FastDNA SPIN kit for soil (MP
Biomedical, Santa Ana, USA) following manufacturer’s instruc-
tions. Bead beating was carried out in a FastPrep-24 machine
(MP Biomedical) with three cycles at speed setting 6.0 for 30 s,
with cooling on ice for 60 s between cycles. Genomic DNA was
eluted with 50 μL of DES (DNase/Pyrogen-Free Water) and ds-
DNA concentration determined, in duplicate, using 2 μL on the
Epoch spectrometer system (BioTek, UK).

16S rRNA quantitative PCR

To calculate the 16S rRNA gene copy number within salivary
DNA extracts, standards with known 16S rRNA gene copy num-
bers were created through amplification of the entire 16S rRNA
gene of five randomly selectedOctober 2012 samples. Creation of
standards was completed as previously described by Jones et al.
(2014). In brief, PCR reactions were completed in a 20 μL reac-
tion volume consisting of 10 μL of 2 × BioMix (BioLine), 0.25 μL
each of 27f (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1389r (5′-
ACG GGC GGT GTG TAC AAG-3′) primers (Hongoh, Ohkuma and
Kudo 2003) to give a final concentration of 500 nM, 1 μL of neat
extracted DNA and 9.5 μL of PCR Grade Water (Roche). PCR con-
sisted of 94◦C for 2 min, 30 cycles of 94◦C for 45 s, 55◦C for 45 s
and 72◦C for 90 s, followed by a final elongation step of 72◦C for
7 min. The resulting PCR products were combined and purified
using an Isolate II PCR and Gel Extraction purification kit (Bio-
Line, UK), following manufacturer’s instructions and quantified
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with an Epoch spectrometer. After determination of gene copy
number, serial dilutions of 1010, 108, 106, 104, 102 and 100 were
made and used in subsequent quantitative PCR reactions.

Quantitative PCRwas completed on neat extracted DNAwith
each reaction completed in 25 μL volumes, each consisting of
12.5 μL 2 × SYBR GreenMastermix (Life Technologies), 0.25 μL of
each EUBF1 (5′-GTG STGCAYGGYTGTCGTCA-3′) and EUBR1 (5′-
ACG TCR TCCMCACCT TCC TC-3′) primers (Maeda et al. 2003), in
a final concentration of 400 nM, 9 μL of PCR GradeWater (Roche)
and 3 μL of neat DNA extract. Reactions were run using a C100
thermal cycler (BioRad, Hercules, USA) and CFX96 optical detec-
tor (BioRad), with data captured using CFX Manager software
(BioRad), under conditions of 95◦C for 10 min, 40 cycles of 95◦C
for 15 s and 60◦C for 60 s followed by a melt curve consisting of
a temperature gradient of 60–95◦C in 0.5◦C increments, each for
5 s. The CFX Manager software created a standard curve of Cq
values for each of the six standards with known 16S rRNA gene
copy number and used this to calculate the estimated 16S rRNA
gene copy number for each of the salivary DNA extracts with an
unknown concentration based on the Cq value of each individ-
ual sample.

Selection of participants for 16S rRNA amplicon
sequencing

Of the 40 recruited participants in this study, a subgroup of 10
was selected for 16S rRNA amplicon sequencing of all 7 monthly
samples collected. This subgroup was selected based on sup-
porting information given at each bimonthly sample, with a
view to selecting a group of participants with minimal differ-
ences. Participants were selected based on oral hygiene prac-
tices (no history of mouthwash but a history of flossing at least
weekly), smoking history (no current smokers and past smok-
ers with a cessation period greater than 10 years), allergen his-
tory (no asthma or hay fever), diet (only individuals with a meat
and vegetable diet), antibiotic exposure (no antibiotic use within
sampling period and 6months prior to start) but with no restric-
tion on age or gender.

16S rRNA amplicon preparation

Sequencing of the 16S rRNA gene was carried out via amplifi-
cation of the V3–V4 region and subsequent amplicon sequenc-
ing on the Illumina MiSeq platform. First, the V3–V4 region of
the 16S rRNA gene was amplified through duplicate PCR with
locus-specific primers, alongside negative water controls. In a
25 μL reaction volume, 12.5 ng of extracted DNA or 2.5 μL of
PCR grade water for negative controls was added to 12.5 μL of
2 × Accuzyme Mix (BioLine) and 5 μL each of a 1 μM concen-
tration of 319f primer (5′-CCT ACG GGN GGC WGC AG-3′) with
Illumina forward overhang adapter sequence (5′-TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG-3′) and 806r primer (5′-
GAC TAC HVG GGT ATC TAA TCC-3′) with Illumina reverse over-
hang adapter sequence (5′- GTC TCG TGG GCT CGG AGA TGT
GTA TAA GAG ACA G-3′) as detailed by Klindworth et al. (2013).
PCR consisted of 95◦C for 3 min, followed by 25 cycles at 95◦C for
30 s, 55◦C for 30 s and 72◦C for 30 s with a final elongation step
(72◦C, 5min). Each duplicate PCR volumewas confirmed through
visualization on a 2% agarose gel. Subsequently, reaction vol-
umes were combined and purified using an Isolate II PCR and
Gel Extraction kit (BioLine) eluting into 20μL of kit buffer. Follow-
ing purification, a second PCR was completed to attach Illumina
adaptors to amplified products to allow multiplexed amplicon
sequencing on the Illumina MiSeq platform. To a final reaction

volume of 25 μL, 2.5 μL of purified PCR product was added to
12.5 μL of 2 × Accuzyme Mix (BioLine), 5 μL of PCR Grade Wa-
ter (Roche) and 2.5 μL each of the relevant Nextera XT Index
Primer 1 (N7##) and Nextera XT Index Primer 2 (S5##) (Illumina,
USA) as detailed in Table S1 (Supporting Information). The re-
action mix underwent a limited cycle PCR consisting of 95◦C for
3 min, eight cycles of 95◦C for 30 s, 55◦C for 30 s and 72◦C for
30 s with a final elongation step (72◦C, 5 min). To remove non-
combined adaptors, the entire reaction volumewas fractionated
on a 2%agarose gel. The gelwas visualized using aDR195MTran-
silluminator (Clare Chemical Research, Colorado, USA) and each
PCR product excised using a sterile scalpel blade. PCR products
were purified using an Isolate II PCR and Gel Extraction kit (Bi-
oLine) with elution into 20 μL of kit buffer and quantified using
a Quant-iT dsDNA High Sensitivity Assay Kit and a Qubit fluo-
rometer (Life Technologies, UK).

16S rRNA amplicon sequencing and analysis

Individual sample libraries were pooled together in equimolar
concentration and sequenced on the Illumina MiSeq platform
using MiSeq v3 reagents for a 2 × 300 bp run at the IBERS Trans-
lational Genomics Facility, AberystwythUniversity, UK. As a con-
trol for low diversity sequences, 20% PhiX DNA was also se-
quenced. Sample reads were demultiplexed and trimmed for
quality, with overlapping readsmerged using FLASH (Magoč and
Salzberg 2011). Merged reads were analysed using the MG-RAST
metagenomics analysis pipeline (Meyer et al. 2008). Taxonomic
alignment of sequences was completed using ‘Best Hit Classifi-
cation’ facility within MG-RAST against the Ribosomal Database
Project (Cole et al. 2009) facility, with only those sequences with
a minimum alignment identity of 97%, maximum e-value of
1 × 10−5 and a minimum alignment cut-off of 15 being used. Se-
quences were exported fromMG-RAST into Microsoft Excel 2010
where sequence numbers for each sample were normalized as
a percentage composition of the total volume of sequences for
each taxonomic level of classification for that sample. All se-
quence files are available under the MG-RAST project ID 11549:
‘Charting Temporal Variability in the Salivary Microbiome’. Raw
sequence reads are available at the EuropeanNucleotide Archive
under primary accession number PRJEB9010 and secondary ac-
cession number ERP010064.

pH measurements of saliva

Measurements of the pH of saliva supernatant were carried out
using a B-212 Twin pH Meter (Horiba, Kyoto, Japan) after two-
point calibration using pH 7 and pH 4 buffers. For pH measure-
ments, 200 μL of saliva supernatant was used. After each read-
ing, the sensor was washed with ultrapure water and blotted
dry.

Data and statistical analysis

Arithmetic means and standard deviations were calculated, and
data figures created in Microsoft Excel 2010. Additional anal-
yses, including one-way analysis of variances and regression
analyses were completed in the MINITAB 14 package. Multivari-
ate analysis, including principal component analysis (PCA), was
completed using the MetaboAnalyst platform (Xia et al. 2012).
Where shown, P values indicate the significance of one-way
ANOVA tests unless otherwise stated. In some figures, signif-
icance thresholds are indicated using the standard format of
∗∗∗P < 0.001, ∗∗P < 0.01 and ∗P < 0.05.
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Table 1. Lifestyle history of whole participant group and sequencing subgroup.

Lifestyle factor Whole group Sequencing subgroup

Age 41.75 (13.14) 44.90 (14.86)
Gender ratio (male : female) 24 : 16 7 : 3
Current smoker 4/40 0/10
Smoking pack years 2.19 (2.10) 0.00 (0.00)
Past smoker 9/40 2/10
Smoking pack years 9.47 (8.24) 10.50 (6.36)
Cessation period (years) 14.80 (10.42) 27.50 (3.54)
Never smoker 27/40 8/10
Asthma history 3/40 0/10
Hay fever history 5/40 0/10
Mouthwash use 19/40 0/10
Antibacterial mouthwash use 17/19 0/10
Manual toothbrush use 23/40 3/10
Electric toothbrush use 17/40 7/10
Flossing 26/40 10/10
Flossing frequency (days per week) 3.46 (2.39) 2.90 (2.64)
Diet including meat (1–3 days per week) 9/40 4/10
Diet including meat (4–7 days per week) 26/40 6/10
Vegetarian 5/40 0/10

Group means of whole sample group (n = 40) and sequencing subgroup (n = 10). Group means are shown alongside standard deviations in brackets where appropriate.

RESULTS
Participant recruitment and collection

Saliva was collected from 40 participants over one year, with
sampling occurring over a 2-week period every 2 months, from
October 2012 to October 2013. Participant information for the
complete sample group is detailed in Table 1, alongside the char-
acteristics of the subgroup of 10 participants selected for 16S
rRNA amplicon sequencing based on their lifestyle similarities.
Full participant information is detailed in Table S2 (Supporting
Information).

16S rRNA bacterial gene concentrations

Mean 16S rRNA gene copy numbers for all 40 participants mea-
sured through qPCR are given in Fig. 1a, with average individual
changes from one time point to the next, and from October 2012
to October 2013, Fig. 1b. One-way ANOVA showed that the Febru-
ary 2013 time point had a significantly (P < 0.001) higher 16S
rRNA gene copy number than all other time points. Considering
differences in 16S rRNA gene copy number between consecutive
time periods, significant (P < 0.001) changes can be seen with
February 2013–April 2013 and June 2013–August 2013 changes
showing a net decrease.

Figure 1. 16S rRNA gene copy number. Copy numbers of the 16S rRNA gene were measured through qPCR. Mean 16S rRNA gene copy number (a) time point shows a

significantly (P < 0.001) higher level in February 2013 than at all other time points. Additionally, average (b) individual changes from one time point to the next show
a significant (P < 0.001) level of flux, with net decreases shown only in the February 2013 to April and June 2013 to August 2013 time point. Error bars in figures show
one standard deviation around the mean. Letters indicate statistical groupings based on significance of one-way ANOVA tests.
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16S rRNA bacterial diversity

To investigate if 16S rRNA gene copy number changes reflected
changes in microbiome diversity, amplicon sequencing of the
16S rRNA gene was completed. Amplicon sequencing statistics
are detailed in Table S3 (Supporting Information) and showed
no significant differences in total sequence base pairs by partic-
ipant (P = 0.268), or month (P = 0.537), or total sequence num-
ber by participant (P = 0.247) or month (P = 0.542). However, se-
quence lengths by participant were significantly different (P <

0.001) with a range of approximately 15 bp. However, no such
differences were seen in sequence length by month (P = 0.101).

The GC content of sequences was also significantly different by
participants (P < 0.001), but not by month (P = 0.896).

Modelling using PCA shows that significant separation is not
completely possible between participants, although a number of
participants are clearly significantly different from a large num-
ber of samples from other participants (Fig. 2b). No significant
separation was evident between sampling month (Fig. 2a).

Analysis of species diversity within a sample at each time
point was calculated using the MG-RAST online platform. Av-
erages of α-diversity are given in Fig. 3 by (a) participant and
(b) month. Significant differences were seen between partici-
pants (P < 0.001) but not between sampling months (P = 0.801).

Figure 2. PCA of 16S rRNA taxonomy. PCA modelling was completed using genus-level taxonomic assignments, after normalization for sequence number, and the
MetaboAnalyst analysis pipeline. Resulting plots show partial separation by (a) participant, but not by (b) sampling month. Shaded areas indicate 95% confidence
intervals of significant groupings by colour.

Figure 3. α-Diversity values by participant and month. Species diversity within a sample at each time point was calculated using the MG-RAST online platform, with
averages of α-diversity given by (a) participants, and by (b) month. Significant (P < 0.001) differences were observed between participants, but not between sampling

months (P = 0.801). Errors bars display one standard deviation around the mean. Letters indicate statistical groupings based on significance of one-way ANOVA tests.
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Figure 4. Average phylum-level taxonomy for 16S rRNA sequencing subgroup. Individual differences have been shown to be more substantial in determining the

taxonomic composition of the salivary microbiome than any temporal or seasonal factors. At the phylum level of classification, these individual differences are
pronounced, with a number of phyla displaying significantly different abundances between participants. Significance thresholds, as determined through one-way
ANOVAs, are indicated in figure legend (∗∗∗P < 0.001; ∗∗P < 0.01).

From PCA modelling and α-diversity values, it is evident that
the variation between participants is substantially, and signif-
icantly, greater than that seen between sampling time points.
This suggested relative temporal stability in taxonomic diver-
sity within the salivary microbiome. Although large-scale differ-
ences are not seen within the taxonomic diversity of the sali-
vary microbiome, microlevel changes at the genus level could
be present.

To investigate this possibility, one-way ANOVAs were com-
pleted to identify genera that may be significantly altered in
their abundance over the sampling time course. The genera
Rhodococcus (P = 0.006) and Variovorax (P < 0.050) were shown to
have significantly different abundances over the time course of
sampling. However, both of these genera were very low in abun-
dance and were present in less than 50% of all samples and in-
deed, Variovorax was only present in two samples. Therefore, it
is likely that these significance values were statistical artefacts
of the genera’s low abundances.

Focusing on significant individual differences in the taxo-
nomic composition of the salivarymicrobiome, difference at the
phylum level was initially established. The Actinobacteria (P <

0.001), Bacteroidetes (P < 0.001), Firmicutes (P = 0.008), Fusobac-
teria (P < 0.001), Proteobacteria (P < 0.001), Synergistetes (P <

0.001) and Spirochaetes (P = 0.003) were shown to be signifi-
cantly different between participants (Fig. 4). Although the num-
ber of unclassified sequences, with a suspected bacterial origin,
contributed a substantial proportion of the total bacterial reads
(up to 50% of reads in some samples), Firmicutes was the largest
of the phyla.

Assessment of salivary pH

The pH of any environment can be an important factor in the
ability of microorganisms to inhabit and grow and could influ-
ence microbiome community composition. As with 16S rRNA
gene copy number, the pH of saliva samples was measured at
each time point, and the time point averages (Fig. 5a) and aver-
age individual time point differences (Fig. 5b) were calculated.
Salivary pH was shown to be significantly (P = 0.003) higher in
December 2012 compared to October 2012 and February 2013. Al-
though over the one-year period therewas nonet overall change,
there were significant (P < 0.001) changes from one point to the
next (Fig. 5b).

When attempting to correlate pH changes with other vari-
ables measured in this study, it was shown to have no signifi-
cant (P = 0.219) relationship with 16S rRNA gene copy number.
However, salivary pH levels were shown to have a small but sig-
nificant positive correlation with α-diversity values (R2 = 7.8%,
P = 0.019).

DISCUSSION

The human microbiome may have an important role in health,
with dysbiosis of the human microbiome linked to a number
of diseases (The Human Microbiome Consortium 2012). In fur-
ther understanding its role, its temporal variability needs to
be definitively established. We have previously suggested that
the 16S rRNA gene copy number of human saliva may be an in
vivo marker of immunity because previous work has shown an
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Figure 5. Salivary pH Levels. Salivary pH average for each (a) time point and (b) individual changes between each time point were measured. The December 2012 time
point was shown to have a significantly (P = 0.003) higher pH than the October 2012 and February 2013 time points only. Individual differences between time points
were significant (P < 0.001), though there was no overall net change over the entire sampling period. Error bars shown are one standard deviation around the mean.

Letters indicate statistical groupings based on significance of one-way ANOVA tests.

increase in this measurement over the winter months (Jones
et al. 2014). However, this study focused only on the salivary mi-
crobiome of physically active males. Here, we found that the
highest level of salivary 16S rRNA gene copy number was ob-
served when sampling around February. Others have suggested
that there may be a link between salivary bacterial load and de
novo plaque formation (Dahan et al. 2004) although this has been
disputed by others (Rowshani, Timmerman and Van der Velden
2004). Salivary bacterial load has also been suggested not to be
associated with common dental conditions such as gingivitis
and periodontal disease (Mantilla Gomez et al. 2001). However,
these studies relied on the use of culture-dependent techniques
such as counting of colony-forming units. Thus, it may be that
there is no link between the bacterial load of cultureable bacteria
and common dental diseases but a link with difficult-to-culture
bacteria cannot be dismissed. It may be possible that the use of
culture-independent techniques, such as quantitative PCR, may
detect associations between salivary bacterial load and dental
disease.

In this current study, no relationships were seen between
salivary 16S rRNA gene copy number and salivary pH level or
α-diversity of the salivary microbiome. This suggests that the
key variable(s) associated with the change were not measured
in this study. Such variables could be markers for human im-
munological status such as immunoglobulin factors. However,
when markers for the human immune system were measured
by Jones et al. (2014) no association with 16S rRNA gene copy
number was observed (Jones et al. 2014).

An early work which examined temporal and spatial dif-
ferences in the human microbiome when sampled from sev-
eral body sites found that spatial differences were more signifi-
cant than temporal differences. However, sampleswere only col-
lected over a small time period with the first and last collection
separated by 4 months (Costello et al. 2009). In another study,
temporal variation across four body sites samples (right and left
palms, gut and tongue)was examined. This demonstrated a high
degree of temporal variability so that no core temporal micro-
biome could be determined. This flux in bacterial populations

notwithstanding the microbiomes at each body site remained
distinctive (Caporaso et al. 2011).

Taken together, our analyses of the salivary microbiome in-
dicated that participant differences were the major source of
variation. Our work was also noteworthy for its length of study
which, to our knowledge, appears to be unique within the pub-
lished literature. The results imply that in terms of salivary mi-
crobiome composition, sampling from any time point within the
year could be valid. The microbiomes of some individuals ap-
peared to cluster more closely than others suggesting greater
consistency in some study participants compared to others. In
line with this, estimations of α-diversity were also shown to be
determined more by participant than by sampling time point.

The source of this individual variation appears to not have
been measured as a variable of this study, but its expansion to
cover a larger population could reveal a contribution of diet, cli-
mate, innate genetic variation in the human population or sug-
gest that it reflects random buccal bacterial colonisation events
in, for example, childhood. For example, Stahringer et al. (2012)
found that the human salivary microbiome appears remarkably
stable once in adulthood, whichmay be as a result of a stabiliza-
tion in diet, oral hygiene and other lifestyle factors (Stahringer
et al. 2012). Over a shorter time period, namely 3months, the oral
cavity and other body sites displayed a high degree of temporal
stability (Costello et al. 2009).

When considered against the background of considerable
individual-to-individual variation in salivary microbiomes, it
was significant that there was an increase in salivary 16S rRNA
gene copy number in February 2013. This was towards the end
of a winter period when individuals could be immunocompro-
mised (Mourtzoukou and Falagas 2007). Interestingly, no rela-
tionship between α-diversity and salivary 16S rRNA gene copy
number was observed, suggesting that the increase in time
point is an equal increase in all bacteria, rather than specific
taxa.

At the phylum level of classification, seven phyla were seen
to have significantly different abundances between participants.
The large number of unclassified bacterial sequences evident in
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samples, with an average range of between 30 and 50%, is note-
worthy. It may be possible that significant differences are indeed
present within the taxonomic composition of the salivary mi-
crobiome, but that these differences exist within poorly defined
taxa.

Considering possible sources for participant associated
changes in α-diversity, it could be relevant that a significant cor-
relationwas observedwith salivary pH, though only 7.8% of vari-
ation was explained. The positive correlation between salivary
pH and bacterial diversity suggests that as saliva becomes in-
creasingly acidic, the range of bacteria able to tolerate these con-
ditions decreases. This could reflect differential pH sensitivities
for key enzymes in a particular range of species. Salivary pH is an
important determinant in bacterial colonization and growth. In-
deed, lower salivary pH levels have been linked to oral diseases,
such as dental caries (Humphrey and Williamson 2001). How-
ever, in this study we observed changes in salivary pH between
6.8 and 7.4, which is arguably a small-scale change. The extent
that these changes are able to impact intracellular or periplas-
mic enzyme function is hitherto unknown, and it is possible
that the microbiome is able to tolerate this level of change with-
out significant impact. This was not possible to measure in this
study because of its observational design, though it may be an
interesting principle to establish for future work.

Through sequencing of the 16S rRNA gene in this portion
of work, only the taxonomic make-up of the salivary micro-
biome could be established. To establish the functional capacity
of the salivary microbiome, metagenomic sequencing of the en-
tire DNA foundwithin a sample would be required. This method
of sequencing however requires substantial resources which
were not available to this project. Additionally, metagenomic se-
quencing allows for the assignment of species or even strain-
level taxonomy, and it may be that temporal variation exists
within these classifications (Weinstock 2012).

To summarize, our work on the taxonomic composition and
diversity of the salivary microbiome in this portion of work ap-
peared to be determined by individual differences, rather than
temporal changes over the one-year sampling period. Crucially,
16S rRNA gene copy number, which may be indicative of bac-
terial load, did differ at the end of the winter months and, if
linked to an immunocompromised state, could lead to it being
exploited clinically to indicate a patient’s immunological status.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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