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Association of general health
and lifestyle factors with the
salivary microbiota – Lessons
learned from the ADDITION-
PRO cohort

Casper Sahl Poulsen 1†, Nikoline Nygaard 1,2†,
Florentin Constancias 3, Evelina Stankevic 1, Timo Kern 1,
Daniel R. Witte 4,5, Dorte Vistisen6,7, Niels Grarup 1,
Oluf Borbye Pedersen 1,8, Daniel Belstrøm 2*

and Torben Hansen1*

1The Novo Nordisk Foundation Center for Basic Metabolic Research, Faculty of Health and Medical
Sciences, Copenhagen University, Copenhagen, Denmark, 2Institute of Odontology, Section of Oral
Microbiology, Faculty of Health and Medical Sciences, Copenhagen University, Copenhagen,
Denmark, 3Swiss Federal Institute of Technology in Zürich, Department of Health Sciences and
Technology, Zürich, Switzerland, 4Department of Public Health, Aarhus University, Aarhus,
Denmark, 5Steno Diabetes Center Aarhus, Aarhus, Denmark, 6Steno Diabetes Center, Copenhagen,
Denmark, 7Department of Public Health, University of Copenhagen, Copenhagen, Denmark,
8Center for Clinical Metabolic Research, Herlev-Gentofte Hospital, Gentofte, Denmark
Introduction: Previous research indicates that the salivary microbiota may be a
biomarker of oral as well as systemic disease. However, clarifying the potential
bias from general health status and lifestyle-associated factors is a prerequisite
of using the salivary microbiota for screening.

Materials & Methods: ADDDITION-PRO is a nationwide Danish cohort, nested
within the Danish arm of the Anglo-Danish-Dutch Study of Intensive treatment
in People with Screen-Detected Diabetes in Primary Care. Saliva samples from
n=746 individuals from the ADDITION-PRO cohort were characterized using
16s rRNA sequencing. Alpha- and beta diversity as well as relative abundance of
genera was examined in relation to general health and lifestyle-associated
variables. Permutational multivariate analysis of variance (PERMANOVA) was
performed on individual variables and all variables together. Classi � cation
models were created using sparse partial-least squares discriminant analysis
(sPLSDA) for variables that showed statistically signi� cant differences based on
PERMANOVA analysis (p < 0.05).

Results: Glycemic status, hemoglobin-A 1c (HbA1c) level, sex, smoking and
weekly alcohol intake were found to be signi � cantly associated with salivary
microbial composition (individual variables PERMANOVA, p < 0.05).
Collectively, these variables were associated with approximately 5.8% of the
observed differences in the composition of the salivary microbiota. Smoking
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status was associated with 3.3% of observed difference, and smoking could be
detected with good accuracy based on salivary microbial composition (AUC
0.95, correct classi � cation rate 79.6%).

Conclusions: Glycemic status, HbA1c level, sex, smoking and weekly alcohol
intake were signi � cantly associated with the composition of the salivary
microbiota. Despite smoking only being associated with 3.3% of the
difference in overall salivary microbial composition, it was possible to create
a model for detection of smoking status with a high correct classi � cation rate.
However, the lack of information on the oral health status of participants serves
as a limitation in the present study. Further studies in other cohorts are needed
to validate the external validity of these � ndings.
KEYWORDS
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Introduction

Saliva is the biological� uid of the oral cavity, which is critica
to maintenance of oral health, as well as basic functions, su
speech, taste and swallowing (Pedersen et al., 2018; Lynge
Pedersen and Belstrøm, 2019). In addition, saliva harbors
wealth of biological substances including DNA, RNA a
proteins of both microbial and human origin, which is w
saliva is referred to as the mirror of the body (Greabu et al., 2009;
Tiwari, 2011). Therefore, due to the easy and non-invas
sampling, saliva is an attractive medium for biomarke
analysis in both dentistry and general medicine (Yoshizawa
et al., 2013).

Saliva is sterile when entering the oral cavity (Schrøder et al
2017), and consequently the salivary microbiota is
conglomerate of bacteria shed from oral surfaces. Prime d
sites are the tongue, the throat and the palatine tonsils (Segata
et al., 2012). There are also minor contributions from oral si
such as supragingival and subgingival plaques, which have
relevance to the major oral diseases, periodontitis and d
caries (Segata et al., 2012). Several studies have shown t
salivary levels of speci� c pathogens associated with periodont
such asPorphyromonas gingivalis, Tannerella forsythia
Treponema denticolaand Prevotella intermediacorrelate with
that of subgingival plaque found in the periodontitis lesion (He
et al., 2012; Haririan et al., 2014; Belstrøm et al., 2017; Nickles
et al., 2017; Belstrøm et al., 2018). In addition, it has been
documented that salivary abundance of speci� c pathogens
including P. gingivalis, associates with periodontal stat
(Morozumi et al., 2016; Kageyama et al., 2017; Damgaard
et al., 2019). Consequently, salivary abundance of speci� c
bacterial species has been suggested as a diagnostic bio
of periodontitis, with the potential to be used in the dental of� ce.
02
s

r

t
l

ker

However, a prerequisite of using the salivary microbiota
screening of oral diseases is to clarify the potential bias
general health status and life-style associated factors, w
inevitably are different among patients.

Type 2 diabetes (T2D) and cardiovascular diseases are
of the most prevalent general medical disorders, and tob
smoking is a common habit (World Health Organization, 2021a;
World Health Organization, 2021b; World Health Organization
2022). Cross-sectional data suggests that the salivary micro
in patients with T2D is less diverse and harbors signi� cantly
higher levels of periodontal pathogens (Gogeneni et al., 2015;
Ogawa et al., 2017; Saeb et al., 2019). Likewise, smoking has bee
described to have an impact on the salivary microb
(Belstrøm et al., 2014; Wirth et al., 2020; Belstrøm et al.
2021). The salivary microbiota have even been found
predict the risk of cardiovascular disease with some su
(Murugesan et al., 2021). In general, current evidence sugge
that the salivary microbiota may not only be a diagno
biomarker of oral diseases, but potentially also of gen
medical disorders. Whether these associations are caus
due to an indirect confounded association is currently
clear, and available data originates primarily from studies
small sample sizes in selected populations. Studies with a
sample size and substantial information on general med
health and lifestyle-associated factors are therefore need
they will allow for a more detailed assessment of association
provide better options to account for confounding.

The ADDITION-PRO cohort is a prospective cohort nes
within the Danish arm (ADDITION-DK) of the Anglo-Danish
Dutch Study of Intensive Treatment In People with Scre
Detected Diabetes in Primary Care study (ADDITION-Euro
(Johansen et al., 2012). ADDITION-PRO consists of 2082 Dane
from across the country, at varying risk of developing T
frontiersin.org
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measured by their fasting blood glucose and glucose toler
Participants underwent a comprehensive health assessm
inclusion, resulting in an extensive dataset with measureme
anthropometry, biochemistry, physical� tness, cardiovascula
risk factors and questionnaire data. In addition, blood, u
and saliva samples were collected from the participants. G
the considerable size of the population and its comprehen
characterization the ADDITION-PRO cohort makes for a hig
relevant source of information in determining the associatio
general health status with lifestyle-associated factors on
composition of the salivary microbiota.

Therefore, the purpose of the present study was to eva
the association of general medical disorders and lifes
associated factors with the composition of the saliv
microbiota. To do this, we used 16S rRNA sequencin
characterize the salivary microbiota in N = 786 individu
from the ADDITION-PRO cohort, from which we also ha
access to comprehensive information on general medical h
and lifestyle-associated factors. We tested the hypothesi
general medical health and lifestyle are signi� cantly associate
with the composition of the salivary microbiota, and that gen
health status and lifestyle can be predicted based on
salivary microbiota.
tail
d

2D.
09
f the

still
ters
ebro
ility
n.

lth
tion
with
h a
isk
-

pate
the
lyze

i
83).

etail
s
o
y
DL-
ing
).

ne

9
,
ure

ke

ng
es,
in a

st of
es
Methods

The ADDITION-PRO cohort

The ADDITION-PRO cohort has been described in de
elsewhere (Johansen et al., 2012). In brief, it is a cohort neste
within the Danish arm (ADDITION-DK) of the ADDITION-
Europe study, consisting of individuals at differing risks of T
Individuals were recruited for ADDITION-PRO between 20
and 2011 during follow-up health examinations of a subset o
population from ADDITION-DK. Eligible for the follow-up
health examination were those who were still alive, and
lived in the regions of the four participating research cen
(Steno Diabetes Center, Aarhus University Hospital, Holst
Hospital, and Hospital of South West Jutland). Lastly, eligib
required not having withdrawn consent to study participatio

Of the 16,136 participants in the follow-up hea
examination, all individuals with impaired glucose regula
at the time of screening, along with those diagnosed
diabetes during the follow-up period (n=1483), along wit
19% random sample of individuals from the low and high-r
groups (n=2705) were invited to participate in ADDITION
PRO. In total, 50% (n=2082) of invitees agreed to partici
(Johansen et al., 2012). Saliva samples were collected only at
Copenhagen site, resulting in 786 saliva samples to be ana
in the present study.

The ADDITION-PRO cohort was approved by the scient� c
ethics committee in the Central Denmark Region (H-200001
Frontiers in Cellular and Infection Microbiology 03
.
at
f

Participants gave their written informed consent to participat
the study and for linkage of their data with national registers
the purposes of the ADDITION-PRO study. In addition, t
present study was performed in compliance with
Helsinki Declaration.
h
t

Data collection

The health assessment performed is described in d
elsewhere (Johansen et al., 2012). In brief, information on sex
age, and lifestyle-associated factors (smoking, alc
consumption and physical activity) were collectedvia a
general health questionnaire. Clinical measurements of he
weight, and waist circumference were performed, and BMI
calculated based on height and weight measurements. B
pressure (systolic and diastolic) and heart rate was calculat
the average of three measures after a 10-minute rest (Omro
comfort, Omron Healthcare, Milton Keynes, UK).
Biochemical analyses

The biochemical analyses have been described in d
elsewhere (Johansen et al., 2012). Brie� y, biochemical measure
were analyzed at the Clinical Chemistry Department at the Sten
Diabetes Center in Gentofte, Denmark. HbA1c was measured b
HPLC (TOSOH G7, Tokyo, Japan). Total cholesterol, H
cholesterol, LDL-cholesterol, triglycerides, were measured us
the Hitachi 912 system (Roche Diagnostics, Mannheim, Germany
Classi� cation of variables of interest

Classi� cation of the different variables of interest was do
based on either internationally acknowledged classi� cations
from the World Health Organization on BMI, HbA1c and
physical activity (The Global Diabetes Community, 201;
World Health Organization, 2020; World Health Organization
2021a), the American Heart Association on blood press
(American Heart Association, 2022), or recommendations
from the Danish Health Authority for weekly alcohol inta
(The Danish Health Authority, 2022).

Upon further inspection, 40 individuals were missi
signi� cant amounts of data from biochemical analys
questionnaires etc., and were therefore excluded, resulting
� nal dataset of 746 individuals.
dSample collection

Venous blood samples were drawn after an overnight fa
more than 8 hours. Individuals without known diabet
frontiersin.org
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diagnosis received a standard 75g oral glucose tolerance te
blood samples drawn at 0, 30 and 120 minutes. Further de
on the storage and processing of blood samples can be
elsewhere (Johansen et al., 2012).

Paraf� n-stimulated saliva samples were collected followi
standardized protocol, as previously described (Johansen et al
2012). Participants were instructed not to consume any foo
beverages in the 8 hours prior to sample collection, and n
brush teeth on the morning of collection. All samples w
stored at -80� C until further analysis (Johansen et al., 2012).
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DNA extraction and 16S
rRNA sequencing

Core probes (200 mg) from the frozen samples were t
prior to bacterial DNA isolation. A CryoXtract CXT35
instrument operating below -120°C was used to preserve
sample integrity. Bacterial DNA was isolated, using th
NucleoSpinSoil kit (Macherey-Nagel, Germany), following
manufacturer’s instruction. Bacterial cells were lysed using S
Enhancer buffer SX. DNA yield and purity were assessed us
Qubit 2.0 � ourometer, and a NanoDrop 2000 spectrome
(Thermo Fisher Scienti� c Inc., MA, USA). Genomic DNA in
each sample was normalized to 30ng prior PCR ampli� cation of
the V4 hypervariable region using the 515F/806R primer set
PCR products were puri� ed with the AmpureXP 17 magnet
bead-based clean-up and size selection kit. The� nal library was
quanti� ed by determining the average molecule length using
2100 bioanalyzer instrument (Agilent, DNA 1000 Reagents)
by library using real-time quantitative PCR (EvaGreenTM).
samples were processed consecutively at the same locatio
by the same equipment. Owing to the sample num
sequencing was carried out in two runs using paired-end
(PE251+8+8+251) sequencing chemistry on an Illumina H
2500 platform.
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Data processing

Raw sequencing data were processed with the d
(v.1.19.1) (Holmes et al., 2017) algorithm as implemented i
metabaRpipe (Constancias and Mahe�, 2022). Reads were� rst
truncated after 170 for forward reads, and after 160 for rev
reads. Reads with expected error rates higher than 3 and
forward and reverse reads were subsequently removed.
� ltering, error rate learning was performed on all the re
(run_dada2_pipe (nbases = 10 11)), and ASV inference wa
using pseudo-pooling strategy. Forward and reverse reads
then merged with a minimum overlap of 40 nucleotid
(run_dada2_pipe (minover = 40)). As error rate pro� le was
run dependent, the previous steps were perform
independently on samples included in each of the 2 H
Frontiers in Cellular and Infection Microbiology 04
th

d

runs. ASV tables were then merged and chimeric seque
were identi� ed and removed. A� nal clustering step wa
performed to detect potential HiSeq run speci� c artefacts
(run_dada2_pipe(collapseNoMis = TRUE)) and no ASV w
clustered con� rming the high sensitivity of the approac
Taxonomy was assigned to ASVs using dada2 against eH
database (V15.22) (eHOMD, 2020),dada2::assignTaxonomy
and dada2::assignSpecies() (Constancias, 2022) as
implemented in the funci phyloseq_dada2_tax(), an
phy logenet ic o f ASV sequences was bu i ld us
add_phylogeny_to_phyloseq().
a

nd

2

r
r

e

Statistical analysis

All data analysis was performed using R statistical softw
(v4.2.1) (R Core Team, 2020). The script was created as an
notebook and made into a pdf� le using Rmarkdown, where a
function calls are available for the whole analy
(Supplementary� le 1 and https://github.com/csapou
Additionpro_Poulsenetal2022). Sample variables we
compared using chi-square tests and the -log10 transfor
p-values with an upper limit of 3 were visualized using pheat
1.0.12 (Kolde, 2019) to investigate association patterns betw
the variables. Data were aggregated to genus level in th
presented results. Study variables were not available fo
individuals, therefore based on the variable of interest,� ltering
was done to remove these individuals separately for
analysis. Hence, a complete case analyses approach was

Alpha diversity including richness and Shannon diversity w
performed using the diversity function in the package vegan
(Oksanen et al., 2022) and compared both using parametric te
(ANOVA and t-test if binary) and non-parametrically tes
(Kruskal-Wallis and Mann-Whitney if binary). The beta divers
metric used were Bray-Curtis dissimilarities calculated f
Hellinger transformed total sum scaled data and used to per
PERMANOVA and principal coordinate analysis (PCoA). The
individuals were still visualized in the PCoAs

In order to choose a set of variables of interest, PERMANO
were run with individual variables as outcome, and signi� cant
variables (smoking, alcohol consumption, glycemic status, sex an
HbA1c level) are presented in the present paper. In addition, w
chose to present a variable that did not have a statistically signi� cant
association in the PERMANOVA in the present paper, using
variable physical activity, as it had the least associations to the
variables (Figure 1). PERMANOVA was also run with all variabl
(consequently on fewer individuals since complete vari
availability is a prerequisite), and with just the 5 selected vari
found to be statistically signi� cant in the PERMANOVA run, with
the addition of the variable physical activity.

Performance of using different types of differential abunda
tests was assessed with DAtest 2.8.0. Data were subset t
include taxa present in more than 20% of samples. N
frontiersin.org
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parametrical tests (Kruskal-Wallis and Mann-Whitney if bina
and DESeq2 (likelihood ratio test (LRT) and Wald test if bina
using relative log values are enclosed in the present study to be us
as a reference (Supplementary� les 2-3).

Stacked bar charts, horizontal relative abundance violin
of individual genera, and horizontal bar charts were gener
with rabuplot 0.0.1.04 (Stockholm, 2022). The p-values
presented in the horizontal relative abundance violin p
were obtained from the non-parametric tests. Both the m
abundant genera and signi� cant differential abundant gene
were presented. A p-value of less than 0.05 were consi
statistically signi� cant. All adjusted p-values presented
corrected by the Benjamini-Hochberg method.

To assess the classi� cation potential of the salivar
microbiota to differentiate the variable groups the mixOm
6.20.0 (Rohart et al., 2017) implementation of Sparse partial lea
square discriminant analysis (sPLS-DA) with Hellin
transformed total sum scaled data were run on the sele
variables from the PERMANOVA, but also important featu
for discrimination are made available (Supplementary� le 4).
Discrimination was measured by area under the curve (A
and correct classi� cation rate.
ere
rity

ree
ally
lso

ncing
lysis.
nt in
9.8%])
Results

Characterization of the study population

Table 1details the study population. Study participants w
on average 68 years of age, and 55% were males. The majo
Frontiers in Cellular and Infection Microbiology 05
d

the study population (56%) was classi� ed as normoglycemic
The majority of study participants (66%) were either overwe
or obese, with the average blood pressure as well as the a
HbA1c measure being within the normal range. About half
participants (47%) classi� ed themselves as ex-smokers, w
less than 20% reported being currents smokers. More than
(61%) reported spending more than one hour on moderat
vigorous activity daily and drinking on average 11 units
alcohol per week. To test whether the variables of inte
correlated with each other, a heatmap of variable associ
was performed (Figure 1). As can be seen, many of the variab
presented were correlated with each other.
of

Sequencing metadata

Saliva samples were obtained from 786 individuals
sequenced in two runs (R1, n = 666 and R2, n = 120) resu
in a total of 33,448,846 reads (mean=42,556, sd=22,408).
removal of chimeras, a total of 20,669,468 reads (mean=26
sd=14,336) were left, resulting in 5,748 unique amplico
sequence variants (ASVs). Differences between seque
runs were assessed by PCoA and PERMANOVA. Th
samples were included on both runs and differed margin
(Bray-Curtis dissimilarity: 0.010, 0.011 and 0.014) as a
visualized in the PCoA (Supplementary Figure 1). From the
PERMANOVA, no difference was observed between seque
runs (p=0.45). Thus, the two datasets were merged for ana

The core salivary microbiota consisted of 26 genera prese
>95% of all samples, which accounted for 94.2% (range [45.4%; 9
FIGURE 1

Association of sample variables. Heatmap of sample variables compared by chi-squared tests. The p-values are visualized on a log scale (-log10
(pvalue)). A value of 1.30 represent a 0.05 signi� cance cut-off, and values above 1.30 are considered statistically signi � cant.
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of reads from each participant. The dominant genera wereVeillonella,
Streptococcus,HaemophilusandPrevotella, which represented 56.7%
the microbiota. In general, the composition of the predominant ge
was not in� uenced by the variables tested (Figure 2,
Supplementary Figure 2).
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Alpha and beta diversity

Examining the alpha diversity between groups within
different variables in ADDITION-PRO, we found statistica
signi� cant differences in Richness for glycemic status, Hb1c,
LDL cholesterol, total cholesterol and weekly alcohol intake,
in Shannon index for smoking, weekly alcohol intake and L
cholesterol (Table 2, seeSupplementary Figure 3.1, 3.2for violin
plots with ANOVA). To assess beta diversity, PCoA plots w
used to visualize the data in a two-dimensional sp
representing most variation in the data, and plots w
generated and colored according to each of the variables
clear separation was observed, based on any of the var
included (Figure 3 and Supplementary Figure 4). Using
PERMANOVA on each variable individually, the variab
glycemic status, HbA1c, sex, smoking and weekly alcoh
intake were found to have a signi� cant association with salivar
microbial composition (PERMANOVA unadjusted p < 0.05). I
PERMANOVA run with all variables included, only smoking a
weekly alcohol intake remained statistically signi� cant (Table 2)
and accounted for R2 = 0.030 (3%) and R2 = 0.006 (0.6%) o
observed sample variance in salivary microbial composi
respectively (Table 2). Running the model with the variables
a continuous instead of categorical form yielded similar res
both in terms of variables included and the magnitude of t
contribution to microbial composition, though with the additio
of BMI and average waist measurement, and the exclusio
Glycemic status and HbA1c, as signi� cant factors (Supplementary
� le 5).
Differential abundance

More than unique 40 genera were found to appear
signi� cantly different abundances (p < 0.05), when examin
differential abundance in groups within the variables fou
signi� cant in the PERMANOVA runs (sex, glycemic stat
HbA1c, weekly alcohol intake and smoking) (Figure 4,
Supplementary Figure 5). Although signi� cant, only minor
differences in relative abundance were observed. Smo
status and sex were found to be associated with a substan
higher number of differentially abundant bacterial genera
compared to the other variables. GenusStreptococcuswas most
frequently found to have a statistically signi� cant differential
abundance, and was associated with four out of the� ve variables
of interest, namely smoking, weekly alcohol intake, HbA1c levels
and glycemic status. Overall,Streptococcuswas associated wit
high-risk groups, with the exception of variable alcohol inta
where the genus appeared in the highest abundance in thos
abstained from alcohol. Current smoking was signi� cantly
TABLE 1 Population characteristics, N (%) and mean (SD).

Total

N 746 (100%)

Age 68.0 (63.6;72.5

Sex

Female 339 (45%)

Male 407 (55%)

BMI 26.9 (4.2)

Underweight (<18.5) 3 (0.4%)

Normal weight (18.5 - 24.9) 251 (34%)

Overweight (25 - 29.9) 337 (45%)

Obese (>30) 155 (21%)

Blood pressure

Normal (SBP <120 and DBP <80) 157 (21%)

Mildly elevated (SBP 120-129 and DBP < 80) 93 (12%)

Moderately elevated (SBP 130-139 or DBP 80-89) 356 (48%)

Severely elevated (SBP� 140 or DBP� 90) 138 (19%)

Unclassi� ed 2 (� 1%)

Glycemic status

Low (Normoglycemic) 421 (56%)

High (IFG and/or IGT or screening detected DM) 301 (40)

Known diabetes mellitus 21 (3%)

Unclassi� ed 3 (� 1%)

HbA1c % 5.71 (0.43)

Normal (<6) 600 (80%)

Elevated (6-6.4) 119 (16%)

High (>6.5) 26 (3.5%)

Missing 3 (� 1%)

Smoking status

Nonsmoker 261 (35%)

Former smoker 351 (47%)

Smoker 129 (17%)

Missing 5 (� 1%)

Units alcohol per week 11 (10)

Abstinence (0) 79 (11%)

Moderate (1-10) 302 (40%)

High (>10) 262 (35%)

Missing 103 (14%)

Moderate to vigorous activity, hours per day 1.43 (0.79;2.41

Low (<0.5) 100 (13%)

Medium (0.5-1) 149 (20%)

High (>1) 453 (61%)

Missing 44 (6%)
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associated with lower abundance ofNeisseria, and higher
abundance ofRothiaspecies compared to former-smokers a
those who had never smoked.
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Variable classi� cation potential of the
salivary microbiota

sPLSDA, was used both to investigate classi� cation potential
of the salivary microbiota and to investigate important featu
and see if they correspond to the� ndings from the differentia
abundance analysis. sPLSDA was performed using t
variables found signi� cant in the PERMANOVA (Figure 5and
Table 2). The classi� er performed well in differentiating betwe
smokers and non-smokers with an AUC=0.95. A relatively h
correct classi� cation rate of 79.6% was obtained, when valida
the classi� er with a test set. The model performed almost equ
with guessing, obtaining correct classi� cation rates of approx
50-60%, with regards to sex, glycemic status and weekly a
intake. It was not possible to construct a model of HbA1c due to
unbalanced group sizes and classifying almost all sample
speci� c group.
Frontiers in Cellular and Infection Microbiology 07
l

a

Discussion

The purpose of the present study was to evaluate
association of general medical disorders and lifest
associated factors with the composition of the saliv
microbiota. We tested the hypothesis that the compositio
the salivary microbiota associates with both general health s
and lifestyle.

The main� nding was that the variables (sex, glycemic sta
HbA1c levels, smoking and weekly alcohol intake), which in
present study were identi� ed to have signi� cant association
with the composition of the salivary microbiota, altoget
accounted for only 5.8% of the observed differences in sal
microbial composition in the PERMANOVA run of individua
variables (Table 2). In addition, none of the tested variables ha
clear association with the variation of the data, as evaluate
clustering of samples in the PCoA plot (Figure 3). Thus, our data
suggests that general health status and lifestyle-associated
are not the main determinants of the composition of t
salivary microbiota.

As expected, smoking was associated with characterist
the salivary microbiota. Speci� cally, higher abundance of speci� c
B C

D E F

A

FIGURE 2

Predominant genera. Stacked bar charts of the 20 most abundant genera expressed as mean relative abundance. (A– F): glycemic status,
smoking, sex, weekly alcohol intake, HbA 1c, and weekly activity level.
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genera, such asVeillonella, Streptococcusand Rothia, and
signi� cantly lower abundance ofNeisseria, Haemophilus,
Pophyromonasand Actinomycesin smokers compared to ex
smokers and never-smokers, was observed (Figure 4.1C, D). In
general, these� ndings are in line with previous studies, whi
have also identi� ed taxonomic differences in the saliva
microbiota in smokers versus non-smokers in differ
populations, with varying sample size (Wu et al., 2016;
Rodrõ�guez-Rabassa et al., 2018; Suzuki et al., 2022;Wang et al.,
2022). Thus, our data con� rms that smoking to some degr
associates with characteristics of the salivary microbiota
However, the PERMANOVA analysis revealed that smo
status accounted for as little as 3.3% of the observed differ
between individuals in the PERMANOVA run of individu
variables, and 2.9% in the PERMANOVA run of select varia
together (Table 2). Data from the present study suggest onl
minor association of smoking and the composition of
salivary microbiota, which is different from the subgingi
microbiota, which has been shown to strongly associate
smoking status. Nevertheless, it is noteworthy that it was
possible to build a good classi� er based on the saliva
microbiota to differentiate between current smokers
current non-smokers in the present study. Indeed, we are
the � rst to do so, as in 2022, another study used data on
salivary microbiota from 175 current smokers and 1070 ex-
Frontiers in Cellular and Infection Microbiology 08
s

non-smokers to create a model that achieved an AUC of
(Dõ�ez Lo�pez et al., 2022), which is comparable with our� ndings
(Table 2). Importantly, when considering that smoking, whi
accounted for only 3.2% of differences in our dataset, can de
such a robust model, this reinforces the concept of using
salivary microbiota for identi� cation of oral diseases,
periodontitis has been shown to have a much higher imp
on the composition of the salivary microbiota, than smok
(Belstrøm et al., 2021).

Second to smoking, weekly alcohol intake was the var
with the greatest association with salivary microb
composition. Speci� cally, in the individual PERMANOVA
analysis, weekly alcohol intake accounted for 1% of
observed difference in the composition of the saliv
microbiota, which decreased to 0.6%, when including a
variables in the same model (Table 2). The considerable
decrease in contribution of weekly alcohol intake to saliv
microbial composition between the two PERMANOVA ru
was most likely the consequence of the high degree of corre
between smoking status and weekly alcohol intake, as se
Figure 1. As such, confounding by smoking likely yields
arti� cially high estimate of the effect of weekly alcohol intak
unadjusted analyses. Likewise, it is likely that there are m
other confounding pathways, such as socio-economic statu
diet, which could be linked with both a higher alcohol intake a
TABLE 2 Alpha diversity by Shannon index and Richness.

Alpha diversity PERMANOVA Individ-
ual variables

PERMANOVA all
variables

PERMANOVA select
variables

sPLS-DA

Variable Richness Shannon R2 (%) P (>F) R2 (%) P (>F) R2 (%) P (>F) AUC CCR

Smoking 0.3498 2.185x10-0.5 3.254 0.001 3.020 0.001 2.937 0.001 0.95 79.

Alcohol intake 0.02736 0.04786 1.066 0.001 0.605 0.01 0.649 0.01 0.66
0.61
0.64

51.6

Glycemic status category 0.006883 0.08179 0.435 0.043 0.339 0.37 0.482 0.08 0.69

Sex 0.09062 0.995 0.334 0.01 0.270 0.08 0.290 0.04 0.73 5

HbA1c 0.0138 0.2477 0.698 0.002 0.408 0.15 0.440 0.12 0.66 8

Activity level 0.2949 0.1229 0.423 0.07 0.366 0.25 0.405 0.17 -

BMI 0.1654 0.8998 0.506 0.12 0.593 0.18 - - - -

Blood pressure 0.148 0.2339 0.413 0.39 0.487 0.41 - - - -

Systolic blood pressure 0.7762 0.2679 0.474 0.21 0.604 0.12 - - -

Diastolic blood pressure 0.5455 0.2382 0.563 0.08 0.464 0.48 - - -

Heart rate 0.3565 0.5538 0.377 0.10 0.301 0.50 - - - -

Pulse pressure 0.7721 0.8423 0.091 0.77 0.258 0.08 - - -

Triglycerides 0.6569 0.07657 0.231 0.08 0.236 0.13 - - - -

HDL cholesterol 0.7306 0.2483 0.203 0.12 0.085 0.91 - - - -

LDL cholesterol 0.02109 0.03238 0.195 0.12 0.212 0,21 - - - -

Total cholesterol 0.02435 0.2011 0.139 0.38 0.119 0,69 - - - -

Waist 0.8994 0.6909 0.246 0.54 0.260 0,69 - - - -

Waist to height ratio 0.2941 0.3842 0.189 0.15 0.188 0.27 - - - -
fron
PERMANOVA results for all variables individual and together. AUC and correct classi� cation rate of predictive models using sPLSDA.
tiersin.org
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differences in the salivary microbiota. It should be noted that
measure of alcohol intake was self-reported and is ther
potentially subject to information bias (social desirability a
recall bias). Nevertheless, we found genusPrevotellato
signi� cantly associate with alcohol intake, as evaluated
almost 2% higher relative abundance in individuals with h
intake versus low intake of alcohol (Figure 4.2A, B). This result is
in line with � ndings from previous reports (Fan et al., 2018; Liao
et al., 2022). On the other hand, our� nding of a lower
abundance ofStreptococcusin individuals with high alcoho
intake is in con� ict with previous studies, which� nds
Streptococcusto be higher in individuals with high alcoh
intake (Fan et al., 2018; Barb et al., 2022). Taken together, ou
data suggest that alcohol intake may only cause relatively m
perturbations to the salivary microbiota. However, it should
noted that the majority of the study subjects (40%) disp
moderate drinking habits, with only a minority of the 35% in t
category of heavy drinkers drinking more than 20 units
Frontiers in Cellular and Infection Microbiology 09
r

alcohol per week. As such, it is not unlikely that a high alco
intake may associate with salivary microbial composition,
that our data does not show it, as our population is ske
towards drinking less.

Glycemic status and HbA1c were both found to have
signi� cant association with salivary microbial composition, albei
a very small one (Table 2). Quite a few studies, most with a mu
smaller sample size than the present study, have previ
examined the association of T2D with the oral microbiota.
general, previous data have been con� icting, where some studie
� nd higher bacterial diversity (Casarin et al., 2013; Ganesan et al
2017; Chen et al., 2020), and others lower in individuals with T2D
(Ogawa et al., 2017; Longo et al., 2018; Saeb et al., 2019; Matsha
et al., 2020; Yang et al., 2020; Sabharwal et al., 2021). In addition,
several studies have reported no signi� cant difference of the ora
microbiota in people with diabetes and healthy controls (Kampoo
et al., 2014;Janem et al., 2017;Sun et al., 2020;Almeida-Santos et al
2021; Liu et al., 2021). It is therefore noteworthy that data from th
B

C D

E F

A

FIGURE 3

Beta diversity: Bray-Curtis dissimilarity calculated from Hellinger transformed total sum scaled data was used as beta-diversity measure and
visualized with principal coordinate analysis (PCoA). (A– F): glycemic status, smoking, sex, weekly alcohol intake, HbA 1c, and weekly activity level.
frontiersin.org
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present study clearly shows that diabetes, as evaluated by glyce
status and HbA1c level, only account for 0.4% and 0.3% of
observed sample differences, respectively (Table 2), and that these
variables had a minimal in� uence on relative abundance
predominant genera (Figure 2) and variation of the data
(Figure 3). Moreover, when running the PERMANOVA with a
variables, no signi� cant association between glycemic status
HbA1c, was observed (Table 2). We therefore speculate that t
minimal effect of glycemic status and HbA1c on salivary microbia
composition observed in the individual PERMANOVA runs, w
merely the consequence that glycemic status and HbA1cwere highly
correlated with smoking status (Figure 1). Thus, data shows
minimal direct associationof glycemic status and HbA1c level with
the composition on the salivary microbiota, suggesting that th
salivary microbiota is probably not a good biomarker candidat
Frontiers in Cellular and Infection Microbiology 10
classi� cation of diabetes. This� nding is in contrast to a recent stud
in 133 individuals with and without periodontitis and/or diabet
using oral microbial composition to create models, which classi� ed
groups with AUCs between 96.3% and 100% (Sun et al., 2020). One
possible explanation to this discrepancy may be that our mode
only constructed to classify glycemic status groups or HbA1c levels,
as compared to the other study, where the model distingui
individuals with different glycemic states combined with differen
periodontal status. Indeed, periodontitis is associated wit
signi� cant changes in oral microbial composition (Sun et al.,
2020; Ko et al., 2020), which may have contributed a strong
predictive ability, than we achieved in the present study usin
diabetic parameters alone. Taken together, there is a need fo
constructed studies with even larger sample sizes in ord
determine, whether glycemic status is independently asso
B

C D

E F

A

FIGURE 4.1

Genera signi� cantly associated with glycemic status, smoking and sex. Relative abundance of most abundant genera (panels A, C, E) and
differential abundant genera (panels B, D, F). Comparison of groups were performed with non-parametric tests (Kruskal-Wallis). Unadjusted p-
values as well as Benjamini-Hochberg corrected q-values are included in the plot. (A, B), glycemic status, (C, D), smoking status, (E, F), sex. All
tests are included in Supplementary File 2 as well as a parametric approach (DESeq as implemented in DAtest) in Supplementary � le 3).
frontiersin.org
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with the salivary microbiota, or merely the consequence o
association of periodontitis and T2D.

In addition to the aforementioned variables, sex show
statistically signi� cant association with salivary microb
composition, as evaluated by PERMANOVA (p < 0.05)
However, sex accounted for just 0.3% of the obse
differences in salivary microbial composition in this study
sample (Table 2), and had minimal in� uence on relative
abundance of predominant genera (Figure 2) and clustering o
data (Figure 3). Moreover, by use of PERMANOVA we did n
� nd any signi� cant associations of anthropometric factors s
as BMI, waist circumference, waist- to-hip ratio, blood pres
and dyslipidemia with the composition of the saliva
microbiota. Previous studies have reported age (LaMonte
et al., 2019; Chaudhari et al., 2020; Liu et al., 2020; Nearing
Frontiers in Cellular and Infection Microbiology 11
et al., 2020), sex (Fischer et al., 2008; Nearing et al., 2020; Minty
et al., 2021; Zhao et al., 2021) and anthropometric factor
(Takeshita et al., 2016; Si et al., 2017;Tam et al., 2018; Fei
et al., 2019; Yang et al., 2019; Nearing et al., 2020; LaMonte
et al., 2022) to associate with characteristics of the o
microbiota. These� ndings are in line with differentia
abundance data from the present study, which identi� es
relative abundance of a number of bacterial genera to asso
with each of the variables (Figures 4.1, 4.2; Supplementary
Figure 5). However, the small magnitude of the differen
observed, questions the clinical relevance of these� ndings.

The main limitation of the present study is that the oral hea
status was not recorded, as part of data collection in ADDITIO
PRO. Indeed, periodontitis associates with both T2D
cardiovascular disease (Holmstrup et al., 2017), through systemic
B

C D

E F

A

FIGURE 4.2

Genera signi� cantly associated with alcohol intake, Hb1Ac and physical activity. Relative abundance of most abundant genera (panels A, C, E)
and differential abundant genera (panels B, D, F). Comparison of groups were performed with non-parametric tests (Kruskal-Wallis). Unadjusted
p-values as well as Benjamini-Hochberg corrected q-values are included in the plot. (A, B) weekly alcohol intake, (C, D) Hb1Ac, (E, F)weekly
activity level. All tests are included in Supplementary File 2 as well as a parametric approach (DESeq as implemented in DAtest) in Supplementary
File 3).
frontiersin.org
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low-grade in� ammation (Hajishengallis and Chavakis, 2021), and
smoking is a risk factor of periodontitis (Rivera-Hidalgo, 2000).
Moreover, based on epidemiological data from the US (Eke et al.
2020) we should expect at least 40% of the participants to have
degree of periodontitis, since the mean age in the ADDITION-P
cohort is 68 years (Table 1). Likewise, epidemiological data fro
China suggest that as much as 60% of the cohort could
treatment requiring dental caries (Liu et al., 2013). Importantly,
periodontitis and dental caries has been shown to associate
characteristics of thesalivary microbiota (Belstrøm, 2020). In the
same vein data on the salivary� ow rate of participants were no
collected, despite it being an important risk factor for oral dis
(Dodds et al., 2015;Vallabhan et al., 2020). Thus, it is almost certai
that the potentially heterogeneous oral health status of
ADDITION-PRO cohort may have confounded the obser
Frontiers in Cellular and Infection Microbiology 12
e

h

associations. Another limitation was the selection proces
ADDITION-PRO, which involved progressive diabetes screen
steps, resulting in a population of largely middle-aged
predominantly sedentary individuals, which are not representativ
of the background population, and therefore hampers the extern
validity of the data presented. The main strength of the pre
study is the relatively large sample size, in combination with detaile
information on a large number of highly relevant variab
Accordingly, this provided a hitherto unprecedented opportu
to characterize the association between multiple depen
variables and the composition of the salivary microbiota in
single cohort. In theSupplementary� les 2-3, we offer an
overview of all genera found to be signi� cant for all variables
examined, for comparison of data in future studies of sali
microbial composition.
B

C D

E F

A

FIGURE 5

Classi� cation potential of the salivary microbiota. Receiver Operating Characteristics (ROC) curves from sparse partial least squares discriminant
analysis where used to assess classi� cation of the different groups. Area under the curve (AUC) were used to quantify the performance of the
classi� er. (A– F) glycemic status, smoking, sex, weekly alcohol intake, HbA 1c, and weekly activity level.
frontiersin.org
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In conclusion, data from the present study shows a mo
association of general health and lifestyle-associated param
with the composition of the salivary microbiota. However
should be emphasized that our data on explained vari
estimates are highly sample speci� c and not estimates o
population explained variance. Consequently, data from
present study should be validated in independent coh
preferably with the inclusion of data on the oral health sta
of study participants, which was not available in the pre
study. Despite smoking accounting for only 3% of the differe
observed, it was possible to create a model for classi� cation of
smoking status, with a correct classi� cation rate of 79.6%. Give
the fact that presence of manifest periodontitis and dental c
have much stronger associations with the composition of
salivary microbiota than smoking, further studies are warra
to determine, whether the salivary microbiota can be used
diagnostic biomarker of periodontitis and dental caries
preclinical stages.
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SUPPLEMENTARY FIGURE 1

Comparison of sequencing batches. Bray-Curtis dissimilarity calculated
from Hellinger transformed total sum scaled data was used as beta-
diversity measure and visualized with principal coordinate analysis (PCoA).

SUPPLEMENTARY FIGURE 2

Predominant genera. Stacked bar charts of the 20 most abundant genera
aggregated for variables that was not signi � cant by PERMANOVA analysis.
The variables include BMI, waist measurement, waist-to-height ratio,
blood pressure, systolic blood pressure, diastolic blood pressure, heart
rate, pulse pressure, triglyceride levels, HDL cholesterol, LDL cholesterol
and total cholesterol.

SUPPLEMENTARY FIGURE 3.1

Alpha diversity. Comparison of alpha diversity between selected samples
variable groups by richness (panels A, C, E, G, I and K) and Shannon
diversity index (panels B, D, F, H, J and L), with ANOVA. Selected variables
include weekly alcohol intake, HbA1c, and weekly activity level depicted in
panel (A–L) respectively.

SUPPLEMENTARY FIGURE 3.2

Alpha diversity. Comparison of alpha diversity between additional samples
variable groups by richness (panels A, C, E, G, I, K, M, O, Q, S, Uand W) and
Shannon diversity index (panels B, D, F, H, J, L, N, P, R, T, Vand X), with
ANOVA. The variables include BMI, waist measurement, waist-to-height ratio,
blood pressure, systolic blood pressure, diastolic blood pressure, heart rate,
pulse pressure, triglyceride levels, HDL cholesterol, LDL cholesterol and total
cholesterol depicted in panel (A–X).

SUPPLEMENTARY FIGURE 4

Beta diversity. Comparison of beta diversity exploring differences between
additional sample variables. Bray-Curtis dissimilarity calculated from
Hellinger transformed total sum scaled data was used as beta-diversity
measure and visualized with principal coordinate analysis (PCoA). The
variables include BMI, waist measurement, waist-to-height ratio, blood
pressure, systolic blood pressure, diastolic blood pressure, heart rate,
pulse pressure, triglyceride levels, HDL cholesterol, LDL cholesterol and
total cholesterol depicted in panel (A– X), respectively.

SUPPLEMENTARY FIGURE 5

Relative abundance plots. Relative abundance of most abundant genera
(panels A, C, E, G, I, K, M, O, Q, S, Uand W) and differential abundant
genera (panelsB, D, F, H, J, L, N, P, R, T, Vand X). Variables include BMI, waist
measurement, waist-to-height ratio, blood pressure, systolic blood pressure,
diastolic blood pressure, heart rate, pul se pressure, triglyceride levels, HDL
cholesterol, LDL cholesterol and total cholesterol depicted in panel ( A–X),
respectively. Comparison of groups were performed with non-parametric
tests (Kruskal-Wallis). Unadjusted aswell as Benjamini-Hochberg corrected q-
values are included in the plot. All tests are included in supplementary � le 2 as
well as a parametric approach (DESeq as implemented in DAtest) in
supplementary � le 3).
frontiersin.org



Poulsen et al. 10.3389/fcimb.2022.1055117
References
cated

ssure
Strok
d-

2022)
ring

., Ma
al

. L.,
nd

ann,
nd

. L.,
ite-
.

E. A
olled
betes
.x

o, D.,
ineal

he o
nts.

ancia

C. H
h
i:

2).
data

.

of its

ase

trends

man,
oral

., et a
ss the
62

y

H. N.,
the

,
tional

t al.
e.

nisms

et al.
whole

tative
inese

C. H.,
in? an

, H. A.,
n
ype 2

en, S. S.,
hort

betes

anaka,

ith

. Oral
hern

alivary
ng

K. M.,
d its
ation.

o, D.,
dent
i:

). The

livary

ession

lence
Almeida-Santos, A., Martins-Mendes, D., Gayà-Vidal, M., Pe�rez-Pardal, L., and
Beja-Pereira, A. (2021). Characterization of the oral microbiome of medi
type-2 diabetes patients.Front. Microbiol. 12, 610370. doi:10.3389/
fmicb.2021.610370

American Heart Association. (2022). Healthy and unhealthy blood pre
ranges (Dallas, Texas, The United States of America: Heart Attack and
Symptoms). Available at:https://www.heart.org/en/health-topics/high-bloo
pressure/understanding-blood-pressure-readings.

Barb, J., Maki, K., Kazmi, N., Meeks, B., Krumlauf, M., Tuason, R., et al. (
The oral microbiome in alcohol use disorder: a longitudinal analysis du
inpatient treatment.J. Oral. Microbiol.14 (1), 2004790. doi:10.1080/
20002297.2021.2004790

Belstrøm, D. (2020). The salivary microbiota in health and disease.J. Oral.
Microbiol.12 (1), 1723975. doi:10.1080/20002297.2020.1723975

Belstrøm, D., Constancias, F., Drautz-Moses, D. I., Schuster, S. C., Veleba, M�,
F., et al. (2021). Periodontitisassociates with species-speci� c gene expression of the or
microbiota.NPJ Bio� lms Microbiomes7 (1), 76. doi:10.1038/s41522-021-00247-y

Belstrøm, D., Grande, M. A., Sembler-Møller, M. L., Kirkby, N., Cotton, S
Paster, B. J., et al. (2018). In� uence of periodontal treatment on subgingival a
salivary microbiotas.J. Periodontol.89 (5), 531–539. doi:10.1002/JPER.17-0377

Belstrøm, D., Holmstrup, P., Nielsen, C. H., Kirkby, N., Twetman, S., Heitm
B. L., et al. (2014). Bacterial pro� les of saliva in relation to diet, lifestyle factors, a
socioeconomic status.J. Oral. Microbiol.6 (1), 23609. doi:10.3402/jom.v6.23609

Belstrøm, D., Sembler-Møller, M. L., Grande, M. A., Kirkby, N., Cotton, S
Paster, B. J., et al. (2017). Microbial pro� le comparisons of saliva, pooled and s
speci� c subgingival samples in periodontitis patients.PloS One12 (8), e0182992
doi: 10.1371/journal.pone.0182992

Casarin, R. C. V., Barbagallo, A., Meulman, T., Santos, V. R., Sallum,
Nociti, F. H., et al. (2013). Subgingival biodiversity in subjects with uncontr
type-2 diabetes and chronic periodontitis: Subgingival biodiversity in dia
mellitus.J. Periodontal Res.48 (1), 30–36. doi:10.1111/j.1600-0765.2012.01498

Chaudhari, D. S., Dhotre, D. P., Agarwal, D. M., Gaike, A. H., Bhalera
Jadhav, P., et al. (2020). Gut, oral and skin microbiome of Indian patril
families reveal perceptible association with age.Sci. Rep.10 (1), 5685. doi:10.1038/
s41598-020-62195-5

Chen, B., Wang, Z., Wang, J., Su, X., Yang, J., Zhang, Q., et al. (2020). T
microbiome pro� le and biomarker in Chinese type 2 diabetes mellitus patie
Endocrine68 (3), 564–572. doi:10.1007/s12020-020-02269-6

Constancias, F. (2022) MetabaRpipe/databases at master · fconst
metabaRpipe ( Zürich, Switzerland: GitHub).). Available at:https://github.com/
fconstancias/metabaRpipe.

Constancias, F., and Mahe�, F. (2022).fconstancias/metabaRpipe: v0.9(Zürich
Switzerland: Zenodo). Available at:https://zenodo.org/record/6423397.

Damgaard, C., Danielsen, A. K., Enevold, C., Massarenti, L., Nielsen,
Holmstrup, P., et al. (2019).Porphyromonas gingivalisin saliva associates wit
chronic and aggressive periodontitis.J. Oral. Microbiol.11 (1), 1653123. do
10.1080/20002297.2019.1653123

Dõ�ez Lo�pez, C., Montiel Gonza�lez, D., Vidaki, A., and Kayser, M. (202
Prediction of smoking habits from class-imbalanced saliva microbiome
using data augmentation and machine learning.Front. Microbiol.13, 886201
doi: 10.3389/fmicb.2022.886201

Dodds, M., Roland, S., Edgar, M., and Thornhill, M. (2015). Saliva a review
role in maintaining oral health and preventing dental disease.BDJ Team2 (1–8),
15123. doi:10.1038/bdjteam.2015.123

eHOMD (2020) eHOMD - expanded human oral microbiome datab.
Available at:http://www.homd.org/.

Eke, P. I., Borgnakke, W. S., and Genco, R. J. (2020). Recent epidemiologic
periodontitis in the USA.Periodontol. 200082 (1), 257–267. doi:10.1111/prd.12323

Fan, X., Peters, B. A., Jacobs, E. J., Gapstur, S. M., Purdue, M. P., Freed
D., et al. (2018). Drinking alcohol is associated with variation in the human
microbiome in a large study of American adults.Microbiome6 (1), 59. doi:
10.1186/s40168-018-0448-x

Fei, N., Bernabe�, B. P., Lie, L., Baghdan, D., Bedu-Addo, K., Plange-Rhule, J
(2019). The human microbiota is associated with cardiometabolic risk acro
epidemiologic transition.PloS One14 (7), e0215262. doi:10.1371/journal.pone.02152

Fischer, C. C., Persson, R. E., and Persson, G. R. (2008). In� uence of the
menstrual cycle on the oral microbial� ora in women: A case-control stud
including men as control subjects.J. Periodontol.79 (10), 1966–1973. doi:
10.1902/jop.2008.080057
Frontiers in Cellular and Infection Microbiology 14
e

.

he

.,

ral

s/

.,

in

N.

l.

Ganesan, S. M., Joshi, V., Fellows, M., Dabdoub, S. M., Nagaraja,
O’Donnell, B., et al. (2017). A tale of two risks: smoking, diabetes and
subgingival microbiome.ISME J.11 (9), 2075–2089. doi:10.1038/ismej.2017.73

Gogeneni, H., Buduneli, N., Ceyhan-Öztürk, B., Gümüs�, P., Akcali, A., Zeller, I.
et al. (2015). Increased infection with key periodontal pathogens during gesta
diabetes mellitus.J. Clin. Periodontol.42 (6), 506–512. doi:10.1111/jcpe.12418

Greabu, M., Battino, M., Mohora, M., Totan, A., Didilescu, A., Spinu, T., e
(2009). Saliva–a diagnostic window to the body, both in health and in diseasJ.
Med. Life2 (2), 124–132. PMC3018981/PMID: 20108531

Hajishengallis, G., and Chavakis, T. (2021). Local and systemic mecha
linking periodontal disease and in� ammatory comorbidities.Nat. Rev. Immunol.
21 (7), 426–440. doi:10.1038/s41577-020-00488-6

Haririan, H., Andrukhov, O., Bertl, K., Lettner, S., Kierstein, S., Moritz, A.,
(2014). Microbial analysis of subgingival plaque samples compared to that of
saliva in patients with periodontitis.J. Periodontol.85 (6), 819–828. doi:10.1902/
jop.2013.130306

He, J., Huang, W., Pan, Z., Cui, H., Qi, G., Zhou, X., et al. (2012). Quanti
analysis of microbiota in saliva, supragingival, and subgingival plaque of Ch
adults with chronic periodontitis.Clin. Oral. Investig.16 (6), 1579–1588. doi:
10.1007/s00784-011-0654-4

Holmes, B. C., Benjamin, J. C. C., McMurdie, P., and Holmes, S. (2017).dada2
(Bioconductor). doi:10.1038/nmeth.3869. Available at:https://bioconductor.org/
packages/dada2.

Holmstrup, P., Damgaard, C., Olsen, I., Klinge, B., Flyvbjerg, A., Nielsen,
et al. (2017). Comorbidity of periodontal disease: two sides of the same co
introduction for the clinician.J. Oral. Microbiol.9 (1), 1332710. doi:10.1080/
20002297.2017.1332710

Janem, W. F., Scannapieco, F. A., Sabharwal, A., Tsompana, M., Berman
Haase, E. M., et al. (2017). Salivary in� ammatory markers and microbiome i
normoglycemic lean and obese children compared to obese children with t
diabetes.PloS One12 (3), e0172647. doi:10.1371/journal.pone.0172647

Johansen, N. B., Hansen, A. L. S., Jensen, T. M., Philipsen, A., Rasmuss
Jørgensen, M. E., et al. (2012). Protocol for ADDITION-PRO: a longitudinal co
study of the cardiovascular experience of individuals at high risk for dia
recruited from Danish primary care.BMC Public Health12 (1), 1078. doi:10.1186/
1471-2458-12-1078

Kageyama, S., Takeshita, T., Asakawa, M., Shibata, Y., Takeuchi, K., Yam
W., et al. (2017). Relative abundance of total subgingival plaque-speci� c bacteria in
salivary microbiota re� ects the overall periodontal condition in patients w
periodontitis.PloS One12 (4), e0174782. doi:10.1371/journal.pone.0174782

Kampoo, K., Teanpaisan, R., Ledder, R. G., and McBain, A. J. (2014)
bacterial communities in individuals with type 2 diabetes who live in sout
Thailand.Appl. Environ. Microbiol.80 (2), 662–671. doi:10.1128/AEM.02821-13

Kolde, R.2019Pheatmap: Pretty heatmaps. Available at:https://CRAN.R-project.
org/package=pheatmap.

Ko, Y., Lee, E. M., Park, J. C., Gu, M. B., Bak, S., and Ji, S. (2020). S
microbiota in periodontal health anddisease and their changes followi
nonsurgical periodontal treatment.J. Periodontal Implant Sci.50 (3), 171–182.
doi: 10.5051/jpis.2020.50.3.171

LaMonte, M. J., Genco, R. J., Buck, M. J., McSkimming, D. I., Li, L., Hovey,
et al. (2019). Composition and diversity of the subgingival microbiome an
relationship with age in postmenopausal women: an epidemiologic investig
BMC Oral. Health19 (1), 246. doi:10.1186/s12903-019-0906-2

LaMonte, M. J., Gordon, J. H., Diaz-Moreno, P., Andrews, C. A., Shimb
Hovey, K. M., et al. (2022). Oral microbiome is associated with inci
hypertension among postmenopausal women.JAHA 11 (6), e021930. do
10.1161/JAHA.121.021930

Liao, Y., Tong, X. T., Jia, Y. J., Liu, Q. Y., Wu, Y. X., Xue, W. Q., et al. (2022
effects of alcohol drinking on oral microbiota in the Chinese population.IJERPH19
(9), 5729. doi:10.3390/ijerph19095729

Liu, Y.K., Chen, V., He, J.z., Zheng, X., Xu, X., and Zhou, X.d. (2021). A sa
microbiome-based auxiliary diagnostic model for type 2 diabetes mellitus.Arch.
Oral. Biol.126, 105118. doi:10.1016/j.archoralbio.2021.105118

Liu, S., Wang, Y., Zhao, L., Sun, X., and Feng, Q. (2020). Microbiome succ
with increasing age in three oral sites.Aging (Albany NY)12 (9), 7874–7907. doi:
10.18632/aging.103108

Liu, L., Zhang, Y., Wu, W., Cheng, M., Li, Y., and Cheng, R. (2013). Preva
and correlates of dental caries in an elderly population in northeast China.PloS
One8 (11), e78723. doi:10.1371/journal.pone.0078723
frontiersin.org



, G. A
abetic

livary

, A. P
ontal

emica

uki, F
sion

t

nd A
eases
.

020)

2017)
ue:

yashi
ome
2

dre,
.

aliva
nitial

ting

M.,
robial

r
.

iation

ni, B.
enetic

omø

., et
d on

rs of
.

ce plot.

ion of
itus
-

The

ta, Y.,
: the

ck, B.
ients

dtag
at:
-

umar,

fect of
obial
-

al.
rs in

:
-

d
s/

2016).
ults.

et al.
can-

ges of
with

nd Wong,
ostic

(2021).
l

Poulsen et al. 10.3389/fcimb.2022.1055117
Longo, P. L., Dabdoub, S., Kumar, P., Artese, H. P. C., Dib, S. A., Romito
et al. (2018). Glycaemic status affects the subgingival microbiome of di
patients.J. Clin. Periodontol.45 (8), 932–940. doi:10.1111/jcpe.12908

Lynge Pedersen, A. M., and Belstrøm, D. (2019). The role of natural sa
defences in maintaining a healthy oral microbiota.J. Dentistry80, S3–12. doi:
10.1016/j.jdent.2018.08.010

Matsha, T. E., Prince, Y., Davids, S., Chikte, U., Erasmus, R. T., Kengne
et al. (2020). Oral microbiome signatures in diabetes mellitus and period
disease.J. Dent. Res.99 (6), 658–665. doi:10.1177/0022034520913818

Minty, M., Loubières, P., Canceill, T., Azalbert, V., Burcelin, R., Terce�, F., et al.
(2021). Gender-associated differences in oral microbiota and salivary bioch
parameters in response to feeding.J. Physiol. Biochem.77 (1), 155–166. doi:
10.1007/s13105-020-00757-x

Morozumi, T., Nakagawa, T., Nomura, Y., Sugaya, T., Kawanami, M., Suz
et al. (2016). Salivary pathogen and serum antibody to assess the progres
chronic periodontitis: a 24-mo prospective multicenter cohort study.J. Periodon
Res.51 (6), 768–778. doi:10.1111/jre.12353

Murugesan, S., Elanbari, M., Bangarusamy, D. K., Terranegra, A., a
Khodor, S. (2021). Can the salivary microbiome predict cardiovascular dis
lessons learned from the Qatari population.Front. Microbiol.12, 772736
doi: 10.3389/fmicb.2021.772736

Nearing, J. T., DeClercq, V., Van Limbergen, J., and Langille, M. G. I. (2
Assessing the variation within the oral microbiome of healthy adults.mSphere5
(5), e00451–e00420. doi:10.1128/mSphere.00451-20

Nickles, K., Scharf, S., Röllke, L., Dannewitz, B., and Eickholz, P. (
Comparison of two different sampling methods for subgingival plaq
Subgingival paper points or mouthrinse sample?J. Periodontol.88 (4), 399–406.
doi: 10.1902/jop.2016.160249

Ogawa, T., Honda-Ogawa, M., Ikebe, K., Notomi, Y., Iwamoto, Y., Shiroba
I., et al. (2017). Characterizations of oral microbiota in elderly nursing h
residents with diabetes.J. Oral. Sci.59 (4), 549–555. doi:10.2334/josnusd.16-072

Oksanen, J., Simpson, G. L., Guillaume Blanchet, F., Kindt, R., and Legen
(2022)Vegan: Community ecology package. Available at:https://CRAN.R-project
org/package=vegan.

Pedersen, A., Sørensen, C., Proctor, G., and Carpenter, G. (2018). S
functions in mastication, taste and textural perception, swallowing and i
digestion.Oral. Dis.24 (8), 1399–1416. doi:10.1111/odi.12867

R Core Team (2020).R: A language and environment for statistical compu
(Vienna, Austria: R foundation for Statistical Computing). Available at:https://
www.R-project.org/.

Rivera-Hidalgo, F. (2000). Smoking and periodontal disease.Periodontol2003,
32:50–32:58. doi:10.1046/j.0906-6713.2003.03205.x

Rodrõ�guez-Rabassa, M., Lo�pez, P., Rodrõ�guez-Santiago, R., Cases, A., Felici,
Sa�nchez, R., et al. (2018). Cigarette smoking modulation of saliva mic
composition and cytokine levels.IJERPH15 (11), 2479. doi:10.3390/ijerph15112479

Rohart, F., Gautier, B., Singh, A., and Le�Cao, K. A. (2017). mixOmics: An
package for‘omics feature selection and multiple data integration.PloS Comput
Biol. 13 (11), e1005752. doi:10.1371/journal.pcbi.1005752

Sabharwal, A., Stellrecht, E., and Scannapieco, F. A. (2021). Assoc
between dental caries and systemic diseases: a scoping review.BMC Oral. Health
21 (1), 472. doi:10.1186/s12903-021-01803-w

Saeb, A. T. M., Al-Rubeaan, K. A., Aldosary, K., Udaya Raja, G. K., Ma
Abouelhoda, M., et al. (2019). Relative reduction of biological and phylog
diversity of the oral microbiota of diabetes and pre-diabetes patients.Microbial.
Pathogen.128, 215–229. doi:10.1016/j.micpath.2019.01.009

Schrøder, S. A., Bardow, A., Eickhardt-Dalbøge, S., Johansen, H. K., and H
P. (2017). Is parotid saliva sterile on entry to the oral cavity?Acta Oto-Laryngol.137
(7), 762–764. doi:10.1080/00016489.2016.1272002

Segata, N., Haake, S., Mannon, P., Lemon, K. P., Waldron, L., Gevers, D
(2012). Composition of the adult digestive tract bacterial microbiome base
seven mouth surfaces, tonsils, throat and stool samples.Genome Biol.13 (6), R42.
doi: 10.1186/gb-2012-13-6-r42

Si, J., Lee, C., and Ko, G. (2017). Oral microbiota: Microbial biomarke
metabolic syndrome independent of host genetic factors.Front. Cell Infect
Microbiol.7, 516. doi:10.3389/fcimb.2017.00516
Frontiers in Cellular and Infection Microbiology 15
.,

.,

l

.,
of

l
?

.

.

,

P.

ry

s

,

e,

al.

Stockholm, J. (2022). Rabuplot: Copenhagen, Denmark Relative abundan
https://github.com/jstokholm/rabuplot

Sun, X., Li, M., Xia, L., Fang, Z., Yu, S., Gao, J., et al. (2020). Alterat
salivary microbiome in periodontitis with or without type-2 diabetes mell
and metformin treatment.Sci. Rep.10 (1), 15363. doi:10.1038/s41598-020
72035-1

Suzuki, N., Nakano, Y., Yoneda, M., Hirofuji, T., and Hanioka, T. (2022).
effects of cigarette smoking on the salivary and tongue microbiome.Clin. Exp.
Dental Res.8 (1), 449–456. doi:10.1002/cre2.489

Takeshita, T., Kageyama, S., Furuta, M., Tsuboi, H., Takeuchi, K., Shiba
et al. (2016). Bacterial diversity in saliva and oral health-related conditions
hisayama study.Sci. Rep.6 (1), 22164. doi:10.1038/srep22164

Tam, J., Hoffmann, T., Fischer, S., Bornstein, S., Gräßler, J., and Noa
(2018). Obesity alters composition and diversity of the oral microbiota in pat
with type 2 diabetes mellitus independently of glycemic control.PloS One13 (10),
e0204724. doi:10.1371/journal.pone.0204724

The Danish Health Authority (2022).Sundhedsstyrelsens udmeldinger om in
af alkohol(Copenhagen, Denmark: The Danish Health Authority). Available
h t tps : / /www.ss t .dk / - /media /Udg ive lser /2022/A lkoho l /No ta t -om
Sundhedsstyrelsens-alkoholudmeldinger.ashx.

The Global Diabetes Community (2019).HbA1c test for diabetes(University of
Warwick, Coventry, United Kingdom: Diabetes.co.uk). Available at:https://www.
diabetes.co.uk/hba1c-test.html.

Tiwari, M. (2011). Science behind human saliva.J. Nat. Sc Biol. Med.2 (1), 53.
doi: 10.4103/0976-9668.82322

Vallabhan, C. G., Sivarajan, S., Shivkumar, A. D., Narayanan, V., Vijayak
S., and Indhuja, R. S. (2020). Assessment of salivary� ow rate in patients with
chronic periodontitis.J. Pharm. Bioallied. Sci.12 (Suppl 1), S308–S312. doi:
10.4103/jpbs.JPBS_92_20

Wang, X., Mi, Q., Yang, J., Guan, Y., Zeng, W., Xiang, H., et al. (2022). Ef
electronic cigarette and tobacco smoking on the human saliva micr
community. Braz. J. Microbiol.53 (2), 991–1000. doi:10.1007/s42770-022
00721-5

Wirth, R., Maro�ti, G., Miho�k, R., Simon-Fiala, D., Antal, M., Pap, B., et
(2020). A case study of salivary microbiome in smokers and non-smoke
Hungary: analysis by shotgun metagenome sequencing.J. Oral. Microbiol.12 (1),
1773067. doi:10.1080/20002297.2020.1773067

World Health Organization (2020).Physical activity(Geneva, Switzerland
World Health Organisation). Available at:https://www.who.int/news-room/fact
sheets/detail/physical-activity.

World Health Organization (2021a).Diabetes(Geneva, Switzerland: Worl
Health Organisation). Available at:https://www.who.int/news-room/fact-sheet
detail/diabetes.

World Health Organization (2021b).Cardiovascular diseases (CVDs)(Geneva,
Switzerland: World Health Organisation). Available at:https://www.who.int/news-
room/fact-sheets/detail/cardiovascular-diseases-(cvds).

World Health Organization (2022).Tobacco(World Health Organisation).
Available at:https://www.who.int/news-room/fact-sheets/detail/tobacco.

Wu, J., Peters, B. A., Dominianni, C., Zhang, Y., Pei, Z., Yang, L., et al. (
Cigarette smoking and the oral microbiome in a large study of American ad
ISME J.10 (10), 2435–2446. doi:10.1038/ismej.2016.37

Yang, Y., Cai, Q., Zheng, W., Steinwandel, M., Blot, W. J., Shu, X. O.,
(2019). Oral microbiome and obesity in a large study of low-income and Afri
American populations.J. Oral. Microbiol.11 (1), 1650597. doi:10.1080/
20002297.2019.1650597

Yang, Y., Liu, S., Wang, Y., Wang, Z., Ding, W., Sun, X., et al. (2020). Chan
saliva microbiota in the onset and after the treatment of diabetes in patients
periodontitis.Aging12 (13), 13090–13114. doi:10.18632/aging.103399

Yoshizawa, J. M., Schafer, C. A., Schafer, J. J., Farrell, J. J., Paster, B. J., a
D. T. W. (2013). Salivary biomarkers: Toward future clinical and diagn
utilities.Clin. Microbiol. Rev.26 (4), 781–791. doi:10.1128/CMR.00021-13

Zhao, J., Zhou, Y. H., Zhao, Y. Q., Feng, Y., Yan, F., Gao, Z. R., et al.
Gender variations in the oral microbiomes of elderly patients with initia
periodontitis.J. Immunol. Res.2021, 1–16. doi:10.1155/2021/7403042
frontiersin.org


	Association of general health and lifestyle factors with the salivary microbiota – Lessons learned from the ADDITION-PRO cohort
	Introduction


