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Abstract

Aim: To describe associations of gingival bacterial composition and diversity with
self-reported gingival bleeding and oral hygiene habits in a Norwegian regional-based
population.

Materials and Methods: We examined the microbiome composition of the gingival
fluid (16S amplicon sequencing) in 484 adult participants (47% females; median age
28 years) in the Respiratory Health in Northern Europe, Spain and Australia
(RHINESSA) study in Bergen, Norway. We explored bacterial diversity and abun-
dance differences by the community periodontal index score, self-reported frequency
of gingival bleeding, and oral hygiene habits.

Results: Gingival bacterial diversity increased with increasing frequency of self-
reported gingival bleeding, with higher Shannon diversity index for “always” g = 0.51
and “often” g = 0.75 (p < .001) compared to “never” gingival bleeding. Frequent gin-
gival bleeding was associated with higher abundance of several bacteria such as
Porphyromonas endodontalis, Treponema denticola, and Fretibacterium spp., but lower
abundance of bacteria within the gram-positive phyla Firmicutes and Actinobacteria.
Flossing and rinsing with mouthwash twice daily were associated with higher total
abundance of bacteria in the Proteobacteria phylum but with lower bacterial diversity
compared to those who never flossed or never used mouthwash.

Conclusions: A high frequency of self-reported gingival bleeding was associated with
higher bacterial diversity than found in participants reporting no gingival bleeding and
with higher total abundance of known periodontal pathogens such as Porphyromonas

spp., Treponema spp., and Bacteroides spp.
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Clinical Relevance

dental hygiene.

1 | INTRODUCTION

Gingivitis and periodontitis are considered the most common peri-
odontal diseases worldwide (Frencken et al., 2017). By the age of
30 years, four out of five will have experienced a moderate to severe
form of gingivitis. It is usually not painful, rarely causes spontaneous
bleeding, and thus often goes unnoticed (Trombelli et al., 2018). Peri-
odontal disease is caused by bacteria-induced inflammation in the
gums. Mild forms (gingivitis) may be treated with optimal oral hygiene,
but failure to resolve inflammation may eventually develop into peri-
odontitis (Harvey, 2017).

For oral health surveillance studies, self-reported tools and self-
reported oral health questionnaires have been discussed as alterna-
tives to clinical measures when the latter are not possible to achieve
or difficult to collect (Ramos et al., 2013; Goul3o et al., 2021). We
have previously reported that self-reported frequency of gum bleed-
ing and increased Community Periodontal Index (CPI) score were
associated with respiratory symptoms and low lung function (Gomez
Real et al., 2016; Perez Barrionuevo et al., 2018). It is hypothesized
that aspiration of bacteria or bacterial components from the oral cav-
ity can explain the link between poor periodontal health and respira-
tory disease (Heinrich et al., 2019). But a healthy lung microbiota also
has its origin from bacteria in the oral cavity (Dickson et al., 2017).
The same types of oral bacteria are often present in both periodon-
tally healthy and diseased subjects, although the abundance of these
bacteria may differ considerably (Ximénez-Fyvie et al., 2000). Pertur-
bation of microbial communities may occur before the full clinical
symptoms of the disease become apparent (Liu et al, 2012). To
understand the aetiology underlying the microbial shift from the
healthy to the diseased state, studies on experimental gingivitis are
useful for describing this shift (Kistler et al, 2013; Bamashmous
et al., 2021). However, there is a lack of literature describing the com-
position of the oral bacterial community associated with self-reported
crude markers of periodontal health status, such as gingival bleeding.
There is also little information available regarding how oral hygiene
habits in the absence of oral hygiene instructions or professional
tooth-cleaning influence the oral bacterial composition in a generally
healthy population. Previous studies have found that a high diversity
of oral bacteria is associated with periodontal disease (Liu

et al., 2012). We hypothesized that, in a general population, self-

reported gingival bleeding.
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Scientific rationale for study: There is a lack of studies describing the oral microbiome composi-

tion in a general adult population and how oral bacterial composition is associated with self-

Principal findings: Self-reported gingival bleeding was associated with higher abundance of “red

complex” bacteria and higher diversity, while lower diversity was found in those reporting good

Practical implications: Our study highlights the importance of oral hygiene habits to prevent the
growth of bacteria implicated in poor periodontal health. High bacterial diversity may indicate a
deterioration of periodontal health.

reported markers of periodontal health status may be related to dif-
ferential bacterial composition and diversity and that oral hygiene
habits may also influence the oral microbiome composition and
diversity.

Therefore, the purpose of this study was to describe the associa-
tion between gingival bacterial diversity and composition with self-
reported frequency of gingival bleeding and oral hygiene habits in a

Norwegian regional-based population.

2 | METHODS

21 | Study population and sample collection
This analysis is based on the Respiratory Health in Northern
Europe, Spain and Australia (RHINESSA) study (www.RHINESSA.
net), a community-based generation study (Svanes et al., 2022). In
the present analysis, only participants from the Bergen study centre
were included. They were examined in 2014-2015 with question-
naires, interview, and clinical examination. Interview data and sam-
ples of gingival fluid were collected concurrently from all
participants. This study included all 484 adult participants with gin-
gival fluid samples (excluding 14 participants due to use of antibi-
otics during the last 4 weeks prior to gingival sample collection).
Among these 484 participants, 445 provided information on the
frequency of gum bleeding when brushing teeth, whereas the CPI
score was available for 399 participants.

Ethical approval was obtained from the Regional Committee for
Medical and Health Research Ethics in Western Norway (approval
no. #2012/1077). All participants provided written informed consent.

2.2 | Markers of periodontal health status

221 | Gingival bleeding

In a self-reported questionnaire, the study participants were asked
how often their gums bled during tooth brushing (“Do your gums
bleed when you brush your teeth?”) with the following answer cate-

gories: “Never”, “Rarely”, “Sometimes”, “Often”, or “Always”. For the
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microbial differential abundance analysis, we categorized the gum
bleeding frequency into three different groups: “never/rarely”, “some-
times”, and “often/always”, and compared the “never/rarely” (refer-

ence groups) with the categories “sometimes” and “often/always”.

222 | Community Periodontal Index

The CPI has been clinically assessed by a modified version of the
World Health Organization's (WHO) guidelines “Oral Health Surveys
- Basic Methods” (Ainamo et al., 1982), as previously described (Perez
Barrionuevo et al., 2018). CPl measurements were performed without
saliva control with the patient lying down on an examination bed, with
a WHO-621 periodontal probe. Three indicators (bleeding, calculus,
pocket depths) were used to assess the CPI score: healthy gingiva
(CPI code = 0); gingival bleeding (CPl code = 1); calculus (CPI
code = 2); and periodontal pockets 4-5 mm (CPl code = 3) and
>6 mm (CPI code = 4). Ten index teeth were examined to screen peri-
odontal status. Using the FDI dental notation, the following teeth
were included from the upper jaw: 17, 16, 11, 26, and 27, and from
the lower jaw: 47, 46, 31, 36, and 37. Individuals were given the
highest score from all 10 teeth.

23 |
variables

General characteristics and oral hygiene habit

General characteristics (gender, age, smoking, and body mass index
[BMI]), use of antibiotics in the last 4 weeks before gingival fluid sam-
pling, and reported frequency of self-applied oral hygiene—frequency of
toothbrushing (less than once daily, once daily, or twice daily), use of
fluoride toothpaste, and frequency of use of dental floss, mouthwash,
and toothpicks (never or rarely, once per week, once per day, twice
daily, or more)—were obtained from questionnaires and structured

interviews (questionnaire forms are available from www.rhinessa.net).

24 | Oral microbiome samples

The time of the day of gingival fluid sample collection and information
regarding fasting before sample collection were recorded. Subgingival
fluid was collected with sterile paper points (PROTAPER, Jacobsen
Dental) from the gingival crevice at five per-protocol pre-determined
sites in the lower and upper jaw: the inter-proximal region of the cen-
tral incisors; the inter-proximal region of the central incisor and lateral
incisor (left and right side); and inter-proximal region between second
premolar and first molar (left and right side). The gingival fluid sam-
pling was performed with sterile mirror and tweezers, sterile gloves,
and surgical face mask. The paper points were frozen directly (—80°C)
after collection in 2-ml microtubes (Biopur Safe-Lock Tubes) without
buffer. Five paper points per individual (lower jaw sites only or mix
between upper and lower jaw sites) were pooled and analysed

together for lllumina 16S rRNA gene sequencing.

2.5 | 16S rRNA gene amplicon sequencing

All laboratory procedures were performed at the UNC Microbiome
Core Facility of the University of North Carolina in Chapel Hill,
NC. The samples were analysed at two time points, one batch
(n = 283) in 2016 and the second batch (n = 201) in 2019, with the
same procedure and by the same laboratory technician. Bacterial
DNA was extracted from the gingival fluid samples. Overall, 12.5 ng
of total DNA was amplified using a combination (4:1) of universal and
Bifidobacterium-specific primers targeting the V1-V2 region of the
bacterial 165 rRNA gene (Edwards et al., 1989; Fierer et al., 2008). The
DNA library pool based on the 16S amplicons was sequenced with
lllumina (San Diego, CA) MiSeq, with automated cluster generation
and paired-end sequencing with dual reads, according to the manufac-
turer's instructions.

Bioinformatic analysis of bacterial 16S amplicon sequencing data
was conducted using the Quantitative Insights Into Microbial Ecology
(QIIME) software (Caporaso et al., 2010; Bolyen et al., 2019). For
more details on the sequencing procedure and quality control and fil-
tering, see Supplementary Files.

Taxonomy was assigned to amplicon sequence variants (ASVs)
using the qg2-feature-classifier (Bokulich et al, 2018) against the
expanded Human Oral Microbiome Database (eHOMD), which is a
comprehensive database with well-curated 16S rRNA gene reference
sequences from sites along the human aerodigestive tract (version
15.01) (Escapa et al., 2018). Five percent of the ASVs were assigned
taxonomy at a lower taxonomic resolution (class, family etc.). The
remaining 95% of the ASVs were classified into 188 bacterial genera,
of which 21 genera contributed to 79% of the bacteria in the gingival
microbiome.

2.6 | Statistical analysis

Gingival bleeding and CPI were described according to population
characteristics and oral hygiene habits. Statistical significance was
defined by p-values <.05. Associations between alpha diversity indices
(Faith's phylogenetic diversity index [Faith's PD], Shannon diversity
index, and observed species number metrics [at the ASV level]) and
general characteristics (independent variables) were fitted by linear
regression using robust variance estimates adjusting for clustering
within families and adjusted for age, gender, smoking, batch, sample
type, and time of sampling using STATA (version IC 14.0; StataCorp
LLC, College Station, TX).

Alpha diversity indices (Shannon, Observed, Chao1, and Pileous
evenness) were calculated after rarefying, showing the genus-level
difference in bacterial richness (number of bacterial taxa) and bacterial
evenness (relative abundance of bacterial taxa) across categories of
gum bleeding frequency. Differences in alpha diversity across the fre-
quency of gum bleeding were assessed using a Kruskal-Wallis test.

For beta diversity (at the genus level), principal coordinates
analysis (PCoA) was performed to visualize the Bray-Curtis dissimi-

larity matrices. Permutational multivariate analysis of variance
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(PERMANOVA) (Anderson & Walsh, 2013) and permutational anal-
ysis of multivariate dispersion (PERMDISP) (Anderson, 2006) were
applied to compare the microbial community clustering between
groups. A significant PERMANOVA test implies that the observed
differences are either due to different spatial medians (location
effect) or due to the heterogeneity of dispersions (dispersion
effect), or a combination of both. Therefore, a follow-up
PERMDISP test was also performed to examine the difference in
dispersion between groups.

To test which bacteria differed in abundance between the expo-
sure groups (frequency of gum bleeding, frequency of oral hygiene,
and CPI score), we performed a differential abundance analysis using
the analysis of compositions of microbiomes with bias correction
(ANCOM-BC) (Lin & Peddada, 2020) at the genus level and at the spe-
cies level for gum bleeding as outcome. This methodology is aimed at
detecting differentially abundant microbes among two or more groups
while adjusting for other covariates. The observed microbiome data
(shown in operational taxonomic units (OTUs)/ASVs, etc.) represent
only relative information of each taxon and thus are compositional
data (Gloor et al., 2017). ANCOM-BC properly adjusts the bias due to
sample-specific sampling fractions and thus transfers the observed
abundances (which are compositional and constrained by the library
size) to absolute abundances in a unit volume of an ecosystem (e.g., a
unit volume of gut) and makes inferences on differentially abundant
taxa in the sense of absolute abundances. p-Values obtained from the
ANCOM-BC model were adjusted by the Holm-Bonferroni method
(Holm, 1979) to account for the effect of multiple comparisons. The R
packages vegan, phyloseq, and ANCOM-BC were used for the

corresponding analyses.

3 | RESULTS

A total of 484 adults (18-47 years of age) were included in the pre-
sent study (Table 1). Women and men did not differ by smoking status
(b = .4), but men had higher BMI (p < .001). Six participants reported
to have diabetes (five women and one man). Women reported better
oral health practices, with a higher frequency of toothbrushing
(p = .001) and more frequent use of dental floss than men (p < .001).
Men reported more frequent use of toothpicks than women (p = .04).
Self-reported frequency of gingival bleeding was similar for men and
women (p = .8), but a higher proportion of men (17.1%) than women
(5.5%) presented with CPI score 2 (overall p < .001). All the partici-
pants were native Norwegians, and the study population did not
include different ethnicities.

Those reporting a high frequency of gingival bleeding (often or
always) differed in the reported frequency of toothbrushing from
those who never or rarely experienced bleeding from the gums, with
the frequent gingival bleeders being more likely to report toothbrush-
ing more than twice daily (11.6% vs. 4.5%) than those who never or
rarely have bleeding from the gums. On the other hand, infrequent

brushing (once daily or less) was also more commonly reported among

the frequent gingival bleeders (16.3%) than the never gingival
bleeders (9.4%) (overall p = .009) (Table 2). As expected, a high CPI
score was associated with smoking, with 30% of the participants with
CPI 22 being current smokers compared to those with CPI score of
0 or 1 (9.5% and 5.6%, respectively), p < .001 (Table 2). The reported
use of dental floss was similar for participants with CPl = 0 and CPI
>2, whereas those with CPI = 1 reported more infrequent use of den-
tal floss (p = .05) (Table 2). Among the 18 participants with CPl = 1
(bleeding on probing), 3 reported bleeding from the gums often or
always and 7 never or rarely bled from the gums. There was a ten-
dency for higher frequency of self-reported gingival bleeding among
those who scored high on CPI (CPI 2 and 3) compared to those with
low CPI (0 and 1), p = .02 (chi-square test). Of the six participants with
diabetes, three had a CPI score of O and three had a CPI score of
1, whereas gingival bleeding was reported to be rare (n = 3) or to
occur sometimes (n = 3).

Alpha diversity assessed by Shannon diversity index and Faith's
PD increased with increasing frequency of gingival bleeding (p < .001,
Table 3 and Appendix Figure 1). Those reporting frequent bleeding
from the gums (often or always) showed statistically significant higher
alpha diversity compared to those reporting never or rarely bleed
from the gums (p < .05 for Pileou's evenness and p < .001 for Shan-
non, Observed, Chao1) (Figure 1). There was a statistically significant
difference in microbial community clustering (Bray-Curtis dissimilar-
ity) between the gingival-bleeding frequency groups (Figure 2), with
the differences driven by the heterogeneity of both location
(PERMANOVA; p = .001) and dispersion (PERMDISP test, p = .024)
effects. Shannon diversity index was higher for those with a CPI score
of 3 than those with a CPI score O, but for the overall CPI scores, the
trend was not statistically significant (p = .3) (Table 3). Daily or more
frequent use of dental floss, mouthwash, and toothpicks was associ-
ated with decreased alpha diversities (Table 3); Shannon diversity
index was reduced by 0.22 units in those who used toothpicks at least

once daily compared to never users.

3.1 | Bacterial composition
A total of 188 bacterial genera were identified, with the most preva-
lent ones being Fusobacterium spp. (15.3%), Streptococcus spp. (9.4%),
Prevotella spp. (8.6%), Capnocytophaga spp. (6.3%), Neisseria spp.
(4.5%), Leptotrichia spp. (3.6%), and Porphyromonas spp. (3.4%).
ANCOM-BC methodology was applied to determine taxa that are
differentially abundant in absolute abundance by gingival-bleeding
frequency, CPI score, and oral hygiene habits. Pairwise testing of the
groups, while adjusting for age, gender, smoking, and BMI, showed a
statistically significant higher absolute abundance for many bacteria
taxa among those who reported to always or often to bleed from the
gums as compared to the never gum-bleeders (Table 4, Appendix
Table 1, and Figure 3). At the genus level, this included many bacteria
from the phylum Bacteroidetes such as Porphyromonas spp., Bacte-

roidetes [G-3] and [G-5] spp., and Tannerella spp. (p-values from <.001
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TABLE 1 Characteristics of the study population (n = 484)

p-Value for
All (n = 484) Females (n = 227) Males (n = 257) gender diff.

Age (mean, range) 28.0 (18-47) 27.2 (18-45) 28.6 (18-47) .02
BMI?

<20 44 (9) 13.7 5.10

20-24.99 239 (50) 61.2 39.2

25-29.99 140 (29) 154 412

>30 59 (12) 9.7 14.5 <.001
Smoking®

Never 337 (70) 729 67.6

Ex-smoker 78 (16) 13.8 18.4

Current smoker 66 (14) 13.3 14.1 4
Frequency of toothbrushing

<Once daily 63 (13) 8.9 16.8

Twice daily 389 (81) 81.8 80.1

>Twice daily 29 (6) 9.3 3.1 .001
Use of fluoride toothpaste®

<Once daily 75 (16) 12 18.8

Twice daily 377 (78) 79.6 77.6

>Twice daily 28 (6) 8.4 35 .01
Use of dental floss®

Never or rarely 197 (41) 30.2 50.6

Once weekly 130 (27) 28.4 25.9

Once daily 125 (26) 30.2 224

>Twice daily 28 (6) 111 1.1 <.001
Use of mouthwash?®

Never or rarely 236 (49) 45.3 55.6

Once weekly 105 (22) 22.7 21.2

Once daily 113 (24) 24.4 22.8

>Twice daily 26 (5) 7.6 3.5 1
Use of toothpicks®

Never or rarely 304 (64) 69.2 58.7

Once weekly 120 (25) 20.1 29.5

2Once daily 54 (11) 10.7 11.8 .04
Gingival bleeding®

Never 57 (13) 12.8 13.1

Rarely 210 (48) 45.9 49.0

Sometimes 135 (30) 29.8 30.0

Often 32(7) 8.3 6.3

Always 11 (2) 3.2 1.7 8
CPIP®

Score O 325 (82) 89.5 73.9

Score 1 17 (4) 2.5 6.0

Score 2 45(11) 5.5 17.1

Score 3 12 (3) 3.0 3.0 .001

Abbreviations: BMI, body mass index; CPI, community periodontal index.
2Missing data for BMI (n = 1); smoking (n = 2), fluoride and flossing and mouthwash (n = 3), toothpicks (n = 5); gingival bleeding (n = 39); CPI (n = 85).
PNo participants with score above 3.
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TABLE 2
periodontal index (CPI) score (n = 399)

Oral health outcomes

>f Clinicc
Periodontology

Participant characteristics and dental hygiene habits according to self-reported gingival bleeding (n = 445) and community

Frequency of gingival bleeding when brushing teeth CPI
Never/rarely Sometimes Always/often CPI=0 CPI=1
(n =267) (n = 135) (n=43) p-Value* (n = 325) (n=17) CPl 22 p-Value**
Gender (% 47.2 474 58.1 4 54.8 29.4 29.8 <.001
female)
Age (mean, SD) 28.4 (6.8) 27.7 (6.6) 26.2 (6.5) A1 27.3(6.8) 27.2(6.4) 31.1(6.9) <.001
BMI (mean, SD) 25.0 (4.6) 25.2 (4.0) 24.5(5.3) .6 24.9 (4.8) 26.9 (4.5) 25.5(4.2) 2
Smoking (%)
Never 74.8 69.4 55.8 74.8 52.9 56.1
Ex-smoker 13.5 17.9 27.9 15.7 41.2 14.0
Current 11.7 12.7 16.3 A1 9.5 5.9 29.8 <.001
smoker
Frequency of tooth brushing (%)
<Once daily 9.4 18.7 16.3 12.9 11.8 15.8
Twice daily 86.1 724 721 80.9 82.4 80.7
>Twice daily 45 9.0 11.6 .009 6.2 5.9 35 9
Use of fluoride toothpaste (%)
<Once daily 12.1 20.2 20.9 154 23.5 17.9
Twice daily 834 724 67.4 79.1 70.6 78.6
>Twice daily 4.5 7.5 11.6 .03 5.5 5.9 3.6 .9
Use of dental floss (%)
Never or 385 425 39.5 36.0 76.5 44.6
rarely
Once weekly 27.9 284 20.9 28.6 11.8 214
Once daily 26.8 23.9 326 28.3 11.8 28.6
>Twice daily 6.8 5.2 7.0 9 7.1 0 54 05
Use of mouthwash (%)
Never or 46.8 53.7 48.8 474 64.7 50.0
rarely
Once weekly 20.8 23.1 16.3 21.9 17.7 23.2
Once daily 26.4 19.4 27.9 24.9 17.7 214
>Twice daily 6.0 3.7 7.0 6 5.9 0 54 8
Use of toothpicks (%)
Never or 62.7 67.9 62.8 66.1 58.8 61.4
rarely
Once weekly 25.9 249 20.9 24.1 29.4 22.8
2Once daily 114 8.2 16.3 6 9.9 11.8 15.8 .8

Abbreviation: BMI, body mass index. * p-Value for difference between self-reported frequency of gingival bleeding. ** p-Value for difference between CPI

categories

to .04), and from the Firmicutes phylum genera such as Catonella spp.,
Filifactor spp., Lachnospiraceae [G-8] spp., and Peptostreptococcaceae
[XI][G-4] and [G-7] spp. (all p < .001). A higher absolute abundance of
Fretibacterium spp. (phylum Synergistetes, p <.001) and Treponema
spp. (phylum Spirochetes, p <.001) was also associated with the
highest reported frequency of gingival bleeding when brushing teeth
(Figure 3). Four genera showed higher abundance in samples from

those reporting “sometimes bleed” from the gums (Dermabacter,
Bacteroides, Lysinibacillus, and Novosphingobium) (data not shown). On
the species level, frequent gingival bleeding was associated with
higher abundance of several bacteria, such as Porphyromonas endo-
dontalis, denticola, Fretibacterium fastidiosum, and
Fretibacterium spp. HMT 360 (all p-values < .01). Within the gram-

positive bacterial phylum Firmicutes, the species Catonella morbi,

Treponema
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TABLE 3 Estimated mean differences for dental hygiene habits and periodontal health status by alpha diversity indices adjusted for age,
gender, smoking, batch, sample type time during the day for gingival sample, and clustering by family

Faith's phylogenetic diversity index

Shannon diversity index (H)

Observed ASVs (count, n)

£(95% Cl)

Frequency of toothbrushing

Twice daily
>Twice daily

<Once daily

Reference
1.59 (—3.75, 6.92)
—2.17 (—4.60, 0.25)

Use of fluoride toothpaste

Twice daily
>Twice daily
<Once daily
Use of dental floss
Never or rarely
Once weekly
Once daily
>Twice daily
Use of mouthwash
Never or rarely
Once weekly
Once daily
>Twice daily
Use of toothpicks
Never or rarely
Once weekly
>0nce daily
Gingival bleeding
Never
Rarely
Sometimes
Often
Always
CPI
Score O
Score 1
Score 2

Score 3

Reference
1.62(—3.89,7.13)
—1.19 (—3.48, 1.09)

Reference

—0.50(—2.87, 1.70)

—0.39 (-3.07, 2.30)
0.58 (—3.39, 4.55)

Reference
2.85(-0.13, 5.82)
0.60 (—1.48, 2.69)

—1.18 (-5.07, 2.70)

Reference
1.00 (—1.46, 3.46)
—0.65(-3.87, 2.57)

Reference

—3.37(-7.00, 0.27)
—2.06 (—6.15, 2.03)
—0.27 (—5.16, 4.61)
—1.94 (—6.26,2.39)

Reference

—4.28 (-7.78, —0.78)
—0.78 (-3.98,2.41)
—0.85(—4.08, 2.39)

B (95% Cl) p-Value B (95% Cl) p-Value
Reference Reference

0.18 (-0.01, 0.38) 21.7 (-8.90, 52.4)

0.07 (-0.08, 0.22) 2 5.35(—15.8, 26.5) 4
Reference Reference

0.19 (-0.01, 0.40) 19.3(-10.7,49.3)

0.07 (-0.07,0.21) 2 6.29 (-13.4,25.9) 4
Reference Reference
0.003 (-0.13, 0.15) —-4.07 (-22.4, 14.3)
—0.11 (-0.25,0.02) —23.6 (—-41.7, -5.42)
—0.20 (-0.40, 0.01) .04 -37.9 (-67.1, -8.66.) .001
Reference Reference
—0.02 (-0.15,0.12) 0.94 (-16.8, 18.7)
—0.14 (-0.28, 0.01) —15.5(—-34.8, 3.82)
—0.17 (—0.44, 0.09) .03 —31.4(-63.1.7,0.33) .0
Reference Reference
—0.03(-0.16,0.11) -0.47 (-17.7,16.8)
—0.22 (-0.42, —0.04) .04 —20.1(—44.7,4.46) 2
Reference Reference

0.08 (—0.09, 0.27) 2.80(-17.3,24.9)

0.14 (—0.06, 0.33) 13.2(-10.5, 36.9)

0.51 (0.27, 0.76) 71.3(37.3,105.2)

0.75 (0.45, 1.04) <.001 114.3 (57.5,171.1) <.001
Reference Reference

0.01 (-0.29,0.31) 14.1(-24.1,52.2)

0.04 (-0.14, 0.23) 7.90(-15.9,31.7)

0.19 (0.00, 0.38) 3 12.7 (-20.8, 46.2) 3

Note: p-Value for linear trend of the categorical variable.

Abbreviations: ASVs, amplicon sequence variants; Cl, confidence interval; CPl, community periodontal index. Numbers in bold indicate the categories that

are signficantly different (p < .05) from the reference categories.

Peptostreptococcaceae bacterium HMT 081, and Dialister pneumosintes
had higher abundance in those with frequent bleeding from the gin-
giva, but most bacteria within this phylum showed lower abundance
in gingival bleeding (Table 4, all p < .02). Furthermore, a lower abun-
dance of several Prevotella species was also found in the gingival fluid
of those reporting the most frequent gum bleeding, such as
P. histicola, P. intermedia, and P. salivae (Table 4, all p < .001).
Regarding oral hygiene habits, using floss twice daily was associ-
ated with higher abundance of bacterial genera within phylum Prote-
obacteria (Novospinogium, Achromobacter, Helicobacter, and Moraxella)

(Appendix Table 2, all p < .001). The novel pathogen, Saccharibacteria
(TM7), which was more prevalent among the frequent gum bleeders,
had lower abundance among those with frequent flossing (Appendix
Table 2, p <.001) and among those who used mouthwash twice daily
(Appendix Table 3). Also, Bacteroides and Peptostreptococcaceae,
which are recognized oral pathogens, were found in lower abundance
among those who regularly used dental floss and mouthwash. A
higher absolute abundance of Porphyromonas spp. was found in gingi-
val samples for those scoring a CPl of 1 (compared to CPl = 0),
p < .01 (Appendix Table 4).
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FIGURE 1 Box plots illustrating alpha-
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flglaid In this Norwegian general population, we found that participants
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g i reporting frequent gingival bleeding had higher bacterial diversity in
the gingiva than participants reporting less frequent gingival bleeding.
S Furthermore, high bacteria diversity in the gingiva was also associated
& with a low frequency of use of dental flossing, mouthwash, and tooth-
5 picks. A higher total abundance of several bacterial genera with
= | . ZEﬁESMS%%Y‘:’&E“ known periodontal pathogenic species was present in the gingival
' fluid from individuals reporting frequent gingival bleeding. Tooth brus-
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FIGURE 2 Principal coordinates analysis (PCoA) for self-reported
frequency of gingival bleeding. Permutational multivariate analysis of
variance and permutational analysis of multivariate dispersion tests
for between-sample diversity (Bray-Curtis dissimilarity) for the
groups: never/rarely, sometimes, and often/always gingival bleeding

hing and the use of dental floss twice daily were more likely to be
reported by the participants who had a low frequency of gingival
bleeding and a low CPI score.

In our study population, a higher frequency of women than men
reported the use of dental floss and toothbrushing more than twice
daily. This is in line with previous studies showing that young women
have better oral-health-related habits than men (Fernandez de Grado
et al., 2018; Virtanen et al., 2019). It has been found that low socio-
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TABLE 4 Analysis of compositions of microbiomes with bias correction test for difference in absolute abundance of bacteria (species level)
between participants reporting often or always gum bleeding (n = 43) or sometimes (n = 135) compared to those who never or rarely bleed from
the gums (n = 267), adjusted for age, gender, smoking, and body mass index

LFC (SE) p

Bacteria taxa (species [P: phylum]) differences between those reporting often or always to bleed from the gums compared to never/rarely gum
bleeding

Actinomyces graevenitzii (P: Actinobacteria) -0.07 (0.14) .00
Actinomyces massiliensis (P: Actinobacteria) -0.46 (0.29) .00
Actinomyces odontolyticus (P: Actinobacteria) -0.32 (0.25) .00
Actinomyces sp. HMT 169 (P: Actinobacteria) -2.10(0.39) .00
Actinomyces sp. HMT 171 (P: Actinobacteria) -1.54 (0.37) .01
Actinomyces sp. HMT 448 (P: Actinobacteria) -1.25(0.30) .01
Scardovia wiggsiae (P: Actinobacteria) -0.94 (0.12) .02
Corynebacterium durum (P: Actinobacteria) -1.55(0.39) .00
Dermabacter hominis (P: Actinobacteria) -0.65 (0.10) .00
Microbacterium flavescens (P: Actinobacteria) -0.70 (0.15) .00
Microbacterium ginsengisoli (P: Actinobacteria) -0.79 (0.17) .00
Propionibacteriaceae [G-2] bacterium HMT 192 (P: Actinobacteria) -0.75(0.17) .00
Atopobium parvulum (P: Actinobacteria) -1.23(0.23) .00
Bacteroidetes [G-5] bacterium HMT 511 (P: Bacteroidetes) 1.77 (0.39) .00
Porphyromonas endodontalis (P: Bacteroidetes) 2.21(0.35) .00
Prevotella histicola (P: Bacteroidetes) -1.06 (0.21) .00
Prevotella intermedia (P: Bacteroidetes) -1.90 (0.58) .00
Prevotella salivae (P: Bacteroidetes) -1.26 (0.23) .00
Prevotella sp. HMT 306 (P: Bacteroidetes) -1.00 (0.13) .00
Prevotella sp. HMT 313 (P: Bacteroidetes) -0.73(0.15) .00
Lysinibacillus fusiformis (P: Firmicutes) -0.69 (0.10) .00
Streptococcus infantis clade 638 (P: Firmicutes) -1.03 (0.24) .01
Streptococcus intermedius (P: Firmicutes) -1.90(0.42) .00
Streptococcus mutans (P: Firmicutes) -1.23(0.27) .00
Streptococcus parasanguinis clade 411 (P: Firmicutes) -1.11 (0.26) .01
Streptococcus salivarius (P: Firmicutes) -1.10(0.27) .02
Streptococcus sanguinis (P: Firmicutes) -1.25(0.30) .01
Streptococcus sp. HMT 066 (P: Firmicutes) -0.93(0.20) .00
Catonella morbi (P: Firmicutes) 0.75(0.17) .00
Oribacterium sinus (P: Firmicutes) -0.83(0.14) .00
Stomatobaculum longum (P: Firmicutes) -0.92 (0.16) .00
Stomatobaculum sp. HMT 097 (P: Firmicutes) -0.67 (0.15) .00
Peptostreptococcaceae bacterium HMT 081 (P: Firmicutes) 2.10(0.37) .00
Dialister pneumosintes (P: Firmicutes) 1.70 (0.40) .00
Bosea vestrisii (P: Proteobacteria) -1.03(0.24) .01
Novosphingobium panipatense (P: Proteobacteria) -0.61(0.11) .00
Neisseria bacilliformis (P: Proteobacteria) -1.45(0.33) .00
Hemophilus parainfluenzae (P: Proteobacteria) -1.63 (0.40) .01
Haemophilus sputorum (P: Proteobacteria) -0.74 (0.18) .01
Treponema denticola (P: Spirochaetes) 1.94 (0.47) .01
Fretibacterium fastidiosum (P: Synergistetes) 1.73(0.38) .00



BERTELSEN ET AL

TABLE 4 (Continued)

Fretibacterium sp. HMT 360 (P: Synergistetes)

perioconioiogy SUMIIBSACEL

Bacteria taxa (species [P: phylum]) differences between those reporting sometimes to bleed from the gums compared to never/rarely gum bleeding

Streptococcus intermedius (P: Firmicutes)
Peptostreptococcaceae bacterium HMT 081 (P: Firmicutes)
Treponema sp. HMT 270 (P: Spirochaetes)

Note: Results given by LFC (natural log), SE, and adjusted p-values.
Abbreviation: LFC, log fold-change.
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economic status is associated with less than optimal oral hygiene
habits (Sakki et al., 1998; Astrom & Rise, 2001; Fernandez de Grado
et al., 2018). However, our study population is relatively uniform in
terms of socio-economic status, with the majority being highly edu-
cated (university level) and 27% not yet having reached the age of
maximum attained education. However, for those who had completed
education, we did not see differences in oral hygiene habits by the
participants' own educational status or by the parental educational
status. Nor does our study population include different ethnicities,
which could also influence oral health habits (Patino et al., 2018).

We found the highest bacterial community diversity in gingival
fluid for those reporting often or always to bleed from the gums when
they brushed their teeth. This is in line with studies on experimental
gingivitis showing an increase in community diversity during transition
from periodontal health to periodontitis (Kistler et al, 2013;

o

1 2 3
Log fold change for often/always versus never gumbleed

Bamashmous et al., 2021). We found that those who reported the
highest frequency of gingival bleeding had a lower abundance of the
bacteria within the Firmicutes and Actinobacteria phyla. These are typi-
cally gram-positive phyla, which are also found to decrease in relative
abundance during the onset of experimental gingivitis (Bamashmous
et al., 2021). Although we cannot confirm the presence of gingivitis
among our study participants, a recent study found that self-reported
questions regarding bleeding gums performed quite well in sensitivity
towards gingival inflammation, as confirmed with bleeding on probing
assessed by trained staff (Gouldo et al., 2021). Furthermore, in those
reporting a high frequency of dental flossing and toothpick use, the
microbial alpha diversity was reduced. This might indicate that apply-
ing good oral hygiene habits might reduce the risk of having non-
commensal bacteria invading the gingival pockets. In particular, it has

been found that using inter-dental cleaning in combination with
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toothbrushing may reduce gingivitis or plaque more than toothbrush-
ing alone (Gallie, 2019; Worthington et al., 2019). Brushing teeth
twice daily was reported by most of the study participants. However,
a higher percentage of those reporting always gingival bleeding brush
their teeth more than twice daily. This might indicate that they are
aware that their dental health status is not optimal; it is also possible
that the gingival bleeding may be unintentionally self-inflicted due to
too hard toothbrushing. Toothbrushing force has been indicated as a
risk factor for progression of non-inflammatory gingival recession
(Rajapakse et al., 2007). Thus, we cannot exclude the possibility of
reverse causation, with a high frequency of tooth brushing or too
forceful toothbrushing leading to damage of the gingiva and thus fre-
guent gingival bleeding.

A higher abundance of suspected periodontal pathogens such as
Porphyromonas, Treponema, and Bacteroides spp., which are members
of the “red complex” (Socransky et al., 1998), was found in frequent
gum bleeders. Bacteria belonging to the “orange complex”, such as
Prevotella intermedia and Peptostreptococcus spp., were associated
with self-reported gingival bleeding in our study. These orange com-
plex bacteria are suspected to precede colonization by species of the
red complex (Socransky et al., 1998). Since the hallmark paper by
Socransky and colleagues, the development of more advanced
sequencing techniques and curated databases for assigning sequences
to bacteria taxa, such as the Human Oral Microbiome Database, have
also opened for identification of “novel” periodontal pathogens. In a
review paper by Colombo and Tanner (2019) based on next-
generation sequencing studies, Fretibacterium spp., Saccharibacteria
spp., and Dialister spp. were categorized as novel pathogens. Interest-
ingly, these three bacteria were found in the present study in higher
abundance in those reporting frequent gingival bleeding. In our study
we found that in species-level analyses, P. endodontalis was present in
higher abundance among those who reported the most frequent gin-
gival bleeding compared to the participants reporting no gingival
bleeding. Although P. gingivalis has more commonly been reported in
gingival inflammation (Kistler et al., 2013; Bamashmous et al., 2021),
our findings on P. endodontalis agrees with a previous study, which
recognized this as an important periodontal pathogen (Kumar
et al., 2003). Also, in line with our results, bacteria in the Synergistetes
phylum, in particular F. fastidiosum, have been reported as likely con-
tributors to periodontal disease (Colombo et al., 2009; Pérez-Chaparro
et al., 2014; McCracken & Nathalia, 2021). In the present study, we
found that flossing and the use of mouthwash twice daily was associ-
ated with a higher abundance of bacteria from the Proteobacteria phy-
lum, which for the most part did not differ in abundance by gingival
bleeding. In the present study, we did not have information on peri-
odontitis status. However, only 12 participants had a CPI score of
3 and none had a score of 4, and thus, our study population is likely to
include mostly periodontally healthy subjects.

In a study with strict definition of periodontitis (Liu et al., 2012),
the oral microbiome community structure was more diverse among
the periodontal disease cases than in the healthy samples. In contrast,
the healthy microbiome in any individual patient had relatively low

taxonomic diversity (Liu et al., 2012). Also, another study comparing

subgingival microbial composition in subjects with different periodon-
tal conditions found that both the healthy and the gingivitis groups
had higher bacterial diversity than the periodontitis group (Park
et al.,, 2015). As a self-reported measure for surveillance of periodonti-
tis, it is recommended to include up to five self-reported questions
(e.g., thinking you have gum disease, health of teeth and gums, prior
treatment for gum disease, bone loss, and use of dental floss) to cor-
rectly predict periodontitis outcomes (Eke et al., 2013). As these self-
reported outcomes are not available in our study, we cannot charac-
terize the participants by periodontitis status. Nevertheless, as dis-
cussed above, we may assume that self-reported gingival bleeding
captures gingival inflammation well. We found a higher diversity of
bacterial community in the gingival fluid of participants reporting fre-
quent gingival bleeding and in participants with the highest CPI score,
despite these being only self-reported and non-standard measures of
periodontal health status. It is interesting to note that the oral micro-
biome from periodontally healthy to diseased subjects is different
from other parts of the gastrointestinal tract in which disease is often
associated with a lower diversity than in a healthy state (Abusleme
et al., 2013; Dalal & Chang, 2014).

In line with others (Ximénez-Fyvie et al., 2000), we found that the
so-called pathogenic bacteria are present not only in those reporting
frequent gingival bleeding but also in almost all samples
(Porphyromonas in 93% of all samples and Treponema in 94% of all
samples). As with periodontal disease, also the transition to caries
pathology is caused by the changes in the microbial community struc-
ture (Valm, 2019). Thus, changes in the relative abundance of bacteria
that are also present in health, transform the bacterial community
from healthy to the pathogenic state. This also highlights the impor-
tance of using statistical models that can handle the compositional
nature of the microbiome, such as ANCOM-BC, applied in the present
study.

41 | Strengths and limitations

The strength of this study is the large study population with micro-
biome sequencing data and detailed information on dental hygiene
habits. One limitation is the simplified dental protocol and sampling
procedure (e.g., gingival fluid sampling without plaque removal). This
was needed to enable a uniform collection of samples that can easily
be adopted in several study centres and for field workers without
dental training. The dental examination was not performed in a dental
clinic, but most of the examinations were done by a dentist (Perez
Barrionuevo et al., 2018). However, we were not able to distinguish
between periodontally healthy, gingivitis, and periodontitis cases, and
the CPI score may only provide indications on periodontal pocketing
and inflammation. The paper points were pooled before storage, both
to minimize the storage volume and maximize the likelihood of having
enough bacterial DNA for 16S rRNA sequencing. This limited our pos-
sibility to explore the microbiome according to the CPI status of the
specific sites. The gingival samples were analysed in two different

batches (microbiome sequencing at two different time points), which
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is unfortunate, but the batch effect is self-corrected by ANCOM-BC
and adjusted for in the other statistical models. We applied a novel
biostatistics model ANCOM-BC (Lin & Peddada, 2020), which takes
into account the compositional nature of the data (Gloor et al., 2017).
ANCOM-BC allows for reporting directionality and effect size for
absolute abundances and at the same time controlling for covariates
in the models. The model also takes into consideration multiple test-
ing. Finally, species-level identification may be challenging due to the
short sequences obtained from 16S rRNA gene amplicon sequencing,
which may give insufficient resolution for accurate identification of
species within some predominant genera such as Streptococcus,
Veillonella, Neisseria, and Porphyromonas (Wade, 2013).

5 | CONCLUSION

To the best of our knowledge, this is the first study describing bacte-
rial community composition associated with dental hygiene habits and
markers of periodontal health in a general population of young adults.
Self-reported gingival bleeding was associated with a higher abun-
dance of well-known and novel periodontal pathogens as compared
to those reporting no gingival bleeding when brushing teeth. The
study may provide useful information on self-reported measures in
studies where clinically based surveillance is unattainable. Our study
highlights the importance of oral hygiene habits by showing reduced
microbial diversity and lower abundance of known pathogens such as
Peptostreptococcaceae and Bacteroides, as well as newly described
pathogens such as Saccharibacteria (TM7) in those reporting good
dental hygiene habits. These findings can be used to enhance the

already good dental practices in young age.
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