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Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease that is becoming a
significant global health care problem. Several studies have shown that people with
diabetes are more susceptible to oral problems, such as periodontitis and, although
the causes are still inconclusive, oral microbiota is considered to play a major role
in oral health. This study aimed to characterize the oral microbiome of a sample
representing T2DM patients from Portugal and exploit potential associations between
some microorganisms and variables like teeth brushing, smoking habits, average blood
sugar levels, medication and nutrient intake. By sequencing the hypervariable regions
V3-V4 of the 16S rRNA gene in 50 individuals belonging to a group of diabetes patients
and a control group, we found a total of 232 taxa, from which only 65% were shared
between both groups. No differences were found in terms of alpha and beta diversity
between categories. We did not find significant differences in the oral microbiome
profiles of control and diabetes patients. Only the class Synergistia and the genus TG5,
which are related to periodontitis, were statistically more frequent in the control group.
The similar microbiome profiles of medicated diabetics and the control group indicates
that the relationship between the T2DM and the oral microbiome might be more related
to either the lifestyle/diet rather than diabetes per se. Moreover, this study provides, for
the first time, insights into the oral microbiome of a population with a high prevalence
of diabetes.

Keywords: type 2 diabetes mellitus, 16S rRNA gene sequencing, microbiota, next-generation sequencing,
Portugal, oral hygiene

Abbreviations: ASV, amplicon sequence variant; bp, Base pairs; T2DM, Type 2 Diabetes Mellitus.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disease
characterized by chronic hyperglycemia caused by defects in
insulin secretion, which can contribute to the development of
resistance to its action (Kuo et al., 2008). T2DM is becoming
more common, also affecting children, and therefore, represents a
significant global health care problem (Issa, 2017). According to
the International Diabetes Federation, the prevalence of T2DM
in Portugal is 9.8% whereas the prevalence in Europe is 6.3% and
8.81% worldwide (International Diabetes Federation, 2019).

A growing number of studies have been reporting a
close association between diabetes and susceptibility for
some oral illnesses, such as periodontitis (Mealey et al.,
2006), derived from the deregulation of the oral microbiota
equilibrium that increments the establishment of pathogenic
organisms, causing the deregulation of the oral microbiota
equilibrium, and vice-versa.

The oral microbiota is one of the most diverse and dynamic
ecosystems of the human body, in which more than 700 species
of bacteria have been identified (Long et al., 2017). Bacterial
phyla Firmicutes, Actinobacteria, Fusobacteria, Proteobacteria,
and Bacteroidetes dominate the oral microbiota, accounting
for 80–95% of the total species (Yang et al., 2012). These
microorganisms normally harmoniously co-exist with their host
due to coevolution, however, behavioral factors such as poor
oral hygiene and diet, debilitated immune systems, genetics,
medication and, certain diseases can lead to a dysbiotic
oral ecosystem (Nath and Raveendran, 2013). This imbalance
is normally associated with an overgrowth of pathogenic
microorganisms, which can lead to more susceptibility to
oral illness (Woelber et al., 2016). Factors as diet, lifestyle,
age, medication, denture wear, saliva flow, several diseases,
and a poor immune system tend to affect the microbiome
composition (Ticinesi et al., 2018). In addition, the oral cavity is a
heterogeneous environment due to the variety of distinct habitats
(i.e., teeth, gingival sulcus, tongue, cheeks, hard, and soft palates),
each of them with a particular microbiota. Saliva is a non-invasive
and easy collectable biological material, which microbiome is
partially shared with that of all different sites of the buccal
cavity due to contact, and therefore is a good representative to
investigate the oral microbiome (Takeshita et al., 2016).

The oral microbiota plays an important role in the relationship
between periodontitis and diabetes (Kononen et al., 2019) since
it influences glycemic control (Taylor et al., 1996). Certain
bacteria such as Porphyromonas gingivalis, one of the main strains
of periodontal disease, triggers periodontal tissue destruction
and increases insulin resistance (Kuo et al., 2008). There are
more taxa related to T2DM, Long et al. (2017) compared the
oral microbiome profiles from African Americans subjects with
T2DM with non-diabetic obese individuals and non-diabetics
with normal-weight. They found that a higher abundance
of taxa in the phylum Actinobacteria (Actinomycetaceae,
Bifidobacteriaceae, Coriobacteriaceae, Corynebacteriaceae, and
Micrococcaceae families) were associated with lower diabetes risk,
as they were less abundant among diabetic subjects compared
to normal-weight controls. Differences in taxa proportions were

also found comparing diabetics and non-diabetics in subjects
with caries in Indians (Latti et al., 2018) and periodontitis in
Brazilians (Casarin et al., 2013). Another study found a decrease
in the biological and phylogenetic oral microbiome diversity in
diabetics in comparison to non-diabetics from South Arabia,
evidence that was related to an increase in the pathogenic content
in the diabetic’s oral microbiome (Saeb et al., 2019). In contrast,
others (Kampoo et al., 2014) did not find diversity differences
between T2DM and control samples from Thailand.

Presently, the only two studies on the relationship between
T2DM and the oral microbiome made on European populations
used a limited sample size (n < 20) and were focused on the
subgingival microbiome (Farina et al., 2019) or obese T2DM
subjects (Tam et al., 2018). But the oral microbiome is an
important factor for the maintenance of human health, and
thus disentangling the relationship between diabetes and oral
microbiome is of paramount interest. Here, we characterized the
oral microbiome from a sampling of medicated patients from
Portugal and compared them with a control group, by using next-
generation amplicon sequencing of the hypervariable V3-V4
regions of the 16s rRNA from saliva samples of 50 individuals.

MATERIALS AND METHODS

Sampling and Questionnaire
Administration
Twenty-five patients with T2DM (average age 63) and twenty-
five healthy individuals (average age 60) participated in this
study (Supplementary Table S1). The study was approved
by Centro Hospitalar de Vila Nova de Gaia/Espinho’s Ethics
Committee and conducted according to the Declaration of
Helsinki. Written informed consent was acquired from all
participants before sampling.

Volunteers were ineligible if they presented less than one-
third of the dentition, were under 18 years old, or had taken
antibiotics less than 2 months before. All participants were
instructed not to brush their teeth after their last meal before
the saliva sample collection. In addition, each volunteer was
submitted to a questionnaire, through face-to-face interviews,
regarding their lifestyle, including information on smoking and
oral hygiene habits (Supplementary Table S1), food restrictions,
health status, diabetes duration (in years), types of medications
they were taking (Supplementary Table S2) and the period
time in the case of antibiotics. Also, average blood sugar
levels were collected through the hemoglobin A1c test (HbA1c)
(Supplementary Table S1). Teeth brushing habits were divided
into 4 categories: brushing: (i) > once/day, (ii) once/day, (iii)
1–3 times/week, and iv) never brushing. Mouthwash use was
divided into 3 categories: 1–3 times per week, 1 per day, and
no use. Smoking habits were classified into heavy smokers,
moderate smokers, and non-smokers. BMI was divided into 6
categories: underweight, normal weight, preobese, obese (I, II,
III). The variable age was divided into 3 categories according
to percentiles (0–33% percentile, 33–67% percentiles, and 67–
100% percentiles) and sex into male or female. Diabetics HbA1c
levels were classified in 2 categories: (i) controlled (HbA1c < 7)
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and (ii) poorly controlled (HbA1c > 7). All diabetic patients
were prescribed insulin and/or oral antidiabetic medication.
We examined a total of 11 drugs categories on diabetics
patients: (i) Metformin, (ii) Proton pump inhibitors (PPIs),
(iii) Dipeptidyl Peptidase 4 (DPP4) inhibitor, (iv) Sodium-
glucose co-transporter 2 (SGLT2) inhibitor, (v) levothyroxine,
(vi) Sulfonylurea, (vii) Statin, (viii) Antidepressants, (ix)
statin + metformin, (x) DPP4 inhibitor + metformin, and (xi)
insulin (Supplementary Table S3).

A validated semiquantitative food frequency questionnaire
(Lopes, 2000; Lopes et al., 2007) was used to estimate
nutrient intake. Nutrient content was calculated using the Food
Processor Plus (ESHA Research, Salem, Oregon) program. The
consumption of some nutrients such as protein, carbohydrates,
monounsaturated, polyunsaturated, saturated and total fat, sugar
as calorie intake can be found in Supplementary Table S4.

DNA Extraction
DNA was extracted from saliva following Quinque et al. (2006)
and quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific Inc., MA, United States).

16S rRNA Amplification, Library
Preparation, and Sequencing
To amplify the V3-V4 hypervariable regions, the 341F/805R
universal primers were used (Iriboz et al., 2018). A two-step
Polymerase Chain Reaction (PCR) was used to first amplify
the target region and then to attach a barcode to each sample
before pooling them for illumina sequencing. The amplicon PCR
contained 5 µl of DNA template at a concentration of 10 ng/µl, 5
µl of Taq PCR Master Mix kit (Qiagen), 0.4 µl of each primer
(100 pmol/µl) and 3.2 µl of distilled and deionized water, in
a final reaction volume of 14 µl per sample. The PCR cycling
conditions were 95◦C for 15 min, followed by 40 cycles of
denaturation at 95◦C for 30 s, annealing at 55◦C for 1 min, and
elongation at 72◦C for 30 s. The final elongation was run at 60◦C
for 5 min, followed by a hold at 15◦C.

The amplicons’ size was checked in 2% agarose gel and purified
using the AMPure XP kit according to the manufacturer’s
instructions. A second PCR was performed using two indices
(i5 and i7) with 7 bp each based on McInnes et al. (2016).
The reaction contained 5 µl of 2× Kapa HiFi Hot Start, 0.5
µl of each index, 2 µl of ultrapure water and 2 µl of first
PCR product DNA, in a final volume of 10 µl per sample.
PCR cycling conditions were run at 95◦C for 3 min, succeeded
by 10 cycles of denaturation at 95◦C for 30 s, annealing at
55◦C for 30 s, and elongation at 72◦C for 30 s. The indexed
amplicons were purified using the AMPure XP kit according to
the manufacturer’s instructions followed by library quantification
using a QubitTM dsDNA BR Assay Kit (Thermo Fisher Scientific).
All samples along with two negative controls were normalized
to 9 nM and pooled with 5 µl of each sample. The two negative
controls correspond to an extraction blank and a library blank.

A TapeStation 2,200 (Agilent Technologies) was used for the
precise sizing and library quantification of the pool, followed
by a library validation through a quantitative PCR. Finally, the

pool was sequenced in an Illumina MiSeq sequencing platform,
using the MiSeq v2 500-cycle sequencing kit (Illumina Inc.), with
a 2 × 250 bp paired-end configuration at Novogene facilities.
Raw metagenomic data are available from the SRA database with
accession number PRJNA679485.

Sequence Processing and Alignment
Reads were analyzed using the Quantitative Insights into
Microbial Ecology pipeline (QIIME) version 2-2019.7 (Bolyen
et al., 2019). The paired-end sequences were processed through
DADA2 (Callahan et al., 2016), a quality control package
in QIIME2, following the workflow: filtering, denoising,
dereplication, chimera identification, and merging. The resulting
output was a feature table with the quantity of each amplicon
sequence variant (ASV) in each sample. Three diabetic samples
were discarded due to the low number of reads.

For the taxonomic assignment, we used the Naïve Bayes
classifier trained on the Greengenes (version 13.8) (DeSantis
et al., 2006). The ASVs annotated as mitochondria and
chloroplast were removed. One control sample was discarded due
to an excessive number of reads, being 90% of them assigned to
a taxon unreported in the oral microbiome, probably reflecting a
sequencing artifact.

Statistical Analyses
The taxonomic abundance and ASV relative frequencies were
calculated for each sample with QIIME2, for the phylum,
class, genus, and species level. The differential taxa abundance
between the two groups was evaluated through the Analysis
of Composition of Microbiomes (ANCOM) and the Mann-
Whitney U-test in SPSS v.25, which was also used to compare the
relative frequencies of bacteria associated with the periodontitis
between the control and diabetes groups. To perceive if potential
differences between the microbiome of both groups could be
due to the diet, nutrients consumption and energy intake
were compared between groups with the Mann-Whitney U-test
or a Student’s t-test (in normal distribution data), with a
5% level of significance, followed by a Bonferroni correction
for multiple tests.

Microbiome diversity was evaluated within individuals (alpha-
diversity) with the ASVs abundance and the Shannon diversity
index (Shannon, 1948), and between samples (beta-diversity)
through the Bray-Curtis dissimilarity (Bray and Curtis, 1957),
which considers abundance data, and through the Jaccard
distance (Jaccard, 1908), which considers absence/presence data.
For the alpha diversity, we performed rarefaction curves with
QIIME2 and all samples were rarefied to a depth of 1973
reads. Differences in alpha diversity between the control and
diabetes groups, as well as between categories of teeth brushing,
mouthwash use, smoking habits, BMI, sex, age, HbA1c levels,
and types of medication were evaluated by the non-parametric
Kruskal-Wallis H-test in QIIME2. The variables teeth brushing,
smoking habits and BMI were divided into new categories in
order to increase the statistical power: teeth brushing (<1 per
day, 1 per day, >1 per day), smoking habits (smokers and
non-smokers) and BMI (normal weight, preobese, obese).
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Spearman’s correlation test was used to investigate the
correlation between the diabetics’ HbA1c levels and the obtained
taxa using the SPSS V.25.

Lastly, to investigate the microbiome composition profiles of
diabetics and controls, we explored the grouping patterns with: (i)
a principal coordinate analysis (PCoA) based on the Bray-Curtis
matrix, performed through EMPeror (Vazquez-Baeza et al.,
2013), and (ii) a hierarchical clustering and a heatmap performed
with the pheatmap package (Kolde, 2019) in R (v3.5.1) (R Core
Team, 2017) based on taxa abundance frequencies using only the
taxa present in more than 15% of the samples. Besides, we tested
whether the microbiome composition was statistically different
between both groups using the Permutational Multivariate
Analysis of Variance (PERMAVONA) analysis (Anderson, 2001)
with 999 permutations based on the Bray-Curtis matrix.

RESULTS

Sequencing Data and Taxonomic
Assignment
A total of 12,754,645 raw reads were obtained with a mean of
255,092.9 reads per sample (range: 147–1,085,170). No reads were
generated from the library blank or extraction blank. After quality
filtering and mitochondria and chloroplast removal, 752,526
reads remained for further analyses, with an average of 15,053
reads per sample.

Considering the 46 samples included in the analysis, the high-
quality reads were assigned to 10,746 ASVs with a total absolute
frequency of 605,211. The median ASV frequency per sample
was 12,437, with a mean of 13,144.59 (range: 1,973–35,935). The
ASVs were assigned to 232 taxa (Supplementary Table S5). The
taxa identification was possible for 71% of the ASVs at the genus
level, and 21% at the species level. Control and diabetes groups
shared 153 out of the 232 taxa. The control group exhibited 50
taxa not present in the diabetes group and the diabetes group
presented 31 taxa absent in the control.

Microbiome Characterization
We detected a total of 13 phyla, 21 classes, 37 orders, 60
families, 86 genera, and 51 species. At the phylum level, the
oral cavity of all the 46 samples was dominated by Firmicutes
(45%), Bacteroidetes (22%), Proteobacteria (16%), Actinobacteria
(9%), and Fusobacteria (6%), constituting 98% of the total
oral microbiome.

At the class level, all individuals exhibited an average
of 14 taxa. The 10 most frequent classes accounted for
∼97% of the total abundance in both groups (Supplementary
Figure S1). Bacilli and Bacteroidia are the dominant classes in
both groups, accounting for 50%. Gammaproteobacteria had a
higher abundance, not significant (p = 0.241), in the control
(9.9%) than in the diabetes group (5.4%) (Supplementary
Figure S1). Five classes were significantly different between
the two groups, Betaproteobacteria was higher in the diabetics
group (p = 0.033), and Deltaproteobacteria (p = 0.013),
Spirochaetes (p = 0.035), Mollicutes (p = 0.043), and Synergistia
(p < 0.001) were higher in the control group, nevertheless,

after Bonferroni correction, only Synergistia class remained
significantly (Supplementary Table S6).

When focusing on the taxa abundance at the genus level, all
individuals displayed an average of 32 genera. The frequency
distribution of the 10 most abundant taxa, up to genera is
shown in Figure 1. Streptococcus (29%) is the most abundant
genus, present in all subjects, followed by Prevotella (14%) and
Neisseria (5%).

The 10 most frequent genera accounted for approximately
77% in both groups (Figure 2A). Some of the taxa were identified
only up to the family level due to lack of resolution. Between the
control and diabetes groups, 14 taxa were statistically different
(Supplementary Table S6). Nonetheless, after the Bonferroni
correction, only the TG5 genus remained significant (p < 0.001).
TG5 genus belongs to the Synergistia class, the only class that was
statistically significant.

At the species level, an average of 16 different taxa per
individual was observed (most taxa were not identified up to
species level). The 10 most-frequent taxa (only four were assigned
to species level), accounted for 67% in both groups (Figure 2B).
Streptococcus spp. and Prevotella melaninogenica were the most
frequent species in both. For the two studied groups, 20 taxa
were significantly different (Supplementary Table S6), but after
Bonferroni correction, only TG5 spp. remained statistically
significant, being more abundant in the control group. The
ANCOM analysis of ASV differential abundance also revealed a
significantly higher abundance of the TG5 genus and TG5 spp. in
the control group (p < 0.001).

Diversity Measures
Alpha Diversity
The Shannon index was 7.03 ± 0.75 for the control group
and 6.97 ± 0.66 for the diabetes group, whereas the ASVs
abundance was 306 ± 111 and 271 ± 86 for the control and
the diabetes group, respectively (Figure 3). We did not find
significant differences in the distribution of the Shannon index
nor the ASVs abundance of both groups.

Beta Diversity
Bray-Curtis dissimilarity values were calculated to measure the
differences between individuals, in terms of taxonomic structure.
Figure 4 shows the distribution of the pairwise Bray-Curtis
dissimilarity values between individuals within each group and
between them, and similar distributions are observed. This was
confirmed with the PERMANOVA analysis (pseudo-F = 1.092;
p = 0.231) indicating that there is no differentiation in the
microbiome composition of the diabetes group compared to
the control one. Similar results were obtained with the Jaccard
distance values (pseudo-F = 1.053; p = 0.178).

The differences between the microbiome profiles of the
individuals were visualized through a Principal-Coordinates
Analysis (PCoA), from the Bray Curtis dissimilarity matrix,
that did not reveal a clear clustering pattern (Figure 5).
The hierarchical clustering analysis formed two major clusters
(Supplementary Figure S2). The clusters seem to be determined
mainly by the Streptococcus abundance and secondly by
Prevotella melaninogenica and Veillonella dispar and to a lesser
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FIGURE 1 | Relative frequency of the 10 most abundant taxa up to the genus level per subject. Sample names starting with C are from the control group and those
starting with DM are from the diabetics group.

extent possibly by Neisseria and Rothia mucilaginosa abundances.
Both clusters contain individuals from both groups.

Bacteria Associated With Periodontal
Disease
Due to the relationship between Diabetes and periodontal
disease, we compared the relative abundance of species that
have been related to periodontal disease (Prevotella intermedia,
Campylobacter rectus, Porphyromonas endodontalis, Treponema
socranskii, and TG5 spp.) (Rams et al., 1993; Takeuchi et al.,
2001; Lombardo Bedran et al., 2012; Vengerfeldt et al., 2014),

being vestigial in both groups. TG5 spp. was the only species
statistically different between groups after the Bonferroni
correction, presenting more abundance in the control group
(Supplementary Table S4).

Oral Hygiene, Smoking Habits, and
Demographic Data
We evaluated how these habits affected the oral microbiome
of the individuals studied. Regarding the alpha diversity
(Supplementary Figure S3), our results showed that individuals
who brush their teeth once per day have a higher Shannon
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FIGURE 2 | Relative abundance of the 10 most-abundant taxa found at the genus level (A) and at the species level (B) in both control and diabetes groups. The
remaining taxa are included in the category “Others”.

index and ASVs abundance followed by those who brush more
than once per day.

Concerning smoking habits, smokers showed a higher
Shannon index, as well as ASVs, when compared to non-smokers.

As to the variable age, those from the percentile 33–
67% presented the highest Shannon index value, however, the
percentile 67–100% was the one with higher ASVs abundance.

Females have a higher Shannon index as ASVs abundance
than males. Additionally, considering the BMI variable, the
obese category has a higher Shannon index as ASVs abundance,
followed by the preobese category.

However, none of the comparisons between the above-
mentioned categories were statistically significant.

The PCoA plot colored by the teeth brushing and smoking
habits’ categories (Supplementary Figures S4, S5) did not reveal
a clear clustering pattern. Likewise, none of the individual
aggregation in the hierarchical clustering was attributable to a
particular habit.

HbA1c Levels and Medication on Diabetics Patients
HbA1c levels were positively correlated with Streptococcus
(p = 0.042; P = 0.470), Granulicatella (p = 0.014; P = 0.554)
and Lautropia (p = 0.010; P = 0.575) genera and negatively
correlated with Oribacterium (p = 0.007; P = −0.600),
and Catonella (p = 0.038; P = −0.479) genera. After the
Bonferroni correction test, only Lautropia and Oribacterium
genera remained statistically significant.

We did not find significant differences in the distribution of
the Shannon index for the HbA1c categories (Supplementary
Figure S6) nor for the 11 drug categories (data not shown).

The PCoA plot dyed by the glycemic level categories
(Supplementary Figure S7) and by the 11 drug categories
(Supplementary Table S3) in diabetics patients did not disclose a
clustering pattern in any of the cases.

Diet
We measured nutrient intake to be able to identify differences in
the oral microbiome of diabetes and controls that could be related
to diet. However, no significant differences were found regarding
nutrients consumption and energy intake between both groups
after Bonferroni correction (Table 1).

DISCUSSION

This study aimed to characterize the oral microbiota in diabetic
individuals from Portugal using the 16S rRNA sequencing
method to shed light on the relationship between the oral
microbiome and T2DM. For the first time, the oral microbiome
composition of a Portuguese population was disclosed. The
predominant phyla are in line with previous studies from other
populations (Yang et al., 2012; Verma et al., 2018). Likewise,
the taxa frequency distribution found in our samples follows
the pattern usually observed in the oral microbiome, in which
few taxa recruit most sequences (e.g., Gomez et al., 2017; Willis
et al., 2018). For example, Keijser et al. (2008) study on healthy
adults reported that Prevotella, Streptococcus, and Veillonella
genera were responsible for about 50% of the total salivary
microbiome, which is similar to our findings. Although at very
low frequencies (0.25–0.87%), we found the Gluconacetobacter
genus in nine individuals. Interestingly, this genus is not present
in the Human Oral Microbiome Database (Chen et al., 2010), nor
described, as far as we know, in other oral microbiome studies.
Species of this genus have been found in plants, grapes and
wine spoilage (Bertalan et al., 2009; Campaniello and Sinigaglia,
2017), and neoplastic tissue in breast cancer (Hieken et al.,
2016). A possible explanation for this finding might be the
presence of food remains in the saliva. Another interesting
finding was the low average number of taxa at the species level
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FIGURE 3 | Boxplot charts depicting the distribution of the Shannon index (A) and ASV abundance (B) regarding both groups. Red dot represents the mean of each
group.

per individual (16) when compared to similar studies (∼200–
600 species) (Saeb et al., 2019; Schulz et al., 2019). This is
probably because the 16s RNA fragment used has a relatively
low capacity to discriminate within the lowest taxonomic levels
(genus and species). For this reason and the fact that we did
not confirm the taxonomic identification at species level by
quantitative PCR, we recommend caution while considering the
species identified in this study.

As the oral microbiome diversity may decrease with frequent
oral hygiene habits (Pyysalo et al., 2019), we further investigated

the influence of oral hygiene and smoking habits on microbiome
diversity. According to some studies, those who brushed their
teeth twice per day presented a lower diversity than those who
brushed it more rarely (Pyysalo et al., 2019). However, our results
showed no differences between the three categories. Concerning
mouthwashes, it would be expected a decrease in biodiversity
with the increase of its use, since most of the mouthwashes
present antimicrobial properties (Okuda et al., 1998; Tribble
et al., 2019), nevertheless, our results did not show differences
between those who use it and those who not. As for smoking
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FIGURE 4 | Distribution of pairwise Bray-Curtis dissimilarity values between individuals within diabetics and controls and between them. The red color dots represent
the mean of each distribution.

FIGURE 5 | PCoA plots showing the (A) first and second, and (B) first and third principal components and the percentage of the total variance that they explain
based on the Bray Curtis dissimilarity matrix. Each point represents one individual, with color and symbol indicating the group of study and sex.

habits, although previous studies reported that smokers tend to
have a more diverse microbiota, including pathogenic taxa, than
non-smokers (Takeshita et al., 2016), our results did not show
differences between smokers and non-smokers.

With respect to diabetics’ average blood sugar levels, we did
not find differences in terms of microbiome diversity between
the controlled and poorly controlled groups. The same results
were found by Tam et al. (2018) when studied the glycemic level
of obese type 2 diabetics. Nonetheless, we found associations
between the HbA1c and Lautropia and Oribacterium genera
being the first genus commonly found in the oral cavity and
the second is considered a biomarker of oral and liver cancer
(Chattopadhyay et al., 2019; Lu et al., 2019).

Another factor described in the literature that affects the
microbiome composition and diversity is medication. Here, we
analyzed the possible effects of type 2 diabetes medication as well
as other drugs non-related to diabetes, which according to the

literature, can affect the gut microbiome. Drugs used to treat
type 2 diabetes such as Metformin, were reported to modify the
gut microbiome, whereas information about DPP4 and SGLT2
inhibitors is lacking (Hung and Hung, 2020).

Additionally, drugs such as PPis, used to decrease stomach
acid production have been reported to induce gut microbiome
dysbiosis (Bruno et al., 2019) as to an increase in common oral
bacteria in the gut (Imhann et al., 2016). In our study, none of the
drugs tested, showed differences related to microbiome diversity.
As far as we know, there are no studies regarding the influence of
drugs in oral microbiota.

Regarding the comparison of the oral microbiome of diabetics
and the control group, overall, the control group showed a higher,
although not significant, amount of taxa (202) than the diabetics
(183), a trend that is in line with previous studies using saliva
samples (Sabharwal et al., 2019; Saeb et al., 2019). Other studies
on subgingival plaque reported the opposite (Casarin et al., 2013)
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TABLE 1 | Description of the participants per group of study and respective p-values of Mann-Whitney test/Student’s t-test between the groups when applicable.

Control Diabetes patients

Mean ± SD Mean ± SD p-value

Protein 94.5 g/day ± 32.2 111.1 g/day ± 35.4 0.043*

Carbohydrates 218.5 g/day ± 70.9 236.2 g/day ± 75.0 0.839

Sugart 92.5 g/day ± 31.5 84.0 g/day ± 32.6 0.352

Total fat 73.4 g/day ± 27.2 85.0 g/day ± 35.8 0.432

Monounsaturated fat 34.4 g/day ± 13.2 40.4 g/day ± 19.0 0.421

Polyunsaturated fat 12.4 g/day ± 4.7 15.3 g/day ± 7.5 0.607

Saturated fat 20.4 g/day ± 8.7 21.9 g/day ± 8.0 0.421

Calories 1946.7 Kcal/day ± 584.1 2199.8 Kcal/day ± 726.4 0.594

BMI 27.1 kg/m2
± 4.5 28.4 kg/m2

± 5.1

Age 60.0 years ± 8.8 62.7 years ± 7.0

HbA1c − 7.2% ± 1.0

Diabetes duration (years) − 14.5 years ± 10.6

N N

Smoking Habits Heavy smokers 3 1

Moderate Smokers 2 2

Non-smokers 20 22

Teeth brushing 1–3 per week 3 4

1 per day 5 11

>1 per day 17 6

No use 0 4

Mouthwash use 1–3 per week 11 4

1 per day 1 5

No use 13 16

Anti-diabetic drugs Insulin − 8

DPP4 inhibitor − 11

SGLT2 inhibitor − 6

Metmorfin − 17

Sulfonylurea − 3

This information can also be found per individual in Supplementary Table S1. ∗Statistically significant. However, after Bonferroni correction, the adjusted p-value was
0.387. tVariables to which Student’s t-test was applied. The remaining variables were analyzed using the Mann-Whitney test.

in diabetes individuals not controlled by medication, a factor that
could explain these differences.

When we focus on the abundance differences of particular
taxa, our results showed that Actinobacteria was slightly
more frequent in the control group, although not statistically
significant. This tendency is consistent with Long et al. (2017),
where Actinobacteria was associated with a decreased risk of
diabetes. We did not find differences between both groups for
the most abundant classes, Bacilli, and Bacterioidia, in contrast
to Saeb et al. (2019). These authors found that both classes
were more abundant in the normal glycemic group compared
to T2DM individuals. On the other hand, and in line with Saeb
et al. (2019), in our study, Gammaproteobacteria abundance was
higher but not significant in the healthy individuals, whereas
Betaproteobacteria was significantly higher in the diabetes
group (p = 0.03). An interesting result was that the TG5
genus (Synergistia class), the only one that showed significant
differences between groups, has been related to periodontitis
(Vengerfeldt et al., 2014), failed implants (Dingsdag et al., 2016),
and smoking habits (Valles et al., 2018). In our findings, this

taxon was found in 72% of the healthy samples against only
9% of diabetes individuals. However, the frequencies of this
and other genera related to periodontitis, and thus, to diabetes
(Preshaw et al., 2012), are vestigial in our groups, being the
TG5 just slightly higher in controls. As at the moment of
sampling we did not conduct a detailed medical evaluation
of the individuals’ periodontal/oral health, and only inquired
the individual on the last year history of its periodontal/oral
condition, we could not conduct association test between oral
health and the presence/absence of a specific microorganism.

Concerning the association between T2DM and the oral
microbiome, we did not find clear differences between the
microbiome composition of both groups, even though it was
possible to identify some taxonomic dissimilarity. The work of
Sabharwal et al. (2019) using saliva samples from controlled
diabetics from the United States, unlike our study, revealed
taxonomical differences between diabetics and non-diabetics,
however, the differences in age and BMI between both groups
could influence their results. The lack of high differences in our
study diverges from what was found in studies from uncontrolled
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diabetics (Farina et al., 2019). This disagreement, together with
the results of Long et al. (2017), which found differences
in microbiome composition when comparing diabetics with
adequate and poor metabolic control, highlights the impact of
diabetes being controlled in the oral microbiome. Therefore, our
results indicate that the relationship between the oral microbiome
and diabetes, involving oral diseases, would be mainly related
to the lifestyle or the consequence of lack of control of the
disease rather than to having diabetes. Thus, the major suggestion
from our study is that future studies relating to T2D with oral
microbiome should include dietary and lifestyle habits as two
main sets of variables to contrast. In addition, more studies on the
oral microbiome of controlled diabetics are necessary for optimal
comparable datasets.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository and accession
number can be found below: https://www.ncbi.nlm.nih.
gov/, PRJNA679485.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Centro Hospitalar de Vila Nova de
Gaia/Espinho’s Ethics Committee. The patients/participants
provided their written informed consent to participate
in this study.

AUTHOR CONTRIBUTIONS

AA-S, AB-P, MG-V, LP-P, and DM-M conceived and designed
the study. AA-S and DM-M collected the samples. AA-S and

MG-V performed laboratory assays. AA-S and LP-P performed
bioinfomatic analysis. AA-S performed statistical analysis and
wrote the draft of the manuscript. AA-S, MG-V, and LP-P
interpreted the results. MG-V, LP-P, and AB-P supervised the
work and revised and contributed to the final manuscript. AB-P
contributed with resources and funding. All the authors read and
approved the final manuscript.

FUNDING

This work was supported by the European Union’s Horizon
2020 Research and Innovation Programme under the Grant
Agreement Number 857251. LP-P was funded by national funds
from FCT—Fundação para a Ciência e a Tecnologia, I.P. MG-V
was funded through UID/BIA/50027/2019 from FCT.

ACKNOWLEDGMENTS

We thank all the participants of this study, the staff from the
Centro Hospitalar Vila Nova de Gaia/Espinho for the assistance
when gathering the samples, Susana Lopes and Maria Magalhães
for their assistance in the wet lab, and Vítor Araújo for his
thoughtful advises on data analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.610370/full#supplementary-material

REFERENCES
Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of

variance. Austral. Ecol. 26, 32–46. doi: 10.1046/j.1442-9993.2001.01070.x
Bertalan, M., Albano, R., de Padua, V., Rouws, L., Rojas, C., Hemerly, A., et al.

(2009). Complete genome sequence of the sugarcane nitrogen-fixing endophyte
Gluconacetobacter diazotrophicus Pal5. BMC Genom. 10:450. doi: 10.1186/
1471-2164-10-450

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-
Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi:
10.1038/s41587-019-0209-9

Bray, J. R., and Curtis, J. T. (1957). An Ordination of the Upland Forest
Communities of Southern Wisconsin. Ecol. Monogr. 27, 326–349. doi: 10.2307/
1942268

Bruno, G., Zaccari, P., Rocco, G., Scalese, G., Panetta, C., Porowska, B., et al. (2019).
Proton pump inhibitors and dysbiosis: Current knowledge and aspects to be
clarified. World J. Gastroenterol. 25, 2706–2719. doi: 10.3748/wjg.v25.i22.2706

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Campaniello, D., and Sinigaglia, M. (2017). “Wine Spoiling Phenomena,” in The
Microbiological Quality of Food, eds A. Bevilacqua, M. Corbo, and M. Sinigaglia

(Sawston: Woodhead Publishing), 237–255. doi: 10.1016/b978-0-08-100502-6.
00013-3

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

Chattopadhyay, I., Verma, M., and Panda, M. (2019). Role of Oral
Microbiome Signatures in Diagnosis and Prognosis of Oral Cancer.
Technol. Cancer Res. Treat 18:1533033819867354. doi: 10.1177/153303381986
7354

Chen, T., Yu, W. H., Izard, J., Baranova, O. V., Lakshmanan, A., and Dewhirst,
F. E. (2010). The Human Oral Microbiome Database: a web accessible resource
for investigating oral microbe taxonomic and genomic information. Database
2010:baq013. doi: 10.1093/database/baq013

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072.
doi: 10.1128/AEM.03006-05

Dingsdag, S., Nelson, S., and Coleman, N. V. (2016). Bacterial communities
associated with apical periodontitis and dental implant failure. Microb. Ecol.
Health Dis. 27:31307. doi: 10.3402/mehd.v27.31307

Farina, R., Severi, M., Carrieri, A., Miotto, E., Sabbioni, S., Trombelli, L.,
et al. (2019). Whole metagenomic shotgun sequencing of the subgingival

Frontiers in Microbiology | www.frontiersin.org 10 February 2021 | Volume 12 | Article 610370

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2021.610370/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.610370/full#supplementary-material
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://doi.org/10.1186/1471-2164-10-450
https://doi.org/10.1186/1471-2164-10-450
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.2307/1942268
https://doi.org/10.2307/1942268
https://doi.org/10.3748/wjg.v25.i22.2706
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/b978-0-08-100502-6.00013-3
https://doi.org/10.1016/b978-0-08-100502-6.00013-3
https://doi.org/10.1111/j.1600-0765.2012.01498.x
https://doi.org/10.1111/j.1600-0765.2012.01498.x
https://doi.org/10.1177/1533033819867354
https://doi.org/10.1177/1533033819867354
https://doi.org/10.1093/database/baq013
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.3402/mehd.v27.31307
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-610370 February 1, 2021 Time: 18:10 # 11

Almeida-Santos et al. The Oral Microbiome of Diabetes Patients

microbiome of diabetics and non-diabetics with different periodontal
conditions. Arch. Oral. Biol. 104, 13–23. doi: 10.1016/j.archoralbio.2019.05.025

Gomez, A., Espinoza, J. L., Harkins, D. M., Leong, P., Saffery, R., Bockmann, M.,
et al. (2017). Host Genetic Control of the Oral Microbiome in Health and
Disease. Cell Host Microbe. 26:e263. doi: 10.1016/j.chom.2017.08.013

Hieken, T. J., Chen, J., Hoskin, T. L., Walther-Antonio, M., Johnson, S., Ramaker,
S., et al. (2016). The Microbiome of Aseptically Collected Human Breast Tissue
in Benign and Malignant Disease. Sci. Rep. 6:30751. doi: 10.1038/srep30751

Hung, W.-W., and Hung, W.-C. (2020). How gut microbiota relate to the oral
antidiabetic treatment of type 2 diabetes. Med. Microecol. 3:100007. doi: 10.
1016/j.medmic.2020.100007

Imhann, F., Bonder, M. J., Vich Vila, A., Fu, J., Mujagic, Z., Vork, L., et al.
(2016). Proton pump inhibitors affect the gut microbiome. Gut 65, 740–748.
doi: 10.1136/gutjnl-2015-310376

International Diabetes Federation (2019). IDF Diabetes Atlas, 9th Edn. Brussels,
Belgium: International Diabetes Federation.

Iriboz, E., Arican Ozturk, B., Kolukirik, M., Karacan, I., and Sazak Ovecoglu, H.
(2018). Detection of the unknown components of the oral microflora of teeth
with periapical radiolucencies in a Turkish population using next-generation
sequencing techniques. Int. Endod. J. 51, 1349–1357. doi: 10.1111/iej.12956

Issa, C. M. (2017). Vitamin D and Type 2 Diabetes Mellitus. Adv. Exp. Med. Biol.
996, 193–205. doi: 10.1007/978-3-319-56017-5_16

Jaccard, P. (1908). Nouvelles Recherches Sur La Distribution Florale. Bull. de la
Société vaudoise des Sciences Naturelles 44, 223–270.

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

Keijser, B. J., Zaura, E., Huse, S. M., van der Vossen, J. M., Schuren, F. H., Montijn,
R. C., et al. (2008). Pyrosequencing analysis of the oral microflora of healthy
adults. J. Dent. Res. 87, 1016–1020. doi: 10.1177/154405910808701104

Kolde, R. (2019). pheatmap: Pretty Heatmaps. R package version 1.0.12.
Kononen, E., Gursoy, M., and Gursoy, U. K. (2019). Periodontitis: A Multifaceted

Disease of Tooth-Supporting Tissues. J. Clin. Med. 8:1135. doi: 10.3390/
jcm8081135

Kuo, L. C., Polson, A. M., and Kang, T. (2008). Associations between periodontal
diseases and systemic diseases: a review of the inter-relationships and
interactions with diabetes, respiratory diseases, cardiovascular diseases and
osteoporosis. Public Health 122, 417–433. doi: 10.1016/j.puhe.2007.07.004

Latti, B. R., Kalburge, J. V., Birajdar, S. B., and Latti, R. G. (2018). Evaluation of
relationship between dental caries, diabetes mellitus and oral microbiota in
diabetics. J. Oral Maxillofac. Pathol. 22:282. doi: 10.4103/jomfp.JOMFP_163_16

Lombardo Bedran, T. B., Marcantonio, R. A., Spin Neto, R., Alves Mayer, M. P.,
Grenier, D., Spolidorio, L. C., et al. (2012). Porphyromonas endodontalis
in chronic periodontitis: a clinical and microbiological cross-sectional study.
J. Oral. Microbiol. 4:10123. doi: 10.3402/jom.v3404i3400.10123

Long, J., Cai, Q., Steinwandel, M., Hargreaves, M. K., Bordenstein, S. R., Blot,
W. J., et al. (2017). Association of oral microbiome with type 2 diabetes risk.
J. Periodontal. Res. 52, 636–643. doi: 10.1111/jre.12432

Lopes, C. (2000). “Reprodutibilidade e Validação de um questionário semi-
quantitativo de frequência alimentar,” in Alimentação e enfarte agudo do
miocárdio: um estudo caso-controlo de base populacional, (Porto: Tese de
Doutoramento, Universidade do Porto).

Lopes, C., Aro, A., Azevedo, A., Ramos, E., and Barros, H. (2007). Intake and
adipose tissue composition of fatty acids and risk of myocardial infarction
in a male Portuguese community sample. J. Am. Diet Assoc. 107, 276–286.
doi: 10.1016/j.jada.2006.11.008

Lu, M. Y., Xuan, S. Y., and Wang, Z. (2019). Oral microbiota: A new view of body
health. Food Sci. Hum. Wellness 8, 8–15. doi: 10.1016/j.fshw.2018.12.001

McInnes, J. C., Alderman, R., Deagle, B. E., Lea, M., Raymond, B., Jarman,
S. N., et al. (2016). Optimised scat collection protocols for dietary DNA
metabarcoding in vertebrates. Methods Ecol. Evol. 8, 192–202. doi: 10.1111/
2041-210x.12677

Mealey, B. L., Oates, T. W., and American Academy of, P. (2006). Diabetes mellitus
and periodontal diseases. J. Periodontol. 77, 1289–1303. doi: 10.1902/jop.2006.
050459

Nath, S. G., and Raveendran, R. (2013). Microbial dysbiosis in periodontitis.
J. Indian Soc. Periodontol. 17, 543–545. doi: 10.4103/0972-124X.118334

Okuda, K., Adachi, M., and Iijima, K. (1998). The efficacy of antimicrobial mouth
rinses in oral health care. Bull Tokyo Dent Coll 39, 7–14.

Preshaw, P. M., Alba, A. L., Herrera, D., Jepsen, S., Konstantinidis, A., Makrilakis,
K., et al. (2012). Periodontitis and diabetes: a two-way relationship. Diabetologia
55, 21–31. doi: 10.1007/s00125-011-2342-y

Pyysalo, M. J., Mishra, P. P., Sundstrom, K., Lehtimaki, T., Karhunen, P. J., and
Pessi, T. (2019). Increased tooth brushing frequency is associated with reduced
gingival pocket bacterial diversity in patients with intracranial aneurysms. PeerJ.
7:e6316. doi: 10.7717/peerj.6316

Quinque, D., Kittler, R., Kayser, M., Stoneking, M., and Nasidze, I. (2006).
Evaluation of saliva as a source of human DNA for population and association
studies. Anal. Biochem. 353, 272–277. doi: 10.1016/j.ab.2006.03.021

Rams, T. E., Feik, D., and Slots, J. (1993). Campylobacter rectus in human
periodontitis. Oral Microbiol. Immunol. 8, 230–235. doi: 10.1111/j.1399-302x.
1993.tb00565.x

Sabharwal, A., Ganley, K., Miecznikowski, J. C., Haase, E. M., Barnes, V., and
Scannapieco, F. A. (2019). The salivary microbiome of diabetic and non-
diabetic adults with periodontal disease. J. Periodontol. 90, 26–34. doi: 10.1002/
JPER.18-0167

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

Schulz, S., Porsch, M., Grosse, I., Hoffmann, K., Schaller, H. G., and Reichert,
S. (2019). Comparison of the oral microbiome of patients with generalized
aggressive periodontitis and periodontitis-free subjects. Arch. Oral. Biol. 99,
169–176. doi: 10.1016/j.archoralbio.2019.01.015

Shannon, C. E. (1948). A Mathematical Theory of Communication. Bell Syst. Tech.
J. 27, 379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x

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

Takeuchi, Y., Umeda, M., Sakamoto, M., Benno, Y., Huang, Y., and Ishikawa,
I. (2001). Treponema socranskii, Treponema denticola, and Porphyromonas
gingivalis are associated with severity of periodontal tissue destruction.
J. Periodontol. 72, 1354–1363. doi: 10.1902/jop.2001.72.10.1354

Tam, J., Hoffmann, T., Fischer, S., Bornstein, S., Grassler, J., and Noack, B. (2018).
Obesity alters composition and diversity of the oral microbiota in patients
with type 2 diabetes mellitus independently of glycemic control. PLoS One
13:e0204724. doi: 10.1371/journal.pone.0204724

Taylor, G. W., Burt, B. A., Becker, M. P., Genco, R. J., Shlossman, M., Knowler,
W. C., et al. (1996). Severe periodontitis and risk for poor glycemic control
in patients with non-insulin-dependent diabetes mellitus. J. Periodontol.
10(Suppl.), 1085–1093. doi: 10.1902/jop.1996.67.10s.1085

Team, R. C. (2017). R: A Language and Environment for Statistical Computing", in:
R Foundation for Statistical Computing. Austria: R Core Team.

Ticinesi, A., Tana, C., Nouvenne, A., Prati, B., Lauretani, F., and Meschi, T. (2018).
Gut microbiota, cognitive frailty and dementia in older individuals: a systematic
review. Clin. Interv. Aging 13, 1497–1511. doi: 10.2147/CIA.S139163

Tribble, G. D., Angelov, N., Weltman, R., Wang, B. Y., Eswaran, S. V., Gay,
I. C., et al. (2019). Frequency of Tongue Cleaning Impacts the Human Tongue
Microbiome Composition and Enterosalivary Circulation of Nitrate. Front. Cell
Infect. Microbiol. 9:39. doi: 10.3389/fcimb.2019.00039

Valles, Y., Inman, C. K., Peters, B. A., Ali, R., Wareth, L. A., Abdulle, A., et al.
(2018). Types of tobacco consumption and the oral microbiome in the United
Arab Emirates Healthy Future (UAEHFS) Pilot Study. Sci. Rep. 8:11327. doi:
10.1038/s41598-018-29730-x

Vazquez-Baeza, Y., Pirrung, M., Gonzalez, A., and Knight, R. (2013). EMPeror:
a tool for visualizing high-throughput microbial community data. Gigascience
2:16. doi: 10.1186/2047-217X-2-16

Vengerfeldt, V., Spilka, K., Saag, M., Preem, J. K., Oopkaup, K., Truu, J., et al.
(2014). Highly diverse microbiota in dental root canals in cases of apical
periodontitis (data of illumina sequencing). J. Endod. 40, 1778–1783. doi: 10.
1016/j.joen.2014.06.017

Verma, D., Garg, P. K., and Dubey, A. K. (2018). Insights into the human
oral microbiome. Arch. Microbiol. 200, 525–540. doi: 10.1007/s00203-018-
1505-3

Frontiers in Microbiology | www.frontiersin.org 11 February 2021 | Volume 12 | Article 610370

https://doi.org/10.1016/j.archoralbio.2019.05.025
https://doi.org/10.1016/j.chom.2017.08.013
https://doi.org/10.1038/srep30751
https://doi.org/10.1016/j.medmic.2020.100007
https://doi.org/10.1016/j.medmic.2020.100007
https://doi.org/10.1136/gutjnl-2015-310376
https://doi.org/10.1111/iej.12956
https://doi.org/10.1007/978-3-319-56017-5_16
https://doi.org/10.1128/AEM.02821-13
https://doi.org/10.1177/154405910808701104
https://doi.org/10.3390/jcm8081135
https://doi.org/10.3390/jcm8081135
https://doi.org/10.1016/j.puhe.2007.07.004
https://doi.org/10.4103/jomfp.JOMFP_163_16
https://doi.org/10.3402/jom.v3404i3400.10123
https://doi.org/10.1111/jre.12432
https://doi.org/10.1016/j.jada.2006.11.008
https://doi.org/10.1016/j.fshw.2018.12.001
https://doi.org/10.1111/2041-210x.12677
https://doi.org/10.1111/2041-210x.12677
https://doi.org/10.1902/jop.2006.050459
https://doi.org/10.1902/jop.2006.050459
https://doi.org/10.4103/0972-124X.118334
https://doi.org/10.1007/s00125-011-2342-y
https://doi.org/10.7717/peerj.6316
https://doi.org/10.1016/j.ab.2006.03.021
https://doi.org/10.1111/j.1399-302x.1993.tb00565.x
https://doi.org/10.1111/j.1399-302x.1993.tb00565.x
https://doi.org/10.1002/JPER.18-0167
https://doi.org/10.1002/JPER.18-0167
https://doi.org/10.1016/j.micpath.2019.01.009
https://doi.org/10.1016/j.archoralbio.2019.01.015
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1038/srep22164
https://doi.org/10.1902/jop.2001.72.10.1354
https://doi.org/10.1371/journal.pone.0204724
https://doi.org/10.1902/jop.1996.67.10s.1085
https://doi.org/10.2147/CIA.S139163
https://doi.org/10.3389/fcimb.2019.00039
https://doi.org/10.1038/s41598-018-29730-x
https://doi.org/10.1038/s41598-018-29730-x
https://doi.org/10.1186/2047-217X-2-16
https://doi.org/10.1016/j.joen.2014.06.017
https://doi.org/10.1016/j.joen.2014.06.017
https://doi.org/10.1007/s00203-018-1505-3
https://doi.org/10.1007/s00203-018-1505-3
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-610370 February 1, 2021 Time: 18:10 # 12

Almeida-Santos et al. The Oral Microbiome of Diabetes Patients

Willis, J. R., Gonzalez-Torres, P., Pittis, A. A., Bejarano, L. A., Cozzuto, L., Andreu-
Somavilla, N., et al. (2018). Citizen science charts two major "stomatotypes" in
the oral microbiome of adolescents and reveals links with habits and drinking
water composition. Microbiome 6:218. doi: 10.1186/s40168-018-0592-3

Woelber, J. P., Bremer, K., Vach, K., Konig, D., Hellwig, E., Ratka-Kruger, P.,
et al. (2016). An oral health optimized diet can reduce gingival and periodontal
inflammation in humans - a randomized controlled pilot study. BMC Oral
Health 17:28. doi: 10.1186/s12903-016-0257-1

Yang, F., Zeng, X., Ning, K., Liu, K. L., Lo, C. C., Wang, W., et al. (2012). Saliva
microbiomes distinguish caries-active from healthy human populations. ISME
J. 6, 1–10. doi: 10.1038/ismej.2011.71

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Almeida-Santos, Martins-Mendes, Gayà-Vidal, Pérez-Pardal and
Beja-Pereira. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 February 2021 | Volume 12 | Article 610370

https://doi.org/10.1186/s40168-018-0592-3
https://doi.org/10.1186/s12903-016-0257-1
https://doi.org/10.1038/ismej.2011.71
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Characterization of the Oral Microbiome of Medicated Type-2 Diabetes Patients
	Introduction
	Materials and Methods
	Sampling and Questionnaire Administration
	DNA Extraction
	16S rRNA Amplification, Library Preparation, and Sequencing
	Sequence Processing and Alignment
	Statistical Analyses

	Results
	Sequencing Data and Taxonomic Assignment
	Microbiome Characterization
	Diversity Measures
	Alpha Diversity
	Beta Diversity

	Bacteria Associated With Periodontal Disease
	Oral Hygiene, Smoking Habits, and Demographic Data
	HbA1c Levels and Medication on Diabetics Patients

	Diet

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


