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Abstract

The human microbiomes across the body evidently interact with various signals in response to bio-
geographical physiological conditions. To understand such interactions in detail, we investigated
how the salivary microbiome in the oral cavity would be regulated by host-related signals. Here,
we show that the microbial abundance and gene participating in keeping the human salivary micro-
biome exhibit global circadian rhythm. Analysis of the 16S rRNA sequences of salivary microbial
samples of six healthy adults collected at 4-h intervals for three days revealed that the microbial
genera accounting for 68.4-89.6% of the total abundance were observed to significantly oscillate
with the periodicity of ~24h. These oscillation patterns showed high variations amongst individ-
uals, and the extent of circadian variations in individuals was generally lower than that of interindi-
vidual variations. Of the microbial categories oscillated, those classified by aerobic/anaerobic
growth and Gram staining, Firmicutes including Streptococcus and Gemella, and Bacteroidetes
including Prevotella showed high association with the circadian oscillation. The circadian oscillation
was completely abolished by incubating the saliva in vitro, suggesting that host’'s physiological
changes mostly contributed to the microbial oscillation. Further metagenomic analysis showed that
circadian oscillation enriched the functions of environmental responses such as various transporters
and two-component regulatory systems in the evening, and those of metabolisms such as the bio-
synthesis of vitamins and fatty acids in the morning.
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1. Introduction

The salivary microbiome is composed of ~700 species’

mostly be-
longing to the five phyla, Firmicutes, Proteobacteria, Actinobacteria,
Bacteroidetes, and Fusobacteria,>> similar to other oral microbiomes
in the tongue, throat, and tonsil but relatively distinct from the pla-
que microbiome.*~® The salivary microbiomes can be characterized
by a significantly lower interindividual variability than microbial
communities of other body sites such as the gut,”® but it is possible
to differentiate individuals by phylogenic approaches.” Though the
salivary microbiome is associated with gut microbiome,'®!! the di-
versity in salivary microbiomes showed relatively low associations
with several affecting factors including long-term diet,'* weight and
gender,'® geographic location,'* and antibiotic treatment (high toler-
ance)'® compared with that of the gut microbiome. These apparent
discrepancies between the salivary microbiome in the oral cavity and
the gut microbiome in the intestine suggest the existence of different
regulations and responses between them.

On the other hand, several studies reported the association of the
salivary microbiome with not only oral manifestations such as peri-
odontitis and dental caries,'® Behcet’s syndrome and aphthous sto-
matitis,'” but also with several systemic diseases including pancreatic

19 . . 2
8 celiac disease,”’

cancer,'® inflammatory bowel disease (IBD),
rheumatoid arthritis,”' and hepatic cirrhosis.>> These reports suggest
that physiological changes at the distal lesion sites largely contribute
to the alteration of salivary microbiome, and that the salivary micro-
biome appears to be more sensitive to host-related rather than
environment-related factors in comparison with the gut microbiome.

In this context, it is conceivable that the oral circadian rhythm as a
host-related diurnal signal may affect the salivary microbiome in add-
ition to salivary gland and epithelial homeostasis in the oral cavity.**
There have been several researches on the analysis of changes or sta-
bility in longitudinal salivary samples collected daily, monthly, or
yearly.®132%25 These studies showed the tendency of high stability of
the human salivary microbiome over time with low intra-subject vari-
ations. Some of the papers also showed more shared species and lower
taxonomic changes among the individual salivary than gut micro-
biomes.'*** Unlike the gut microbiome, these observations further
suggested that host-related internal signals had more impact on the sal-
ivary microbiome than external signals related to individual lifestyles.
However, more recently, the individual salivary microbiomes collected
with 4-h intervals in a day was reported to show little or no change in
the microbial profiles.”®

In this study, we examined diurnal changes in salivary micro-
biomes longitudinally collected from six healthy subjects with 4-h
intervals for 3 days by 16S rRNA gene and metagenomic sequencing
of the salivary DNA. Our data revealed that the majority of salivary
microbes exhibited the circadian rhythm profiles with ~24-h
periodicity.

2. Materials and methods

2.1. Subjects and saliva sample collection

Six healthy volunteers were recruited. All subjects were informed of
the purpose of this study. This study was approved by the ethical
committees of the University of Tokyo and Azabu University, and
written consent was obtained from all subjects. Fresh unstimulated
saliva (~1 ml) were collected every 4 h at 12:00, 16:00, 20:00 in the
first day, at 0:00, 4:00, 8:00, 12:00, 16:00, 20:00 in the second and
third days, and at 0:00, 4:00, 8:00 in the fourth day, accounting for
a total of 18 samples for each subject for 3 days (Supplementary

Table S1). All subjects took a sleep from 0:00 to 8:00, and shortly
awakened at 4:00 for sampling. The sampling of saliva was carried
out at least 2 h after meal or toothbrushing. Collected saliva samples
were kept at 4°C, frozen in liquid nitrogen within 24 h after sam-
pling, and stored at -80°C until use for DNA preparation.

2.2. DNA preparation and sequencing

Microbial DNA was prepared from saliva samples according to the
method described previously.'” The 16S rRNA gene hypervariable
V1-V2 regions were PCR-amplified using universal primers (a bar-
coded 27Fmod and 338R) and, multiplexed amplicon pyrosequenc-
ing was carried out using 454 GS FLX Titanium or 454 GS JUNIOR
(Roche Applied Science).

To obtain metagenomic sequences, we performed the whole-
genome shotgun sequencing with the MiSeq (2 x 300 paired-end
run) and IonProton (200-base reads with the Proton I chip) plat-
forms according to the manufacturer’s protocol. Statistics of the
sequencing was summarized in Supplementary Tables S1 and S2,
respectively.

2.3. Quantitative PCR (qPCR)

The universal bacterial 16S rRNA primers, 27Fmod (5'-agrgtttga-
tymtggctcag-3') and 338R (5'-tgetgecteccgtaggagt-3') were used to
estimate the microbial cell number by real-time qPCR using
Escherichia coli 16S rRNA gene sequence as a standard.

2.4. Data processing of 16S sequences

The 16S V1-V2 sequences were assigned to samples on the basis of
their barcode sequence. Reads with an average quality value
(QV) < 25 and those lacking the primer sequences at both ends were
filtered off. Possibly chimeric sequences that had alignment lengths
of <90% coverage with authentic reference 16S sequences in the
database (described below) were also removed. Filter-passed reads
obtained from these quality-check processes accounted for ~50% of
the total reads. The majority of the removed reads represented those
lacking PCR primer sequences. After trimming both primer se-
quences from the filter-passed reads, 3,000 reads per sample were
randomly selected and used for further analyses.”” The high-quality
reads were sorted according to the QV'? and then clustered into op-
erational taxonomic units (OTUs) using a 96 % pairwise-identity cut-
off with the UCLUST program v.5.2.32 (http://drive5.com/usearch/
manual/uclust_algo.html (31 January 2017, date last accessed)). The
representative sequences of the generated OTUs were blasted to our
own 16S database constructed in this study by GLSEARCH program
to determine the closest taxa. The 16S database was constructed
from three publically available databases: Ribosomal Database
Project (RDP) v.10.31, CORE (http://microbiome.osu.edu/(31
January 2017, date last accessed)), and the reference genome se-
quence database obtained from the NCBI FTP site (ftp:/ftp.ncbi.nih.
gov/genbank/ (December 2011, date last accessed)). For assignment
of OTUs to the taxa at the phylum, genus and species level, sequence
similarity thresholds of 70, 94, and 96 % were applied. The results of
the taxonomic assignment of the OTUs were summarized in

28,29

Supplementary Table S3. UniFrac distance was calculated to as-

sess the dissimilarity (distance) between each sample.

2.5. Data processing of metagenomic sequences
In Ion Proton reads, artificially duplicated sequences were removed
using replicate filter if any sequences have a similarity of >95%
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identity to other sequences with identical starting position. Human-
derived reads were removed by mapping them to the human genome
(HG19) with Newbler. Finally, low-quality reads with average
QV <20 or<75bp were removed. For MiSeq reads, low quality
bases (QV < 20) at the 5’ end of reads were trimmed. Reads in which
more than half of bases are QV < 20 and reads of which the length
was < 50 bp were filtered out. These procedures were done using
FASTX-Tool kit. The filter-passed reads were mapped to the human
genome using bowtie2 and the mapped reads were also removed.
Reads derived from phiX were also mapped to the phiX genome and
the mapped reads were removed.

The high-quality reads were then assembled into contigs by using
the Newbler algorithm (v.1.1.03, provided with the GS FLX sequen-
cer). Gene prediction was performed using MetaGeneAnnotator>”
with the -7 option for multiple species. The nucleotide sequences of
predicted genes were clustered using cd-hit-est v.4.6 with a >95% se-
quence identity and >90% coverage. The clustered gene sequences
were then translated to proteins using the NCBI translation table 11.
Functional annotation of the predicted proteins was performed using
BLASTP v.2.2.25 against KEGG database with an E-value 1e-5. We
mapped 100K high-quality reads onto the non-redundant gene set
using bowtie2 to obtain the quantified functional composition in
each sample. Also, we quantitatively evaluated the microbial com-
position by mapping 100K high-quality reads onto the reference
genomes under the conditions described previously.>!

2.6. Periodicity discrimination method (PDM)

In this study, we developed a PDM for evaluation of the periodicity
of oscillation patterns of the relative abundance of given taxa and
microbial categories.

The microbial relative abundance data at sampling times in a day
(12:00, 16:00, 20:00, 0:00, 4:00, 8:00) was normalized as follows.

dn - dmin
dmaxf dmin

dnorm -

12:00 16:00 20:00 0:00 4:00 8:00

Dayl X11 X12 X13 X14 X15 X16
Day2 X21 X22 X23 X24 X25 X26
Day3 X31 X32 X33 X34 X35 X36
Average X1 XZ X3 X4 X5 X(,

d,, denotes each value of the day, d,,,,,, denotes the normalized value,
d,in denotes the minimum value of the day and d,,,, denotes the
maximum value of the day. Normalized values of each day were all

To figure out the periodicity of a given taxon X in a subject, the

normalized abundance data of every 4 h for 3 days were prepared as
a list and the average normalized abundance of each time zone was
calculated as shown below.
Then, the list was sorted with time zones (column vector in the
shown table) by the average normalized abundance of each time
zone. For example, when the average normalized abundance lined as
follows; X5 > X4 > X5 > X35> X > Xg, the sorted list would be lined
as shown below.

This sorting operation is especially useful to reduce the calculation
resources when the observed time points are further large, so that
combination explosion can be avoided for selecting all possible com-
bination of TimeZones.

Then, sorted time zones in the sorted list are grouped as a combin-
ation of two separated ‘TimeZoneCombi’ which discern the devi-
ation of the abundance between the two time zones. By using the
following algorithm, the best P-value for a taxon and the
TimeZoneCombi can be obtained.

BestPvalue « 1

FOR each TimeZoneCombi

BestPvalueOfTimeZone «— 1
FOR each Threshold = each data of taxa X
Pvalue < CALL FisherExactTest WITH taxa X data in time zones of
TimeZoneCombi, taxa X data of other time zones AND Threshold
IF Pvalue < BestPvalueOfTimeZone THEN
BestPvalueOfTimeZone «— Pvalue
BestThresholdOfTimeZone « Threshold

END IF
END FOR
> Threshold < Threshold
TimeZoneCombi a b
Other time zone c d

a: the number of time points of taxon X data in time zones of
TimeZoneCombi which is equal or over the threshold.

b: the number of time points of taxon X data in time zones of
TimeZoneCombi which is under the threshold.

c: the number of time points of taxon X data in other time zones which is
equal or over the threshold.

d: the number of time points of taxon X data in other time zones which is
under the threshold.

IF BestPvalueOfTimeZone < BestPvalue THEN
BestPvalue « BestPvalueOfTimeZone
BestThreshold « BestThresholdOfTimeZone
BestTimeZone « TimeZoneCombi

in the interval [0, 1]. END IF
END FOR
TimeZonel TimeZone2 TimeZone3 TimeZone4 TimeZoneS5 TimeZone6
16:00 0:00 4:00 20:00 12:00 8:00
Dayl X12 X14 X1s x13 xX11 X16
Day2 X22 X24 X25 X23 X21 X26
Day3 X32 X34 X35 X33 X31 X36
Average Xz X4 X5 X3 X1 X6
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264 Circadian oscillation in human salivary microbiomes

In the subprocedure ‘FisherExactTest’, the P value from the
test is computed according to the 2 x 2 contingency table shown
below.

Thus, the less P value the taxon has, the stronger periodicity it is
regarded to have.

Furthermore, the time zones determined by TimeZoneCombi with
the best P value are regarded as proliferating time zones for the
taxon X.

The whole procedures were depicted in Supplementary Fig. S1.

3. Results

3.1. Circadian rhythm in the salivary microbiome

We longitudinally collected a total of 108 unstimulated salivary sam-
ples (18 samples per subject) every 4h for 3 days from six healthy
subjects (two females and four males). We enumerated sequences of
the 16S rRNA gene V1-V2 region by pyrosequencing the salivary
DNA with the Roche 454 platform (see Materials and methods). The
16S reads were clustered to obtain the OTUs for each subject, and
the generated OTUs were assigned to taxa by blasting against the
16S databases (Supplementary Table S3). The phylum- and genus-
level assignment apparently showed the diurnal change in the micro-
bial abundance for all the subjects (Supplementary Fig. S2). We next
performed the UniFrac distance analysis of the microbial commun-
ities, in which the distances between the samples at the same times
(ST) and those at different times (DT) for 3 days were measured, re-
spectively. The results revealed that the UniFrac distances between
the ST samples were lower than those between the DT samples for

all the subjects, of which the five subjects showed a statistical signifi-
cance, indicating that the overall structure of the ST samples was
more similar than that of the DT samples (Fig. 1a).

We then performed the autocorrelation analysis for diurnal
changes in the relative abundance of the two major phyla, Firmicutes
and Bacteroidetes in each subject between the 3 days. The analysis
showed that the highest correlation coefficient was observed at ~24-h
interval in all of the subjects (Fig. 1b). These data strongly sug-
gested that the observed diurnal changes in the microbial abundance
of the salivary microbiomes exhibited a circadian rhythm at the phy-
lum level. Similar results were also obtained from the analysis using
the microbial abundance data estimated from mapping of the metage-
nomic reads on the reference genomes (Supplementary Fig. S3).

On the other hand, the hierarchical clustering of the samples
based on the Spearman’s rank correlation coefficient revealed that
many of the ST samples but not all were clustered most closely
within a subject, whereas all the samples were clearly aggregated by
the individuals (Supplementary Fig. S4), suggesting that the extent of
circadian intra-subject variations was generally lower than that of
the inter-subject variations.

To detect the taxa with a statistically significant circadian period-
icity, we developed the PDM that determines the P value for the cir-
cadian periodicity of each genus by using the Fisher’s exact test
repeatedly for every possible threshold and time-zone combination
(Supplementary Fig. S1). The PDM analysis followed by Bonferroni
correction of 19 genera (18 known and one undefined) with > 0.1%
relative abundance in all of the six subjects found that the genera
accounting for 68.4-89.6% of the total abundance (~79.3% in
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Figure 1. Detection of diurnal oscillation in salivary microbiomes. (a) Comparison of the weighted UniFrac distances between the ST and DT samples in each
subject. Asterisks indicate the statistical significance (P<0.05, Wilcoxon signed-rank test). (b) Autocorrelation coefficients of the relative abundance of
Firmicutes, Bacteroidetes in all the subjects. The horizontal axis represents time lag used for autocorrelation calculation. (c) Correlations between the relative
abundance and circadian periodicity of the genera. Genera with >0.1% average relative abundance in all the subjects were analysed. The vertical axis repre-
sents raw P values of the circadian periodicity of each genus calculated by the PDM. The horizontal axis represents the average relative abundance of each

genus.
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average for the six subjects) exhibited a significant oscillation
with the 24-h periodicity (P <0.05), among which Prevotella,
Gemella, Peptostreptococcus, Solobacterium, Streptococcus, and
Haemophilus were statistically significant for all the subjects
(Supplementary Table S4). Furthermore, we found a correlation be-
tween the relative abundance of the genera and the P value of the cir-
cadian periodicity in toto, which indicated that the higher abundant
genera tended to have the stronger circadian periodicity, and vice
versa (Fig. 1c). For the major four phyla, the PDM analysis also indi-
cated the high circadian periodicity of them in most of the subjects as
well the  autocorrelation
(Supplementary Table S5). We also evaluated the circadian period-
icity of the genera and phyla by JTK_CYCLE*? (Supplementary
Tables S4 and S5). In the genus level, JTK_CYCLE and PDM both
showed the significant periodicity in Prevotella for the five subjects,
Neisseria for the four subjects, Gemella and Streptococcus for the
three subjects. In the phylum level, Bacteroidetes for the five subjects,
Firmicutes for the four subjects, Proteobacteria for the three subjects,
and Actinobacteria for the two subjects were significant in the circa-

as analysis mentioned above

dian periodicity, respectively.

In addition, we examined the diurnal change in the OTU number.
We compared quantitative differences in all pairs of OTU numbers
in the ST and those in the DT samples in each subject, but no signifi-
cant difference was observed between them for all the subjects, sug-
gesting that OTU number representing the species richness had no
circadian oscillation (Supplementary Fig. S5).

We further analysed changes in the microbial cell number by
qPCR with universal 16S primers. The results observed statistically
significant periodicity of microbial cell numbers in two of the six sub-
jects, in which microbial cell number increased at 4:00 and 16:00 in
the subject 3, and at 4:00 and 8:00 in the subject 4 (Supplementary
Table S6 and Supplementary Fig. S6). These data suggested that mi-
crobial cell number also exhibited the circadian oscillation with indi-
vidual differences.

3.2. Characterization of circadian oscillation patterns
We characterized the oscillation pattern of salivary microbes at the
phylum and genus level. We found that the relative abundance of

Firmicutes was increased in the evening, whilst that of Bacteroidetes
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Figure 2. Oscillation patterns of major taxa. (a) Circadian oscillation patterns of Firmicutes and Bacteroidetes. Changes in the normalized relative abundance of

Firmicutes and Bacteroidetes in each subject are represented. (b) Circadian proliferation time zones of major genera. The results of the genera with >1% relative
abundance in all the subjects are shown. Lines cover the proliferation time zones of the genus in each subject determined by PDM, in which the subjects having
the proliferation time zones with no significant circadian periodicity were eliminated (see Supplementary Table S4).
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was in the daytime in all the subjects, indicating that these two major
phyla had an inverse relation in the circadian oscillation pattern (Fig.
2a). At the genus level, we showed proliferation time zones of the cir-
cadian oscillation of the 12 genera with > 1% relative abundance in
all the subjects, respectively (Fig. 2b). Among the 12 genera,
Prevotella, Gemella, Streptococcus, and Haemophilus showed the
significant circadian periodicity for all the subjects, but the other
eight genera showed non-significant periodicity in a few subjects
(Supplementary Table S4). The relative abundance of Prevotella was
increased in the morning (from 4:00 to 12:00) in all the subjects, and
those of Gemella and Streptococcus were increased in the evening
(from 16:00 to 0:00) in all the subjects. The relative abundance of
Haemophilus was proliferated in the morning (around 8:00) in all
the subjects, but different proliferation time zones were also observed
in three subjects. These genera are typical examples that had almost
same circadian oscillation patterns shared among all the six subjects.
The inverse oscillation pattern between Firmicutes and Bacteroidetes
described above could be largely due to the strong circadian period-
icity of the top two pre-dominant Streptococcus and Prevotella gen-
era belonging to these two phyla, respectively. Rothia had similar
proliferation time zones in the relative abundance among four sub-
jects but no significant circadian periodicity in two subjects. The
other genera such as Granulicatella and Veillonella did not share
similar proliferation time zones among the subjects with the signifi-
cant circadian periodicity. These data revealed that a few but highly
abundant genera had the strong circadian periodicity and similar cir-
cadian oscillation patterns shared with most of the subjects. Many of
the genera had the significant circadian periodicity but their oscilla-
tion patterns were considerably varied among the subjects. Thus,
these data suggested the high inter-subject variation in the circadian
oscillation profile.
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3.3. Bacterial phenotypes and oscillation patterns

To examine if the oscillation patterns of the salivary microbiome is
determined by the bacterial phenotype, we compared the oscillation
patterns between strict aerobes (AE), facultative anaerobes (FA), and
strict anaerobes (AN). The PDM analysis revealed that the relative
abundance of AE, FA, and AN had significant circadian oscillations
in all the six subjects, respectively (Supplementary Table S7). We
analysed changes in the average relative abundance of the three mi-
crobial categories through the three days (Fig. 3a). The results
showed differences in the circadian oscillation patterns among the
three categories, in which AN was proliferated in the morning be-
tween 4:00 and 12:00, and FA was in the evening between 16:00
and 4:00, indicating the circadian oscillation pattern of AN and FA
had an inverse relation. On the other hand, the proliferation time
zone of AE was the daytime between 8:00 and 20:00, which was
intermediate between those of AN and FA. In the 19 genera with-
>0.1% relative abundance in all the subjects, Neisseria, Rothia, and
Campylobacter were included in the typical AE pattern, Prevotella
the AN  pattern,
Streptococcus, Actinomyces and Gemella were in the typical FA pat-

and Solobacterium were in typical and
tern, respectively (Supplementary Fig. S7). These data revealed that
the three categories defined by the bacterial aerobicity were sequen-
tially proliferated in the relative abundance with some overlap
among them in a day. The periodicity of the three microbial catego-
ries was also evaluated by JTK_CYCLE, showing similar results to
those by the PDM (Supplementary Table S7).

We also compared the oscillation pattern between Gram-positive
and -negative species. The PDM and JTK_CYCLE analyses revealed
that the relative abundance of Gram-positive and -negative genera
had significant circadian oscillations in all the subjects, respectively

—Negative
= Positive

28828
:::-armg

16:00|
20:00/

= = o=

Figure 3. Circadian oscillation patterns of the bacterial phenotypes. (a) Oscillation patterns of genera classified by the bacterial aerobicity. The oscillation pat-

terns of strictly aerobic (AE), facultative anaerobic (FA), and strictly anaerobic (AN) genera are shown. (b) Oscillation patterns of genera classified by the Gram

stainability. The oscillation patterns of Gram-positive and -negative genera are shown.
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(Supplementary Table S8). The analysis indicated that the Gram-
positive species was proliferated in the evening between 16:00 and
4:00, whereas that of the Gram-negative species was in the day be-
tween 4:00 and 16:00, respectively (Fig. 3b). In the 19 genera with-
>0.1% relative abundance, oscillation patterns of several Gram-
negative Prevotella and Haemophilus were similar to that of the all
Gram-negative species, and those of several Gram-positive
Streptococcus, Rothia, Actinomyces and Gemella were similar to
that of the all Gram-positive species (Supplementary Fig. S8).
Furthermore, the oscillation pattern of Gram-positive bacteria shown
in Fig. 3b appeared to be overlapped with those of AE and FA shown
in Fig. 3a, whereas that of Gram-negative bacteria appeared to be
overlapped with those of AE and AN. The proportion of genera clas-
sified by the Gram stainability and aerobicity in samples of the sub-
jects was shown in Supplementary Table S9.

3.4. Disappearance of circadian rhythm in salivary
microbiomes in vitro

Salivary samples from two subjects (subjects 1 and 2) were incubated
at 37°C in vitro under aerobic conditions, and changes in the micro-
bial abundance in aliquot samples collected every 1h for 7h were
monitored by 16S rRNA gene sequence analysis. These i vitro data
were compared with those of salivary samples freshly collected with
the ST intervals as those in vitro from the same two subjects
(Supplementary Fig. S9). The results indicated that the in vitro sam-
ples had no longer change in the microbial composition with very
low UniFrac distances between them, whilst freshly collected samples
showed the circadian oscillation as expected.

3.5. Functional analysis based on metagenomic data
For addressing the biological periodicity, we performed the func-
tional assignment of the annotated genes in the assembled metage-
nomic sequences, and found a total of 370 KEGG modules by using
the KEGG database. We then quantified the 370 KEGG modules by
mapping 100K metagenomic reads per sample to them (see
Materials and methods). The results detected 55 modules that signifi-
cantly exhibited 24 h oscillation in more than five subjects (Fig. 4a).
These mainly included the modules assigned to four functional cate-
gories, ‘Environmental information processing’, ‘Energy metabol-
ism’, ‘Carbohydrate and lipid metabolism’, and ‘Nucleotide and
amino acid metabolism’. Many of the modules assigned to
‘Environmental information processing’ were enriched in the evening
(between 16:00 and 4:00), whereas those assigned to the other three
functional categories were enriched in the morning (between 4:00
and 12:00), respectively, indicating the inverse relation between
‘Environmental information processing’ and the other three func-
tional categories (Supplementary Fig. S10). The modules assigned to
‘Environmental information processing’ included the functions
related to various transporters including those for metal ions and
two-component regulatory systems. On the other hand, the modules
assigned to ‘Carbohydrate and lipid metabolism’, ‘Energy metabol-
ism’, and ‘Nucleotide and amino acid metabolism” included the func-
tions for the biosynthesis of vitamins and fatty acids, polysaccharides
degradation, Hem biosynthesis from glutamate, the reductive citrate
cycle, and electron transport.

We further performed the network analysis of the correlation be-
tween the 55 modules and the five genera (Streptococcus, Prevotella,
Haemophilus, Gemella, and Granulicatella) with >1% relative abun-
dance and the significant circadian periodicity shared with more than
five subjects (Supplementary Table S4). The analysis formed two

distinct negatively correlated clusters, which were represented by
positive correlations between Streptococcus and Gemella and many
of the modules assigned to ‘Environmental information processing’,
and those between Prevotella and Haemophilus and the modules as-
signed to ‘Energy metabolism’ (Fig. 4b). Granulicatella had no sig-
nificant correlation with any of the module. These correlations were
also related with the bacterial phenotypes, in which Streptococcus
and Gemella were the Gram-positive, and Prevotella and
Haemophilus were Gram-negative.

4. Discussion

In this study, we demonstrated that the majority of the salivary mi-
crobes exhibited the circadian oscillation with ~24-h in the relative
abundance by the analysis using the 16S V1-V2 sequences obtained
from the samples collected with 4-h intervals for three consecutive
days from six healthy adults. We obtained the several pieces of evi-
dence for the circadian oscillation from significant differences in the
UniFrac distances between the samples collected at the same and DT
in each subject, and apparent diurnal changes in the relative abun-
dance of taxa at the phylum and genus level with the highest auto-
correlation coefficient of ~24-h interval. Furthermore, the circadian
periodicity of each taxon was also statistically evaluated by the PMD
originally developed in this study. The basis of the PDM is to assess
the reproducibility of proliferation time patterns of the relative abun-
dance of each taxon by the Fisher exact test, so that the PDM is also
applicable to the relatively minor taxa of which the 16S read number
is zero in several samples. Therefore, the PDM generally enables us
to detect more taxa with the periodic pattern than the
JTK_CYCLE.** The PDM analysis found that the major genera had
the tendency of relatively high circadian periodicity compared with
minor genera in the salivary microbiome, similar to the observation
in the gut microbiome.>> However, on the contrary, the recent study
reported almost no significant diurnal variation in the salivary micro-
biome by using the clustering analysis of two sample sets collected
every 4h in 24 h with a 1 week interval from five subjects.”® We simi-
larly performed the hierarchical clustering of the same sample sets,
but could not clearly show the closest relation between the samples
collected at the ST by this clustering. Therefore, this inconsistency
suggested that the hierarchical clustering was insufficient to differen-
tiate subtle changes in variations within individuals.

The circadian oscillation completely disappeared with very low
UniFrac distances between the samples in the in vitro incubation ex-
periments, suggesting that the circadian oscillation in the salivary
microbiome is not an autonomous process, but a response linked to
certain host’s signals and/or oral environmental changes associated
with them. The salivary microbiome is thought to be formed by mi-
crobes adhered to various intraoral surfaces because the saliva is ster-
ilely secreted from the salivary glands into the oral cavity.® This
implies that the microbes associated with intraoral surfaces may
change their releasing level from the surfaces to the saliva and/or
their growth rate in the saliva. The microbes in the throat, tonsil, and
tongue may be the resources of the salivary microbiome because the
salivary microbiome composition is similar to that of these micro-
biomes.*™® In this context, the recent paper showed that the plaque
microbiome exhibited little circadian oscillation,>® suggesting that
the sensitivity to stimuli in the oral cavity differed between the plaque
and salivary and possibly tongue and tonsil microbiomes.

We observed differences in the circadian periodicities (P values
estimated by the PDM) among various microbial categories by
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Figure 4. The KEGG modules having the circadian oscillation. (a) Heatmap of the relative gene abundances of 55 KEGG modules. Colour gradient indicate the
degree of the average abundance of the KEGG modules which had statistically significance in at least five subjects. Colours on right side indicate six upper func-
tional categories of the KEGG modules. (b) Network of the KEGG modules and genera. The results for the significant correlation between the 55 KEGG modules
and four genera in more than five subjects are shown. Interactions between nodes were calculated by Spearman’s rank correlation and correlations with
P >0.05 or P <0.6 are removed. Coloured rectangles correspond to the KEGG modules and ellipse nodes signify the genera. Size of ellipse nodes corresponds

(a)

(b)

M00346 Formaldehyde assimilation, serine pathway [PATH: mpmzoo:mpoossm
M00017 Methioni apartate => h [PATH:map01230 map00270]
MO00002 Gl'y\::olysm core modu.le th rh PATH: map(!lZOEl map01230 map00010]
MO00049 Adenine ribonucleotide biosynthesis, IMP => ADPATP [P ‘H:map00230]

M00394 RNA degradosome [PATH:map03018]

1 M00034 Methionine salvage pathway [PATH: map00270]

MO00579 Phosph | acetate kinase acetyl-CoA == acetate [PATH:map01200 map00720]
MO00168 CAM (Crassul acid metabolism), dark [PATH:map()1200 map00710]

MU00131 Inositol phosphate metabolism, Ins(1,3.4,5)P4 == Ins(1,3 4)P3 => myo-inositol [PATH-map00562]
M00209 Osmoprotectant transport system [PATH:map02010] [BR:ko02000]

MO00240 Tron complex transport system [PATH:map02010] [BR ko02000]

—— M00349 Microcin C transport system [PATH:map02010] [BR:ko02000]

[

TTIETTTT

MO00117 Ubiquinone btos)nnhests, prul:m'nlﬂs chorismate => ubiquinone [PATH:map00130]

MO00026 Histidine bi PRPP = line [PATH:map01230 map00340]

M00156 Cﬂochmme c mudase chb3- t_vpe [PATH malﬂl]l%]

M00121 Heme b == [PATH 00860]

MO0376 3- Hydmxwmpnmlale bi-cycle [PATH map(1200 map00720]

MO00529 Denitrification, nitrate == ni [PATH:map00910]

M00221 Putative simple sugar transport system [BRka02000]

M00237 Brmhed.-chnm ammu ac1d msport system [PATH:map02010] [BR:ko02000]

MO0095 C5 i id bi hway [PATH-map(0900]

M00725 Calmrmc antimicrobial peptide (CAMP) Imst:mce addition of alanine to teichoic acids

M00194 Maltose/maltodextrin transport system [PATH:map02010] [BR:ko02000]

M00228 Putative glutamine transport system [PATH:map02010] [BR:ko02000]

M00439 Oligopeptide transport system [PATH:map02010] [BR:ko02000]

M00247 Putative ABC transport system [BR ko02000]

MO00015 Proline biosynthesis, glutamate => proline [PATH:map01230 map00330]

M00245 Cobalt/nickel transport system [PATH:map02010] [BR:ko02000]

M00246 Nickel transport system [PATH:map02010] [BR ko02000]

MO00006 Pentose phosphate pathway, omdauve phase, glucose 6P-=:- ribulose 5P [PATH:map01200 map00030]
MO00459 VicK-VicR (cell wall metat y system [PATH:map02020] [BR ko02022]
M00429 Comp lated DNA fi i hansponel [BR:ko(2044]

MO0190 Imn('l]l) transport system [PATH map02010] [BR ko02000]

M00496 ComD-ComE (comy ) tw " gulatory system [PATH:map02020] [BR:ko02022]
MO00495 AgrC-AgrA (exoprotein synthesis) ty I y system [PATH:map02020] [BR-ko02022]
MO00048 Inosine monophosphate biosynthesis, PRPP + glutamine => IMP [PATH:map00230]

MO0468 SaeS-SaeR (staphyl 1 virul lation) ts latory system [PATH:map02020] [BR:ko02022]
M00324 Dipeptide tnmspm't system [PATH: mnpi]lzt]ltl] [BR: koOZG)O]

MO00079 Keratan sulfate d.cg.radallon [PATH: mapOO 1]

MO0096 C5 1 id bi pathway [PATH:map00900]

M00647 Multidrug resistance, efflux pump AcrAB-TolC/SmeDEF

MO0083 Fatty acid hloswthesls elongation [PATH: map01212 rnapOOClﬁl}

MO0572 Pimeloyl-ACP biosynthesis, BioC-BioH pathway, 1-ACP == pimeloyl-ACP [PATH:map00780]

M00125 Riboflavin t hesis, GTP == riboflavin FMN/FAD [PATH mapO(’l?m]

MO0620 lncomplcl: mductlvt cn:mlc cycle, acetyl-CoA == oxoglutarate [PATH:map01200 map00720]

MO00060 Lipopol hesis, KDO2-lipid A [PATH:map00540]

M00124 Pyridoxal biosynthesis, erythrose-4P == pyridoxal-5P [PATH:map00750]

MO00077 Chondroitin sulfate degradation [PATH:map00531]

MO00076 Dermatan sulfate degradation [PATH:map003531]

M00255 Lipoprotein-releasing system [PATH:map02010] [BR:ko02000]

M00374 Dicarboxylate-hydroxybutyrate cycle [PATH:map01200 map00720]

MO00144 NADH:quinone oxidoreductase, prokaryotes [PATH:map00190]

M00149 Succinate dehydrogenase, prokaryotes [PATH:map00190]

M00173 Reductive citrate cycle (Amon-Buchmn cycle) [PATH mﬁpﬂlZOO map()720]

MO00011 Citrate cycle, second carbon [PATH:map01200 map00020]
d M Envi | information processing W Energy metabolism
B Carbohydrate and lipid metaboli B Gene sets
02 04 06 08 W Nucleotide and amino acid metabolism Genetic information processing
IN00SE6 100034

<> Aerobic Genera
<> Facultative Anaerobic Genera
<> Anaerobic Genera

W Carbohydrate and lipid metabolism
S Environmental information processing
. Nucleotide and amino acid metabolism
. Gene set

mm Energy metabolism

to the relative abundance of the genera. Blue and red lines indicate positive and negative correlation, respectively.



L. Takayasu et al. 269

comparing the average P values of 28 microbial categories classified
by the aerobicity, stainability, and
(Supplementary Table S10). The data revealed that the first ten cate-

Gram taxonomically
gories had much higher circadian periodicity than others, which
included the three categories by the aerobicity, two by the Gram
stainability, two phyla (Firmicutes and Bacteroidetes), and three gen-
era (Streptococcus, Prevotella, and Gemella). These oscillation pat-
terns were clearer than those of the others. These data suggested
large associations of these microbial categories to the circadian oscil-
lation of the salivary microbiome. On the other hand, the other 18
genera exhibiting less periodicity than the 10 microbial categories
had less similarity of the oscillation patterns among most of the sub-
jects, suggesting the high inter-subject variation of these microbes in
the circadian regulation of salivary microbiome.

Regarding the bacterial phenotypes, our data suggested that the
aerobicity in the oral cavity was also diurnally changed, and more
aerobic around noon in a day according to the oscillation pattern of
the three microbial categories classified by the aerobicity. In addition,
the Gram stainability was also largely involved in the circadian oscil-
lation in the salivary microbiome, in which Gram-positive and -nega-
tive species had the trade-off relation of circadian oscillation
patterns. At present, we have no reasonable interpretation for the re-
lationship between circadian oscillation and the Gram stainability.

The circadian oscillation of gene functions was also evaluated by
metagenomic data. In the daytime, the functions assigned to ‘Energy
metabolism’ and ‘Carbohydrate and lipid metabolism’ mainly associ-
ated with Prevotella were enriched, and in the evening, those to
‘Environmental information processing’ mainly associated with
Streptococcus were enriched, respectively. These findings suggest
that functions of salivary microbes devote to environmental re-
sponses in the daytime, whereas those devote to metabolisms in the
evening, and these functional oscillations may be related with main-
tenance of the oral homeostasis.

Recently, it was reported that the gut microbiome exhibited the
circadian oscillation in the microbial abundance in mice, and the cir-
cadian oscillation was abolished by disruption of a host circadian
clock gene.***** From these observations, it can be suggested that the
circadian oscillation of the salivary microbiome is regulated by host
clock genes. Although ~15% of the salivary metabolites were re-
ported to exhibit diurnal oscillation,> the factors or signals affecting
the circadian oscillation of the salivary microbiome are unknown at
present and further investigation is needed to address them.
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