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Resumo

O microbioma oral é talvez um dos mais diversos e dindmicos do organismo humano
sendo possivel identificar mais de 700 espécies de microrganismos. Estes
microrganismos, em situa¢des normais, vivem em equilibrio com o hospedeiro, contudo,
diversos fatores podem estar na origem de alteragbes ambientais e consequentemente
resultar em disbiose. A disbiose pode estar na origem do aparecimento de doencgas orais
prevalentes como caries e periodontite. A periodontite tem vindo a ser relacionada com
a Diabetes de Mellitus tipo 2, sendo esta relagdo disfuncional nos dois sentidos, dado
que estas duas doencas se influenciam mutuamente. S&o varios o0s estudos que
demonstram que o microbioma oral esta na base desta associagéo, para a qual a dieta
pode ter um papel significativo enquanto modelador do microbioma oral. Contudo, 0s
estudos que caracterizaram o microbioma oral em diabéticos tipo 2 sdo escassos e

nenhum, até ao momento, usou a populacao portuguesa como objeto de estudo.

7

O objetivo principal deste estudo é caracterizar o microbioma oral de pacientes
diabéticos tipo 2 de Portugal e, avaliar possiveis associacfes entre a dieta e o
microbioma oral, por metagenémica. O microbioma oral de 22 pacientes diabéticos tipo
2 e de 25 individuos saudaveis foi analisado através da sequenciacdo massiva da regido
V3-V4 do gene 16S rRNA. Foi investigada a composi¢cdo do microbioma oral assim
como a diversidade intra e interindividual. As medidas de diversidade incluiram a
diversidade alfa (indice de Shannon e abundancia de “polimorfismos de sequencias” e
a diversidade beta (dissimilaridade de Bray-Curtis). O microbioma oral entre o grupo
controlo e os diabéticos foi comparado através do teste Permanova e da analise de
componentes principais. Complementarmente foram exploradas as possiveis

associacdes entre a constituicdo do microbioma oral e os habitos alimentares.

No total, foram encontrados 233 taxa, 202 pertencentes ao grupo controlo e 183 ao
grupo de diabéticos, dos quais apenas 65% eram partilhadas entre os dois grupos. O
namero médio de taxa por individuo foi 54, e apenas foi possivel identificar até ao nivel
espécie 21 taxas dos 233. N&o foram encontradas diferencas ao nivel da diversidade
alfa, beta e na composicdo da microbiota oral entre os dois grupos de individuos.
Contudo, foi possivel denotar algumas diferencas taxondmicas ao nivel da classe,
género e espécie. Ao nivel da classe, as diferencas mais acentuadas foram a
abundéncia das classes Gammaproteobacteria, que apareceu em maior quantidade no
grupo controlo (11.2%) do que no grupo dos diabéticos (5.4%) e, Betaproteobacteria
gue foi mais abundante nos diabéticos (9.2%) quando comparado com o grupo controlo

(4.2%). Adicionalmente, Synergistia foi a Unica classe significativamente diferente entre
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os dois grupos, mesmo apos ter sido aplicado o teste de corre¢édo de Bonferroni. Quanto
ao nivel do género, a abundancia do tdxon Neisseria foi maior no grupo de diabéticos
do que no grupo controlo. A dieta demonstrou ser um fator influenciador no microbioma
oral, onde foi possivel inferir associagbes entre alguns componentes da dieta e a

presenca de alguns taxa.

Este estudo € o primeiro a revelar a composi¢do taxonémica do microbioma oral de
diabéticos tipo 2 portugueses, assim como de possiveis associacdes entre a dieta e o

microbioma oral numa amostra da populacdo portuguesa.

Palavras-chave: microbioma oral, metagenémica, diabetes de mellitus tipo 2, dieta,
sequenciacdo do gene 16S rRNA

iv
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Abstract

The oral microbiota represents one of the most diverse and dynamic microbiotas of the
human body where it is possible to identify more than 700 species of microorganisms.
These microorganisms in normal situations live in harmony with the host; however, some
factors can trigger ecological changes and consequently generate dysbiosis, which can
lead to the onset of oral diseases, such as caries and periodontitis. Periodontitis has
been related to type 2 diabetes mellitus, where both diseases engage in a two-way
dysfunctional relationship. Several studies have demonstrated that oral microbiome is a
driver in this association. Simultaneously, diet also has a significant role in modeling the
oral microbiome. However, few studies have characterized the oral microbiome in type

2 diabetics, and none have been carried out on the Portuguese population.

The main objective of the present study is to characterize the oral microbiome of type 2
diabetes mellitus patients from Portugal and to evaluate possible associations between
diet and the oral microbiome, using metagenomics. The oral microbiome of 22
participants with type 2 diabetes mellitus and 25 healthy subjects was examined using
16S rRNA gene amplicon sequencing of the hypervariable V3-V4 region. We
investigated the oral microbiome composition and its diversity intra and inter individuals.
The diversity measures included alpha diversity (Shannon index and Amplicon
Sequence Variants abundance) and beta diversity (Bray-Curtis dissimilarity). We
compared the oral microbiome of diabetics and control groups with a Permanova
analysis and Principal Component Analysis. Also, we explored possible associations

between the oral microbiome and dietary habits.

A total of 233 taxa were found, 202 present in the control group and 183 in the diabetes
group, being 65% of the taxa shared by both groups. The mean number of taxa per
individual was 54. Only 21 of the 233 taxa were taxonomically assigned as species. No
differences were found between the control group and the diabetes patients in terms of
alpha and beta diversity. Although no significant differences in the oral microbiome of
control and diabetes patients were found, it was possible to perceive some minor
taxonomic differences at the class, genera and species level. The main difference was
that Gammaproteobacteria had a higher abundance in the control group (11.2%) than in
the diabetes group (5.4%), whereas Betaproteobacteria was more abundant in the
diabetes group (9.2%) when compared to the control group (4.2%). Additionally,
Synergistia was the only class that was significantly different between groups, even after
Bonferroni correction test. At the genus level, Neisseria abundance was greater in the

diabetes group as well as the species level. Diet exhibited to be an influencing factor on

\Y
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the oral microbiome since it was possible to infer some associations between dietary
components and the presence of some taxa.

This study is the first to provide the taxonomic composition of Portuguese type 2 diabetes
patients, and also possible associations between diet and the oral microbiome for a
sample of the Portuguese population.

Keywords: oral microbiome, type 2 diabetes mellitus, metagenomics, 16S rRNA gene
sequencing, diet
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1.Introduction

The microorganisms that reside in the human body are mainly Bacteria, Archaea, Fungi
and Viruses, which outhumber human cells by about ten to one, that is, our own body
has more microorganisms than human cells (Group et al.,, 2009). The ecological
community of microorganisms that resides in an established environment is referred to
as the microbiota, while the term microbiome is attributed to the microbiota’s collective
genomes (Turnbaugh et al., 2007). It is worth noting that human microbiota is composed
predominantly by bacteria populations (Petrosino et al., 2009) and so, the majority of

microbiome studies are focused on this group.

The human body provides various microhabitats, such as oral cavity, skin and gut that
contribute to the overall microbiota (Badger et al., 2011; Sonnenburg & Fischbach,
2011). Each one provides unique environmental conditions such as temperature, salinity,
pH and access to nutrients and oxygen, therefore each habitat has its exclusive
microbiota (Struzycka, 2014). Besides, the microbiome is more similar between different
individuals when comparing the same body location than when different locations on the

same individual are compared (Sonnenburg & Fischbach, 2011).

Normally, the microorganisms are engaged in a mutualistic relationship with their host.
Nonetheless, the composition of these resident communities can change, leading to an
ecosystem imbalance or, in other words, culminating in dysbiosis (Lloyd-Price et al.,
2016). Dysbiosis has been related to several diseases such as diabetes (types 1 and 2),
allergies (Trompette et al., 2014), asthma (Abrahamsson et al., 2014; Ver Heul et al.,
2018), inflammatory bowel disease (Frank et al., 2007) and cancer (Garrett, 2015).
Thus, being able to distinguish between healthy or unhealthy microbiota becomes a

fundamental tool to fully understand human health and disease (Dewhirst et al., 2010).

1.1. Brief history of microbiotas’ studies

The interest in the microorganisms can be traced back to Leeuwenhoek who first
reported the existence of microbiotas (Hamarneh, 1960). After Leeuwenhoek, and for
almost 300 years, microbiota studies were mostly based on the use of microscopy and
culture techniques. The need to develop the ultimate medium to isolate and cultivate
microorganisms in a laboratory was a sine qua non condition to study a microorganism.
During the last century, an uncountable number of works were made to describe, a yet,
uncountable number of microorganisms. But not all microorganisms can grow in a

laboratory, and therefore these culture-dependent methods become a major caveat on
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the detection and characterization of the living organism of the microworld (Escobar-
Zepeda et al., 2015; Morgan & Huttenhower, 2012).

In a need to surpass these limitations, the development of the molecular biology in the
last 30 years, propelled the emergency of nonculture methods and greatly improved the
microorganism accountability. One of those techniques, the polymerase chain reaction
(PCR), which allows amplifying targeted genes, had an enormous impact. However,
there was still a lack of detail associated to these methods such as the understanding of
microbiome correlations with the environment (Escobar-Zepeda et al., 2015) and this,
together with the impossibility of PCR amplification from deeply divergent and unknown
organisms, kept the pressure for the development of new techniques.

Finally, several technological advances during the first decade of this millennium led to
the appearance of equipment able to combine cutting-edge technology with new DNA
sequencing methods, which led to the creation of protocols that can massively sequence
the DNA molecules present in a given biological sample. These new techniques were
then baptized as next-generation sequencing (NGS), and become responsible for the
inauguration of the genomics era (Escobar-Zepeda et al., 2015; Morgan & Huttenhower,
2012).

The base of the NGS technologies is the non-specificity of the sequencing of all the DNA
that exists in a given template. As all living beings are also the habitat of thousands of
other microorganism species, when a biological sample from a given specimen (e.g.,
human) is taken, it contains a sample of those microbiological organisms that populate
that specimen plus its own DNA. Consequently, when that sample is sequenced by NGS
technology, besides the sequencing of the targeted specimen genome, the genomes of
the microorganisms presented in that sample, will be also sequenced (Herzyk, 2014).
The collection of the genomes of all the microorganisms living in a host is referred as the
third genome, called the metagenome (Escobar-Zepeda et al., 2015; Herzyk, 2014).
Therefore, metagenomics analyses consist of the recovery of all the genomes a given
microbial community sampled from its natural environment. Metagenomics provides
insights not only about which microorganisms are present in a given environment but
also about microbiome diversity. The two main approaches for determining the
microbiome diversity are the shotgun sequencing and the amplicon sequencing of the
16S ribosomal RNA (16S rRNA) (Escobar-Zepeda et al., 2015). Shotgun sequencing
consists of breaking randomly all the DNA sequences contained in a sample, forming
small fragments of DNA that will be reassembled based on overlaps (Parla et al., 2011).
On the other hand, the 16S rRNA is composed of conserved regions that are used to

design PCR primers for amplification of hypervariable regions that are unique to each

2
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bacterial species, allowing bacterial specific identification. There are nine hypervariable
regions (V1-V9), which display different degrees of diversity. It is not possible to
sequence all the 16S rRNA gene in one PCR reaction, due to its length, therefore the
selection of the most efficient hypervariable regions becomes crucial. There is no
consensus on which regions to use, however, several studies have demonstrated that
some regions are more sensitive than others (Fuks et al., 2018; Yang et al., 2016).
Shotgun sequencing is a more expensive and complex method than 16S rRNA, however,
it provides a better taxonomic resolution (Farina et al., 2019). Due to the relative easiness
of amplification and sequencing of the 16S rRNA gene, it has been widely used in
microbial studies for taxonomic assignment (Belda-Ferre et al., 2012; Mitreva, 2017). For
both the shotgun and the 16S rRNA gene approaches, the sequencing is carried out
using next-generation sequencing technologies, which enable to sequence millions of
DNA fragments simultaneously and independently. After sequencing, bioinformatics
analyses are used to process the DNA fragments (reads) and map them to reference
genomes (Behjati & Tarpey, 2013).

NGS advances have made feasible the performance of large-scale studies such as the
Human Microbiome Project (HMP). In 2008, the HMP was established with the purpose
to characterize the microbial communities found at different sites on the human body, to
enable a more comprehensive understanding of the human microbiome (Kilian et al.,
2016; Zarco et al., 2012).

Despite NGS technologies being a powerful tool in a variety of fields such as human
genetics, disease gene identification, microbiology and others (Behjati & Tarpey, 2013),
they also have some limitations and biases. These technologies require programming
and scripting knowledge for running and installing the metagenomics software and also
for data analyses and interpretation. In addition to bioinformatics complexity, it is also
required a high computational capacity and storage due to the enormous dataset
generated (Behjati & Tarpey, 2013; Pereira et al., 2017). Furthermore, NGS technologies
still need to be improved to avoid bias in sequencing some species over others (Ross et
al., 2012), as well as enhancing and completing some microorganisms’ databases,

particularly related to virus’, which is still very incomplete (Strazzulli et al., 2017).

1.2. Oral microbiome

The oral cavity is the main gateway for microorganisms’ entrance into the human body.
They enter through the nose and mouth thought breathing. Also, they enter through the

mouth within the food we ingest and, after food is chewed and mixed with saliva,

3
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continues through the gastrointestinal tract (Silva, 2016). Furthermore, the oral cavity is
a heterogeneous environment (i.e., ecosystem) due to the variety of distinct habitats
such as teeth, gingival sulcus, tongue, cheeks, hard and soft palates and tonsils, where
each one provides specific conditions and nutrients for its microbiota. Hence, some
bacteria are site-specific such as Rothia, which inhabits the tongue and tooth surfaces,
Streptococcus salivarius that mostly colonizes the tongue, and Simonsiella colonizes the
hard palate. However, some bacteria can be detected in all oral sites, such as species
of Streptococcus, Neisseria, and Prevotella (Aas et al., 2005; Kazor et al., 2003; Mager
et al., 2003).

Considering the continuous entrance of microorganisms and the high diversity of habitats
provided by the oral cavity, the oral microbiota represents one of the most diverse and
dynamic of the human body, in which it has been possible to identify more than 700

species of bacteria (Long et al., 2017).

Oral microbiota colonization begins immediately after birth and its composition develops
during the first years of an infant’s life (Drell et al., 2017). Commonly, Streptococcus and
Actinomyces genera are the first colonizers, followed by Veillonellae and Fusobacteria
genera (Koenig et al., 2011; Kononen, 2000). Nonetheless, maternal factors influence
infants’ oral microbiota development, such as the type of delivery and the feeding regime
(Zaura et al., 2014). Vaginally born infants harbor oral bacterial communities similar to
their mothers’ vaginal microbiota and infants born via cesarean section (C-section)
exhibit an oral microbiome that resembles the microbiota from their mothers’ skin
(Dominguez-Bello et al., 2010). Additionally, those born from C-section acquire
Streptococcus mutans nearly a year earlier than vaginally delivery infants as well as
show a lower taxonomic diversity at 3 months of age, probably due to less exposure to
the maternal microbiota at birth (Li et al., 2005; Lif Holgerson et al., 2011). Although little
information exists regarding the influence of breastfeeding on the composition of the oral
microbiota, some studies have demonstrated that breast-fed infants carried oral
lactobacilli with antimicrobial properties, which inhibit growth and adhesion of cariogenic
bacteria like S. mutans. In contrast, these shreds of evidence were not found in formula-

fed infants (Holgerson et al., 2013; Wernersson et al., 2006; Zaura et al., 2014).

Until adulthood, the oral microbiome starts to mature and becomes significantly more
diverse (Lif Holgerson et al., 2015). Additionally, alongside with this gradually
transformation, potentially cariogenic bacteria seem to emerge (Crielaard et al., 2011;
Yang et al., 2012).

4



FCUP/FCNAUP
Oral microbiome characterization in patients with type 2 Diabetes Mellitus and diet as an influencing
factor

Throughout adulthood, the oral microbiome remains stable under healthy conditions.
Nevertheless, ageing process can affect the microbiota’s composition, leading to a
diversity loss, causing an increase of pathogenic bacteria and changing the dominant
species. Various studies have reported that the prevalence of Aggregatibacter
actinomycetemcomitans decreases with age while Porphyromonas gingivalis increases.
Factors as diet, lifestyle, medication, mainly antibiotics (elderly people have an increased
tendency to inflammation), denture wear, saliva flow, several diseases and a poor
immune system tend to affect the microbiota. Some authors reported that denture wear
increases the incidence of acidophilic bacteria like lactobacilli and yeasts in saliva
(Ticinesi et al., 2018).

As reported by previous studies, 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, a compromised immune system, genetics,
and medication can lead to a dysbiotic oral ecosystem (Nath & Raveendran, 2013). This
microbial imbalance is normally associated with an overgrowth of pathogenic
microorganisms which can lead to more susceptibility to oral illness such as dental caries
and periodontal disease (Nakajima et al., 2015; Woelber et al., 2016). Periodontitis, the
severest form of periodontal disease, is the chronic inflammation of periodontal tissues,
stimulated by the continuing presence of the biofilm (dental plaque) (Preshaw et al.,
2012). The presence of Porphyromonas gingivalis, Tannerella forsythia, and Treponema
denticola in the oral cavity seems to be an indicator of periodontitis (Griffen et al., 2012;
Hong et al., 2015; Kirst et al., 2015). Furthermore, this disease has been associated
with Diabetes Mellitus (DM).

1.3. Diabetes Mellitus

Diabetes Mellitus is a metabolic disease characterized by chronic hyperglycemia,
caused by defects in insulin secretion, insulin action, or both. Consequently, this increase
in glucose concentration in the bloodstream is responsible for many of the body systems’
damage (World Health Organization, 2006) .

There are two main types of diabetes mellitus, type 1 and type 2. In type one, there is
autoimmune destruction of pancreatic islet 3-cells and therefore there is no insulin
production. It is typically present in children and adolescents. In type 2 diabetes mellitus

(T2DM), the secretion of insulin is produced in a deficient manner, which can contribute
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to the development of resistance to its action (Kuo et al., 2008; Mealey et al., 2006). The
more prominent risk factors are diet, genetics, obesity and advancing age (Wu et al.,
2014). T2DM is becoming more common among children and adolescents due to
increasing childhood obesity rates. According to the World Health Organization (WHO),
the prevalence of diabetes mellitus has been increasing exponentially with type 2
diabetes being responsible for more than 90% of these cases (Salunkhe et al., 2018),

hence, this disease has become a significant global health care problem (Issa, 2017).

In conformity with the Annual Report of the National Diabetes Observatory, the
Portuguese population, in 2005, exhibited an estimated prevalence of diabetes of 13.3%
in individuals between the ages of 20 and 79 years (7.7 million individuals). That is, more
than one million Portuguese individuals in this age group suffer from diabetes.
Considering population aging repercussions on the prevalence of diabetes, it is
estimated that between 2009 and 2015 the prevalence in the national territory increased
13.5%, and about 44% of the affected Portuguese population had not yet been
diagnosed (Portuguese Society of Diabetology, 2016).

On the other hand, according to the National Health Examination Survey (INSEF 2015),
the diabetes prevalence in the Portuguese population aged between 25 and 74, is 9.8%,
which is higher than the European average (9.1%) (INSEF, 2015).

Concerning sex, men have a higher prevalence of diabetes (15.9%) than women
(10.9%), being this difference statistically significant. Also, there is a positive correlation
between the prevalence of diabetes and aging. More than a quarter of the Portuguese
population between the ages of 60 and 79 years has diabetes (Portuguese Society of
Diabetology, 2016). Similarly, there is also a relationship between BMI and diabetes and,
according to the data collected under the national program “Prevaléncia da Diabetes em
Portugal (PREVADIAB)”, 90% of the population with diabetes is overweight or obese,
noting that an obese person displays a risk four times higher of developing diabetes than

a person with normal weight (Gardete-Correia et al., 2010).

Diabetes prevalence is different among Portugal regions. Data from 2015 indicate that
the highest value prevails in the Alentejo region (11.3%) and the lowest in the Algarve
region (7.7%). It is also worth noting that Alentejo has also the highest prevalence of
obesity in the continent and Algarve has the lowest. Additionally, the North region

presented 9.5% of diabetes prevalence (Programa Nacional para a Diabetes, 2017).

The incidence rate of diabetes (the number of new cases per year) has increased largely

in the last decade. In 2015, between 591 and 699 new cases per 100,000 inhabitants
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were estimated. However, on a positive note, the mortality rate for diabetes has been
decreasing, with the year 2015 having the lowest standardized mortality rate. Diabetes
has a significant contribution to the causes of death and is currently responsible for more
than 4% of women's deaths and more than 3% of deaths in men, that is, per year
approximately 2,200-2,500 women and approximately 1,600-1,900 men die because of
diabetes (Portuguese Society of Diabetology, 2016).

People who suffer from diabetes have an increased risk of developing several health
problems for having consistently high blood glucose levels. The main chronic injuries are
separated into microvascular complications (neuropathy, retinopathy, nephropathy) and
macrovascular complications (cardiovascular disease and stroke). To delay or prevent
diabetes complications, it is crucial to maintain the blood glucose levels, blood pressure,
and cholesterol close to normal (Tschiedel, 2014). Hence, individuals with diabetes

should be consistently monitored.

In the last decades, there have been several studies reporting that people with diabetes
are also susceptible to oral problems due to an increased risk of inflammation of the
gums. It was due to a study regarding the Pima Native American population (population
with the highest incidence of diabetes type 2) (Mealey et al., 2006), in the 1990s, that
T2DM became apparent as a risk factor for periodontitis. This study determined the
incidence and prevalence of periodontal disease in 2,273 Pima individuals with more
than 15 years old and verified that the prevalence of periodontitis was 60% in diabetic
individuals and 36% in those without diabetes. The incidence was determined in subjects
with slight or no sign of periodontitis at the beginning of the study, which was followed
over 2.5 years. Diabetic patients displayed the triple of periodontitis incidence when

compared to non-diabetic individuals (Nelson et al., 1990)

Despite the strong pieces of evidence that T2DM is a risk factor for periodontitis
development, the causes are still inconclusive. However, it seems that poor glycemic
control is an important factor in risk determination (Taylor et al., 1996).This hypothesis
was first evidenced by an investigation of residents of the Gila River Indian Community.
These individuals were aged 18 to 67, suffer from T2DM and were followed over two
years. These authors found that the presence of severe periodontitis at the beginning of
the study was related to poor glycemic control ((glycosylated hemoglobin (HbAlc) >9%),

which in turn compromises the T2DM control (Taylor et al., 1996).

There could be a relationship between poor glycemic control and the oral microbiome
since certain bacteria compromise its control. Porphyromonas gingivalis, one of the main

strains of periodontal disease, produces a lipopolysaccharide (LPS) that is toxic to
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certain proteins (cytokines) responsible for regulating insulin under normal conditions
(Kuo et al., 2008; Makiura et al., 2008). However, other strains could be related to T2DM.
Long et al. (2017) compared the oral microbiome profiles from 98 subjects with T2DM,
99 non-diabetic obese individuals and 97 non-diabetics with normal weight through 16S
rRNA sequencing. They found that a higher abundance of most taxa in the
phylum Actinobacteria were associated with a lower diabetes risk, where
Actinomycetaceae, Bifidobacteriaceae, Coriobacteriaceae, Corynebacteriaceae, and
Micrococcaceae families were less abundant among diabetic subjects compared to
normal weight controls. Nevertheless, concerning the family Actinomycetaceae, Yacoubi
(2013) verified that regarding severe periodontitis, Actinomyces israelii was exclusively
identified in diabetic subjects and Actinomyces naeslundii was only detected in the
control group. Additionally, another study found a decrease in the biological and
phylogenetic oral microbiome diversity in diabetics in comparison to non-diabetic
patients (Saeb et al., 2019). According to these authors, this evidence was related to an
increase in the pathogenic content in the diabetic’s oral microbiome. Although all these
studies agree that differences between diabetic and non-diabetic oral microbiome exist,
more studies are required to enlarge the current understanding of the association
between the oral microbiome and this pathology. Additionally, apart from the fact that a
population presents a particular genetic background, each population also has particular
dietary and hygiene habits as well as diseases incidence and prevalence. This implies
that the data cannot be extrapolated between populations. Therefore, studying different

populations becomes extremely important.

1.4. Diet

Diet is one of the factors that affect the harmony of the oral microbiome since it influences
the susceptibility to certain diseases, such as dental caries and periodontitis (Kilian et
al., 2016; Warinner et al., 2015). As most of the human societies become more and more
sedentary and urbanized, their contemporary diets have recently extremely diverged
from the past and, for this reason, historical/ancient microbiome analysis could help to
better understand the evolutionary patterns and changes across the times. This would
ultimately help to enlarge the current understanding of the relationship between oral

disease and oral microbiomes (Warinner et al., 2015).

The first significantly shift in the human diet occurred in the Neolithic period,
characterized by agriculture emergence and, consequently, a substantial increase of
cereals in the diet. Carbohydrates consumption is related to dental caries and

periodontitis, diseases that were uncommon in pre-Neolithic populations (Dagli et al.,
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2016; Kaidonis & Townsend, 2016). Dental studies on archaeological material dated
from the Neolithic period have revealed a higher level of dental caries and periodontitis
(Adler et al., 2013; Dagli et al., 2016; Warinner, 2016). One study that analyzed ancient
European dental calculus samples found that the modern oral microbiome is less diverse
and composed of more opportunistic cariogenic bacteria like Streptococcus mutans.
Also, species such as Porphyromonas gingivalis, Treponema, and Tannerella, which are
related to periodontitis manifestation, are more abundant in farming populations than in
hunter-gatherer populations (Adler et al., 2013). Later, from the XVIII*" century onward,
dental caries incidence increased as a result of the accessibility to refined flour and sugar
(Kaidonis & Townsend, 2016). Presently, there is a growing body of evidence that
demonstrate that a high-carbohydrate diet, mainly rich in sucrose, damages oral health.
Individuals who frequently ingest carbohydrates, display a greater amount of acidophilic
bacteria, particularly Lactobacilli and Streptococcus mutans, in the oral cavity (Hojo et
al., 2009; Morhart & Fitzgerald, 1976; Wade, 2013). The acidic products produced by
these types of bacteria are considered the main cause of dental caries (Gross et al.,
2010; Wade, 2013)

Literature determining the correlation between dietary fat intake and the oral microbiome
is still limited, although some studies have reported the influence of fat on the oral cavity
homeostasis. It has been reported that the omega-6 / omega-3 ratio may be a periodontal
disease predictor and frequent consumption of fatty foods has been associated with
periodontitis in overweight individuals (Tomofuji et al., 2011). Also, a high-fiber and low-
fat diet have been shown to improve periodontal disease markers alongside the
bodyweight reduction (Kondo et al., 2014). According to Kato et al. (2017), all fatty acids
showed identical tendencies regarding diversity indexes and bacteria groups, yet
saturated fatty acids exhibited a more complex microbial community, in which several

pathogenic bacteria were included.

Finally, a study comparing the oral microbiome from African populations showed that
hunter-gatherers from the Batwa pygmy group, in Uganda, had greater bacterial richness
and more profound differences in the abundance of 15 common genera of bacteria when
compared to agricultural populations in Sierra Leone and the Democratic Republic of
Congo (Nasidze et al., 2011). The authors of this study suggested that these differences
could be related to Batwa's high-protein diet, where almost half of their diet consists of

animal meat (Nasidze et al., 2011).

Regarding current diets, there are nutritional recommendations to guide the population

on how to pursue a healthy diet. According to the Institute of Medicine of the National
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Press, the Dietary Reference Intakes (DRIs) for daily macronutrient intake for adults,
accounted for the total energy intake, are 40-65% from carbohydrates, 20-35% from total
fat and 10-35% from protein. Protein intake can also be estimated by the multiplication
of 0.8 grams of protein per kilogram of reference body weight. Furthermore, the intake
of added sugar should be less than 25% of total energy and the intake of trans fatty acids
and saturated fatty acids should be as low as possible while consuming a nutritionally
balanced diet (Institute of Medicine Committee to Review Dietary Reference Intakes for
Vitamin & Calcium, 2011).

Likewise, there are recommendations specific to certain diseases. In the case of
individuals with diabetes, to improve overall health, the nutrition goals are centered on
promoting and supporting healthy eating patterns, highlighting foods with high nutrient-
density and its proper portions. Alongside these practices, body weight, glycemic, blood
pressure and lipid profile goals can be attained. Lastly, nutrition therapy also has the goal
of delaying or preventing diabetes complications (American Diabetes Association, 2019).
Nevertheless, there is no dietary guideline that works universally for all diabetes patients,
therefore, it is necessary to conduct an individualized nutritional therapy that can fulfill
individual health goals and needs (Evert et al., 2019; Forouhi et al., 2018).

Even though there are no universal guidelines, there is consensus in some areas. Since
type 2 diabetes is commonly related to overweight and obesity, one of the main
objectives is weight loss and healthy weight maintenance. Weight loss improves
glycemia, blood pressure and lipid levels; therefore, it could be a way to delay diabetes
complications. According to the literature, weight loss should be achieved alongside with

energy intake reduction and physical activity (Forouhi et al., 2018).

Concerning macronutrients, carbohydrates quantity and insulin levels seem to be the
most imperative factors that influence the glycemic response, and it is advised to eat
vegetables, fruits, whole grains and legumes over carbohydrates sources which contain
added fats, sugars and sodium. Additionally, fructose that naturally occurs in fruit can
result in better glycemic control than isocaloric intake or sucrose or starch (Forouhi et
al., 2018).

Regarding total fat, the evidence is inconclusive whereas fat quality seems to be more
important than quantity for a healthy diet. In any case, concerning fat quality the
recommendation is that fat intake should be from monounsaturated and polyunsaturated
fat, avoiding at all cost trans-fat and saturated fat. On the other hand, there is not an

ideal amount of protein intake for type 2 diabetes patients, however, protein intake seems
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to increase insulin response so, carbohydrates sources rich in protein should be avoided
when treating or preventing hypoglycemia (Evert et al., 2014; Evert et al., 2019).

Since the oral microbiome is an important factor for human health maintenance, more
studies need to be done to better understand this relationship and to promote future
possibilities of treatment and diagnosis. Also, the promotion of healthy eating habits
becomes crucial since diet affects oral cavity homeostasis.
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2.0Dbjectives

2.1. Main objective

Few studies on the relationship between type 2 Diabetes Mellitus with the oral
microbiome are available and none has included the Portuguese population. Therefore,
the main objective of the present study is to characterize the oral microbiome of type 2
diabetes mellitus patients in Portugal. Since oral microbiome can be influenced not only
by diabetes but also diet, dietary habits were also taken into account, to roll out possible
differences not related to diabetes type 2. To do so, we will compare the oral microbiome
of T2DM patients to a control group and, evaluate possible associations between diet
and oral microbiome as well.

With this study, we aim to conduct an exploratory and analytical study on the
characterization of the oral microbiomes in individuals having type 2 diabetes using

metagenomics.

2.2. Specific objectives

To fulfill the main objective, the following specific objectives were proposed:

o Characterize the oral microbiome by identifying the species of microorganism in
each individual, as well as their abundance.

o Analyze microbiome diversity measures at the individual (alpha diversity), and the
inter-individual (beta diversity) levels.

o Analyze the oral microbiome profiles and diversity patterns in both the diabetic and
control groups and investigate if diabetes patients host specific taxa that are
different from the control group.

o Evaluate dietary effects on the oral microbiome profiles.
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3.Methods

3.1. Subject selection

The population sample consisted of twenty-five patients with Diabetes Mellitus type 2
(age range 51 to 75; average age 63) and twenty-five healthy individuals (age range 42
to 74; average age 60), recruited in Centro Hospitalar de Vila Nova de Gaia/Espinho.

Regarding the sex ratio, both groups were composed of 17 males and 8 females.

Volunteers were ineligible if they presented any cognitive deficits, less than one-third of
the dentition or were under 18 years of age. Volunteers under the influence of antibiotics
for less than two months were also ineligible. The study was approved by Centro
Hospitalar de Vila Nova de Gaia/Espinho’s Ethics Committee and it was conducted
according to the Declaration of Helsinki. Participants were given an informed sheet with
all the relevant information about this study (Supplementary document 1). A written

informed consent was acquired from each participant (Supplementary document 2).

3.2. Saliva sampling and guestionnaire administration

All participants were approached after a general medicine or diabetic foot appointment
and were previously instructed not to brush their teeth after their last meal before the
examination. Each volunteer was submitted to a questionnaire (Supplementary
document 3), through face-to-face interviews, regarding their lifestyle, including
information on smoking, alcohol and coffee consumption, oral hygiene habits and
physical activity. Information about food restrictions, what type of diseases they had,
types of medications they were taking and the period time in the case of antibiotics, was
also collected. Additionally, a validated semiquantitative food frequency questionnaire
(Lopes, 2000; Lopes et al., 2007) was administrated to estimate nutrient intake in the
last year (Supplementary document 4). Nutrient content was calculated using the Food
Processor Plus (ESHA Research, Salem, Oregon) program. Lastly, each participant was
asked to accumulate saliva in the floor of their mouth and then spit 2 milliliters into sterile
test tubes which contained 2 milliliters of lysis buffer [50 ml of 1M Tris pH 8.0, 100 ml of
0.5M EDTA, 50 ml of 1M Sucrose, 100 ml of 10% SDS and 50 ml of 2M NaCl] ((Quinque

et al., 2006)). Each tube was placed in the cold (= 4°C) for later analysis.

3.3. DNA extraction

DNA was extracted from saliva based on Quinque et al. (2006). Fifty microliters of

proteinase K and 300 ul of 10% SDS were added to the tubes containing the 4 mL of
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saliva and lysis buffer mixture, which was left to digest overnight at 53 °C in a shaking
incubator. Then, 800 ul of 5 M NaCl was added and the tubes were incubated for 10 min
on ice. After this, the mixture was distributed equally into 2-ml centrifuge tubes and
centrifuged for 10 min at 14,000 rpm in an Eppendorf 5804R centrifuge. The supernatant
from each tube was transferred to a new 2-ml centrifuge tube and 800 pl of isopropanol
was added to each tube. Then, the tubes were incubated 10 min at room temperature
and centrifuged for 15 min at 14,000 rpm. The supernatants were discarded, and the
pellets were washed with 700 ul of 70% ethanol solution. Finally, the pellets were dried
and dissolved in 40 pl of distilled and deionized water.

The isolated DNA was analyzed quantitatively and qualitatively using a Nano Drop-2000
spectrophotometer (Thermo Fisher Scientific Inc., MA USA) and agarose gel

electrophoresis, correspondingly. All samples were stored at 4°C until further analysis.

3.4. 16S rRNA amplification, library preparation and sequencing

To amplify the V3-V4 hypervariable regions, the 341F (5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3')
and 805R (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACTACHVGGGTA
TCTAATCC-3') universal primers were used (Iriboz et al., 2018).

A two-step Polymerase Chain Reaction (PCR) method was used to first amplify the target
region and then to attach a barcode to each individual to pool all the samples before

sequencing.

The amplicon PCR contained 5 ul of DNA template at a concentration of 10 ng/ul, 5 ul of
Taqg PCR Master Mix kit (Qiagen), 0.4 pl of each primer and 3.2 pl of distilled and
deionized water, in a final reaction volume of 14 ul per sample. The PCR cycling
conditions were 95°C for 15 min, succeeded 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. To control the quality and size of the
amplicon, 2 ul of each amplified fragment was mixed with bromophenol blue and tested
in 2% agarose gel with GelRed™ (Biotium) Nucleic Acid stain and visualized through a

digital gel imaging system.

Secondly, a PCR clean-up by using AMPure XP beads (Beckman Coulter) was
performed with a ratio of 0.6 pl of magnetic beads to 1 ul of PCR product, allowing the
removal of primer-dimer and reagents that were not incorporated in the reaction. Then,

the purified DNA was resuspended in 10 mM Tris pH 8.5. We verified the amplified
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fragments with a 2% agarose gel with GelRed™ (Biotium) Nucleic Acid stain, expecting
only a band corresponding to the amplicon size of 460 bp.

For the index PCR, a dual indexing strategy was performed, using two indices (i5 and i7)
with 7 bp each. The reaction contained 5 pl of 2x Kapa HiFi Hot Start, 0.5 pl of each
index, 2 yl of ultrapure water and 2 pl of DNA, in a final volume of 10 ul 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 final
elongation was run at 72°C for 5 min, followed by a hold at 4 °C. To confirm the index
incorporation, the samples were tested in a 2% agarose gel, expecting an amplicon with
650 bp, approximately. A second PCR clean-up was performed followed by library
guantification using a Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific). All

samples were normalized to 9 nM and pooled with 5 pl of each sample.

Finally, the TapeStation 2200 (Agilent Technologies) was used for the precise sizing and
library gquantification of the pool, followed by a library validation through a quantitative
PCR.

The pool was sent to the NovoGene laboratory to be sequenced in an lllumina MiSeq

sequencer with a 2x250bp paired-end configuration.

3.5. Sequence processing and alignment

Novogene provided the raw sequence data converted into forward and reverse reads in
the format of fastq files, which were imported to the software “Quantitative Insights into
Microbial Ecology” (QIIME) version 2-2019.7 (Bolyen et al., 2019).

The paired-end sequences were submitted to filtering, denoising, dereplication, chimera
identification and merged through DADA2 (Callahan et al., 2016), a quality control
package in QIIME2, with the default parameters. After quality control, the output that
resulted from DADAZ2 was a feature table with amplicon sequence variants (ASVs), which
registers the quantity of each ASV in each sample. Most microbiome studies have used
operational taxonomic units (OTUSs) to delineate microbial taxa. However, new methods
have been developed such as the ASVs. OTUs are sequences clusters that differ by less
than a dissimilarity threshold, normally 3%, that is, those OTUs sequences represent a
certain taxonomic unit with 97% similarity. On the other hand, ASVs method can
distinguish sequence variants differing by only one nucleotide, without imposing the

OTUs threshold, which is expected to increase taxonomic resolution (Callahan et al.,

2017).
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For taxonomic assignment, we used the Naive Bayes classifier trained on the
Greengenes v13_8 99% OTUs databased, which is the microbial genomes databased
used in the alignment of the reads. After a taxonomic assignment, the ASVs annotated

as mitochondria and chloroplast were removed.

3.6. Statistical analyses

A bar plot for each taxonomic level was built to depict the taxonomic abundance in each
sample. Relative frequencies of each ASV were also calculated for each taxonomic level
and differences between the control and diabetes groups were tested using the Mann-
Whitney U test in SPSS v.25. Finally, a heatmap and a hierarchical clustering was
constructed using the pheatmap package from R (Kolde, 2019), to evaluate samples

clustering. Clustering was completed using the Wards method.

Since subjects with diabetes seem to have a higher predisposition to periodontitis, the
relative frequency of the bacteria associated with periodontal disease between groups
was also investigated and compared through the Mann-Whitney U test calculated with
SPSS v.25.

Microbiome diversity was evaluated using alpha-diversity, which expresses the richness
(number of distinguishable taxa) and evenness (taxa distribution) within a sample and,
beta-diversity, which indicates the differences in the taxa structure between samples.
Alpha-diversity metrics included the ASVs abundance and Shannon diversity index
(Shannon, 1948), whereas beta-diversity metrics were calculated through Bray-Curtis
dissimilarity (Bray & Curtis, 1957). For the diversity analyses, we performed rarefaction

curves to examine which sampling depth to use, with QIIME2 program.

The statistical significance of the comparison of alpha and beta diversities between the
control and diabetes groups was calculated using the nonparametric Kruskal-Wallis H
test and PERMANOVA with 999 permutations respectively, in the QIIME2. The
PERMANOVA test if samples within a group are more similar to each other (within-group

distances) than to samples from another group (between-group distances).

To investigate possible clustering of the samples analyzed, we performed a principal
coordinated analysis (PCA) through EMPeror (Vazquez-Baeza et al., 2013) using the

Bray-Curtis matrix.

Regarding diet, a descriptive analysis from both diabetes patients and the control group
(50 individuals) was performed using SPSS V.25 (Supplementary table 1-2). The dietary

analysis was limited to daily energy and macronutrients intakes, such as proteins,
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carbohydrates and fats. Concerning carbohydrates and fat, individual analysis of sugar,
monounsaturated, polyunsaturated and saturated fats were also performed
(Supplementary table 1-4).

We also considered Body Mass Index (BMI), which was calculated by the weight in
kilograms divided by the square of the height in meters (kg/m2). The weight was
measured with a scale (SECA) with an error of + 0.5 kg. The BMI was divided into six
categories based on a report of the World Health Organization (2000) for a better

understanding of data distribution (Supplementary table 5-6).

To investigate if there were differences in nutrients consumption, energy intake, and BMI,
between the control group and diabetes patients, a Mann-Whitney U test was applied or
a Student’s T-test when the data followed a normal distribution. Both tests were
performed with a 5% level of significance. All multiple tests p-values were adjusted

through the Bonferroni correction test.

Finally, we used Spearman correlations to identify possible associations between diet
and the obtained taxa. We only considered taxa that was present in at least in more than
15% of the samples. All multiple tests p-values were adjusted through the Bonferroni
correction test. Although, since Bonferroni correction is a very conservative test, was

also applied the false discovery rate using the Benjamini-Hochberg method.
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4.Results
4.1 Sequencing data and taxonomic assignment

Before filtering, a total of 12,754,645 raw reads were obtained. The minimum number of
reads per sample was 147 and the maximum was 1,085,170 reads, with a mean of
255,092.9 reads per sample. After the quality filtering, 752,666 reads remained but after
removing those corresponding to mitochondria and chloroplast, 752,526 were used for
further analyses. Three samples from diabetes patients did not pass the criteria due to
the small number of reads, and therefore those samples were not included in further
analyses. Nevertheless, without these samples, the variables age and sex remained not

significantly different between the control and diabetes groups.

Diabetes patients group showed a higher average number of reads per individual
(430,570) than the control group (321,956), but this difference is mostly due to a diabetic

individual which demonstrates a large number of reads (Figure 1).
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Figure 1. Number of reads per groups of study.

The remained high-quality reads were assigned to ASVs, which are amplicon sequences
variants that differ by only one nucleotide. Considering the 47 samples there were in total
10,969 ASVs with a total absolute frequency of 752,526. The mean frequency of ASVs
per sample was 15,053.32 (range: 1,973-147,455). After sample rarefaction, 92,731

reads (12.32%) and all 47 samples were retained in the data set.

After the alignment of the ASV to the oral microbiome database, the ASVs were assigned
to 233 taxa. The taxa identification at the genus level was possible for 71% of the ASVs,
and 21% at the species level. Control and diabetes groups shared 153 out of the 233

taxa. The control group exhibited 50 taxa that were not present in the diabetes group
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and the diabetes group presented 31 taxa that were not in the control group.
Nevertheless, each one of these not shared taxa were only present in one or two
individuals. Furthermore, some of these taxa are disease-related still, its frequency is
very low such as Serratia marcescens, which was only present in the control group

(frequency of 3%).

At the phylum level, the oral cavity of all the 47 samples was dominated by Firmicutes
(38%), Proteobacteria (30%), Bacteroidetes (18%), Actinobacteria (7%) and

Fusobacteria (5%).

The twenty-four taxa that recruited 90% of the total reads is shown in Figure 2.
Streptococcus genus was the most representative in terms of reads (26%), followed by

Gluconacetobacter (18%) and Prevotella (11%).
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Figure 2. Taxa that recruited 90% of the total reads, up to the genus level.

4.2. Microbiome characterization

After sequence processing and alignment, it was possible to detect 12 phyla, 21 classes,

37 orders, 60 families, 86 genera and 51 species.

Taxa distribution for each individual at genus level is shown in Supplementary Figure 1.
The mean number of taxa per individual is 54. For a better data visualization, the
frequency distribution of the 10 most abundant taxa considering all samples, up to
genera level is shown in Figure 3. Streptococcus is the most abundant taxa and is
present in all subjects and Gluconacetobacter is highly present in one of the subjects,

accounting for 90% of the total taxa in that individual.
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Figure 3. Ten most abundant taxa up to the genus level per subject. Sample names starting with C are from to the control
group and those starting with DM are from the diabetics group.

Two heatmaps were built with taxa relative abundance. One with all the 233 taxa
(Supplementary figure 2) and another with the taxa present in more than 15% of the
samples (Figure 4). Streptococcus and Prevotella were the most abundant taxa, being
Streptococcus present in all subjects with relative frequencies ranging (0.05-0.56). The
remained taxa were present at lower frequencies. Considering these 10 most frequent
taxa, the hierarchical clustering analysis formed two major clusters (Figure 4). These two
clusters were formed due to Streptococcus frequency, where the first cluster aggregates
the individuals with a high frequency of Streptococcus and the other cluster aggregates
those with lower Streptococcus frequencies. Both clusters are composed of individuals
from the control and diabetes groups.
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Figure 4. Heatmap of the relative abundance of the taxa that were present more than 15% of the samples. Each column
of the heatmap represents the individuals from control (C) and diabetes (DM) groups and the rows are the taxa up to the

species level. The vertical color bar on the right side of the graph defines the relative abundance of each taxon.

To evaluate the differences in microbial taxonomy between control and diabetes groups,
the bacterial composition was compared at class, genus and specie levels with Mann-
Whitney test. For statistical analyses all taxa were included, whereas in data visualization

only the ten most abundant taxa of each group of this study were chosen.

Regarding the class level, only Betaproteobacteria (p=0.023), Deltaproteobacteria
(p=0.015) and Synergistia (p=0.000) classes were significantly different between groups.
The relative frequency of Betaproteobacteria was higher in the diabetes group and the
other two classes were higher in the control group. However, when the Bonferroni test
was applied, the Synergistia class was the only that remained significantly different
between groups. Additionally, the classes Saprospirae, Anaerolineae,
Deltaproteobacteria and RF3 are only present in the control group.
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The ten most frequent classes account for approximately 97% of the total abundance in
both control and diabetes group (Figure 5). Bacilli and Bacteroidia are the dominant
classes in both groups, accounting for 63%. The main difference is that
Gammaproteobacteria had a higher abundance in the control group (11.2%) than in the
diabetes group (5.4%) whereas Betaproteobacteria was more abundant in the diabetes
group (9.2%) when comparing to the control group (4.2%) (Figure 5).

38

2

Bacilli

i
B o O

Bacteroidia

132 -
7.0 Clostridia

49 75 Betaproteobacteria
gz Actinobacteria
2 Fusobacteriia

Gammaproteobacteria

@
2
@
wy
wy
]
= 123 128
@ -
K] Flavobacteriia
2
E T™7-3
g
= =B 196 Others
@
= .
] Spirochaetes
@©
[~ . .
Epsilonprotecbacteria
309 305
10,
Control Diabetes Patients

Figure 5. Relative abundance at class level of both control and diabetes groups.

When trying to obtain the taxa distributions at the genus level, for some of the taxa we
were able to identify them only up to the family level due to lack of resolution. In any
case, the frequency of the following taxa was statistically different between the control
and diabetes groups: TG5, Mycoplasma, Granulicatella, Acidaminobacteraceae,
Filifactor, Mogibacteriaceae, Enterobacteriaceae, Gluconacetobacter, Neisseria,
Tissierellaceae, Peptococcus, Porphyromonas, Bacteroidales, Moryella and
Oribacterium (p-value ranged from 0.000 up to 0.048). Nonetheless, when the Bonferroni
correction was applied, only the TG5 genus remained significant. It can be noted that

TG5 genus belongs to Synergistia class, the only class that was statistically significant.

The ten most-abundant taxa up to the genus level in each group represented
approximately 77% in the control group and 78% in the diabetes group. Streptococcus
and Prevotella were the most abundant taxa in both groups while Actinomyces and
Enterobacteriaceae were the lowest in the control and diabetes groups, respectively. The
major difference was the proportion of Neisseria abundance, which presence in the

diabetes group was higher (7.3%) than in the control group (2.9%). The proportion of
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Enterobacteriaceae and Gluconacetobacter taxa was also different between groups,
which presence in the diabetes group was vestigial, 0.02% and 0.04% respectively
(Figure 6 A).

The ten most-frequent taxa up to the species level from control and diabetes groups
accounted for 64%-65% of the total taxa, respectively. Streptococcus spp. and Prevotella
melaninogenica were the two most frequent species in both groups. Nonetheless, due
to lack of resolution, only four of the 10 most abundant taxa, from each group, were
assigned to their species level (Figure 6 B).
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Figure 6. Relative abundance at the genus level (A) and at the species level (B) of both control and diabetes groups. Only

the ten most-abundant taxa in each group are indicated. The remaining taxa are included in the category “Others”.

A total of 20 taxa, at the species level, were statistically significantly different between
the two studied groups (note that due to the lack of resolution not all the taxa were
identified up to species level): TG5 spp., Mycoplasma spp., Granulicatella spp,
Streptococcus anginosus, Acidaminobacteraceae, Bulleidia spp. Filifactor spp.,
Mogibacteriaceae, Enterobacteriaceae, Gluconacetobacter spp., Porphyromonas spp.,
Neisseria, Treponema socranskii, Rothia dentocariosa, Peptococcus spp.,
Tissierellaceae, Treponema spp., Bacteroidales, Moryella spp., Oribacterium spp (p-
value ranged from 0.000 up to 0.048). After Bonferroni correction, only TG5 spp.

remained statistically significant, being more abundant in the control group.

4.3. Diversity measures

Before estimating the diversity measures it was necessary to select the sampling depth.
Therefore, were performed rarefaction curves for the Shannon index and ASVs
abundance, per individual. The rarefaction curves for the Shannon index showed that
curves were close to a plateau over 1500 sequence reads (Figure 7) and the ASVs

rarefaction curves progressively approached saturation, which reflects the species
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richness (Figure 7). Hence, the samples were rarefied to 1973 reads, which surpasses
the plateau value and it is also the lowest value in the dataset, to keep the maximum

number of samples and ASVs as possible

/

Figure 7. Rarefaction curves from (A) the Shannon index and (B) the ASVs abundance per individual.

As a measure of alpha diversity (diversity per individual) we used the Shannon index and
the ASVs abundance, which were compared between control/diabetes groups, as well
as between different categories of the following variables: sex, BMI, age, macronutrients,
sugar, coffee, alcohol consumption, energy intake and hygiene habits (teeth brushing
and mouthwash use). Variables such as age, macronutrients, sugar, coffee, alcohol and
energy intake, were divided into three categories according to percentiles (33%

percentile, 33-67% percentiles, and 67-100% percentiles).

While Shannon index distribution is practically the same in both groups (Figure 8), in the
ASVs observation, the control group shows a higher count of ASVs (Figure 9). However,
the distribution of the Shannon diversity values was not significantly different between

the control and diabetes groups (p=0.831), nor for the ASVs abundance (p=0.216).

[ [
Control Diabetes Patients
n=25) (n=22)

Figure 8. Boxplot charts depicting the distribution of the Shannon index in both groups; Red dot represents the mean of

each group.
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Figure 9. Boxplot charts depicting the distribution of the ASVs abundance per individual in both groups; Red dot represent

the mean for each group.

Concerning the sex variable, the Shannon index and ASVs abundance were calculated

first with both groups together and then separately according to the group of study.

Males showed a smaller Shannon index (Figure 10) and less ASVs count than females
(Figure 11), but none of these comparisons were statistically significant (p=0.553;
p=0.398, respectively). Likewise, none of the comparisons were statistically significant

when sex was divided according to the group.
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Figure 10. Boxplot charts depicting the distribution of the Shannon index for (A) both sexes, and (B) according to sex and
group of study. Red dot represents the mean of each group.
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Figure 11. Boxplot charts depicting the distribution of the ASVs abundance for (A) both sexes, and (B) according to sex

and group of study. Red dot represents the mean of each group.

As done in the sex variable, we calculated the alpha diversity measures grouping the
individuals by BMI categories, considering the control and diabetes subjects together

and with both groups separated.

When we considered all individuals together, the obese class Il showed a Shannon

index higher than the rest of the categories, and the normal weight category showed the
lowest. In general, individuals with overweight revealed a higher index (u=7.2) than the
normal weight (u=6.5; Figure 12). Observed ASVs shown the same tendency than the

Shannon index (Figure 13), and none of the comparisons between categories were

statistically different.
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Figure 12. Boxplot charts depicting Shannon index distributions according to BMI categories. The red color dots represent

the mean of each category.
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Figure 13. Boxplot charts depicting ASVs abundance distributions according BMI categories. The red color dots

represent the mean of each group.

When control and diabetes groups were separated according to BMI, the obese class Il|
and the normal weight, from the control group, showed the highest and the lowest
Shannon index respectively (Figure 14). Regarding diabetes group, pre-obese group and
obese class | showed highest and the lowest Shannon index correspondingly (Figure
14).

ASVs abundance showed the same tendency as Shannon index distribution (Figure 15).

None of the comparisons of these distributions were significantly different.
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Figure 14. Boxplot charts depicting the Shannon Index distribution according to the group of study and BMI. The red

color dots represent the mean of each category.
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Figure 15. Boxplot charts depicting the ASVs abundance distribution according to the group of study and BMI. The red
color dots represent the mean of each category.

Regarding the distribution of the Shannon index, when age, carbohydrates, coffee, total
fat, and energy intake variables were considered, the category 2 (percentiles 33%-67%)
presented the highest index, followed by category 3 and 1 (Supplementary figure 3-7).

Shannon index distributions regarding sugar and protein consumption showed that the

category 3 (percentiles 66-100%) had the highest values, followed by category 2
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(percentiles 33% - 67%) and 1 (percentile 0-33%), indicating that the more the amount

of sugar and protein consumption, the higher the index (Supplementary figure 8-9).

Category 1 (percentile 0-33%) from alcohol consumption presented the highest Shannon
index, followed by category 2 (percentiles 33-67%) and 3 (percentiles 67-100%). This
indicates that the Shannon index appears to decrease with alcohol consumption

(Supplementary figure 10).

The results when we considered hygiene habits such as teeth brushing, showed that
those who wash their teeth once at three times per week have a higher Shannon index
followed by those who wash once per day and more than once per day. Those that never
wash their teeth showed the lowest index value (Supplementary figure 11). Additionally,
increasing the use of mouthwash seems to increase the Shannon index (Supplementary
figure 12).

Finally, smoking habits were divided into heavy smokers, moderate smokers and non-
smokers. Heavy smokers showed a higher index whereas moderate smokers presented

the lowest index value (Supplementary figure 13).

None of the comparisons between the above-mentioned categories were statistically
different. The ASVs count followed the same tendency (Supplementary figure 14—23) as
the Shannon index, except in alcohol consumption where category 3 presented the

highest ASVs count and category 1 the lowest (Supplementary figure 24).

4.3.2. Beta diversity

Bray Curtis dissimilarity distances were calculated to measure the differences between
individuals, in terms of taxonomic structure. Figure 16 shows the beta diversity values
between individuals belonging to the same group of study and between individuals from

the two groups.

The beta diversity values within each of the groups were similar to the distances between
the two groups (pseudo-F=1.039; p=0.322) (Figure 16), indicating that there is no
differentiation in the microbiome composition of the diabetes group compared to the

control one.
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Figure 16. Bray Curtis dissimilarity values within each of the two groups studied and between them. The red color dots

represent the mean of each group.

The beta diversity distances between individuals belonging to the same sex were similar
to the distances obtained between individuals of different sex (pseudo-F=1.159;
p=0.166) (Figure 17). Therefore, no difference in the microbiome structure was found
according to sex.
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Figure 17. Bray Curtis dissimilarity values according to sex. The red color dots represent the mean of each group.

To better visualize whether existed a taxonomic structure in the samples analyzed we
performed a Principal coordinates analyses (PCA) plot from the Bray Curtis dissimilarity
matrix. The PCA plot did not reveal a clear clustering pattern, being all individuals from
the control and diabetic patient groups scattered throughout the plot. Also, when other
variables were tested such as hygiene, smoking and dietary habits (not shown) the PCA
plot still did not show a clear clustering pattern. However, it is possible to observe one

major aggregation and some outside groups (Figure 18).



FCUP/FCNAUP
Oral microbiome characterization in patients with type 2 Diabetes Mellitus and diet as an influencing
factor

Axis 2 (6.933 %)

Control
W v wv w . ‘ 'U . Diabetes Patients
v . v N7 Male
() Female
w '
ay
@ »
A
9 (‘; : ' R4
] v o o,
v oy [} ¢ v v
e e v
- v

M/ S
"548 %)
Xis 1 (11.85 %)

Figure 18. PCA plot showing the first, second and third principal components and the percentage of the total variance
that they explain based on Bray Curtis dissimilarity matrix. Each point represents one individual, which color and symbol
indicate the group of study and sex.

4.4. Bacteria associated with periodontal disease

As some studies showed that individuals with diabetes have a higher predisposition to
periodontitis, we investigated the relative frequency of the bacteria associated with
periodontal disease in our samples. The species that were found to be related to this
disease were Prevotella intermedia, Campylobacter rectus, Porphyromonas
endodontalis, and Treponema socranskii. Although the relative abundance of these
species was almost vestigial in both groups, all of these taxa were more frequent in the
control group. Additionally, only Treponema socranskii was statistically different between
groups (p=0.026). Nevertheless, when the Bonferroni correction was applied, this

difference was not significant.

4.5. Diet

The dietary frequency questionnaire applied to the individuals from both groups provided
the daily intake of 91 nutrients and energy intake. From the 91 nutrients, only the
macronutrients are presented, including also BMI, sugars, monounsaturated,
polyunsaturated and saturated fats variables (Tables 1-3). For each of those variables
mentioning before, their distributions between the two studied groups were compared
through Mann-Whitney U test or Student's T-test (when the variable was normally

distributed), with a 5% level of significance.

The diabetes patients had a higher energy intake, BMI, and intake of nutrients, except

for sugar consumption, than the control group (Table 1). Protein consumption was the
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only variable that presented a significant difference between both groups, the diabetes
patients group showed a higher protein intake than control group (Table 1). However,
when the Bonferroni correction was applied, this difference was not significant (p=0.387).

Table 1. Descriptive statistics of nutrients consumption, energy intake and BMI of both control and diabetes groups and

respective p-values of Mann-Whitney test/Student’s T-test between the same groups.

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
Sugar't 92.5 g/day + 31.5 84.0 g/day + 32.6 0.352
Total fat 73.4 glday + 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
Body Mass Index 26.9 Kg/m2 + 4.6 28.4 Kg/im2+ 5.2 0.728

* Statistically significant

t_ variables to which Student's T-test was applied. The remaining variables were analyzed using Mann-Whitney test.
For each group, a comparison of nutrients consumption, energy intake and BMI were
also performed according to sex (Table 2 and 3).

Regarding the control group, women had a higher consumption of nutrients, energy
intake and BMI than men. Total fat and polyunsaturated fat were the only variables where
the difference between sexes was significant (Table 2). Nevertheless, when the
Bonferroni correction was applied, these differences were not significant (p=0.369;
p=0.117).
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Table 2. Descriptive statistics of nutrients consumption, energy intake and BMI of the control group, according to sex and

respective p-values of the comparisons between sex, through Mann-Whitney and Student’s T tests.

Control
Male Female

Mean + SD Mean + SD P-value
Protein 85.0 g/day + 20.4 114.7 g/day + 43.8 0.157
Carbohydrates 210.6 g/day + 69.0 235.3 g/day + 76.7 0.669
Sugar 87.1g/day + 7.2 103.9 g/day + 12.0 0.219
Total fatt 65.9 g/day + 21.1 89.4 g/day + 33.0 0.041*
Monounsaturated fat t 31.0 g/day + 11.0 41.6 g/day £ 15.5 0.590
Polyunsaturated fatt 10.8 g/day + 3.4 15.7 g/day + 5.7 0.013*
Saturated fat 18.4 g/day £ 7.2 24.7 g/day + 10.5 0.100
Calories t 1832.6 Kcal/day + 483.3 2188'33*;(’1""“"‘-‘/ * 0.160
Body Mass Index 259 Kg/mz2+3.4 29.0 Kg/m2 + 6.2 0.238

* Statistical significant

t _Variables to which Student's T-test was applied. The remaining variables were conducted with the Mann-Whitney test.
In the group of the diabetes patients, the nutrients consumption was higher in the female
group, except in the case of protein intake. Energy intake and BMI were also greater in
women, being the BMI statistically different between sexes (Table 3). Through Bonferroni
correction, BMI lost its statistical significance (p=0.108).

Table 3. Descriptive statistics of nutrients consumption, energy intake, and BMI of diabetes group, according to sex and
respective p-values of the comparisons between sex, through Mann-Whitney and/or Student’s T tests.

Diabetes Patients

Male Female

Mean + SD Mean + SD P-value
Protein 113.2 g/day + 34.0 106.7 g/day + 40.3 0.750
Carbohydrates't 232.9 g/day + 69.5 243.0 g/day + 90.3 0.761
Sugar 80.9 g/day + 7.6 90.7 g/day + 12.8 0.588
Total fat 80.0 g/day + 27.1 95.6 g/day + 50.2 0.932
Monounsaturated fat 37.4 g/day + 14.2 46.6 g/day + 26.7 0.711
Polyunsaturated fat 14.3 g/day + 6.2 17.3 g/day £ 9.9 0.932
Saturated fat 21.1 g/day + 6.2 23.5 g/day + 11.3 1.00
Calories 2173.0 Kcallday +624.9 2256'25‘2’2" day 0.669
Body Mass Index 26.3 Kg/m2 + 3.5 32.9 Kg/m2+5.6 0.012*

* Statistically significant
t _ variables to which Student’s T-test was applied. The remaining variables were conducted with the Mann-Whitney test.
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For each variable, the respective values are presented according to its group of study

(Figure 19-21 and Supplementary figures 25-31) and sex (Supplementary Figures 32-

37) to evaluate the data distribution, except for the BMI variable, which was presented

with a bar plot (Figure 22). Only those variables that were statistically different between

groups are shown in the results, being the rest in the supplementary material.
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Figure 19. Protein consumption (g/day) in both diabetes and control groups.
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Figure 20. Total fat consumption (g/day) in both diabetes and control groups, according to the sex.
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Figure 21. Polyunsaturated fat consumption (g/day) in both diabetes and control group,
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Figure 22. Body Mass Index (Kg/m?) of diabetes and control groups according to the sex.

4.6. Correlation between diet and microbiome

To investigate if there was association between the diet and the oral microbiome, we
carried out Spearman correlation tests between each of the 91 diet variables and each
taxa of the oral microbiome. When Bonferroni test was applied, none of the correlations
remained significant. As the Bonferroni test is very conservative, a false discovery rate

through the Benjamini-Hochberg method was also applied. However, with this method
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also none of the correlations remained statistically significant. Therefore, only those with
a p-value lower than 0.001, before the corrections tests and those with correlations to

macronutrients, polyunsaturated, saturated fat and sugars are described.

Porphyromonas presented positive correlations with butyric (p=0.494; P<0.000), caproic
(p=0.509; P<0.000) and lauric acids intake (p=0.500; P<0.000). Rothia mucilaginosa
showed positive associations with arachidic acid (p=0.535; P<0.000) and behenate
(p=0.494; P<0.000). Haemophilus correlates negatively with myristoleic acid (p=-0.515;
P<0.000) and Campylobacter obtained positive correlations with butyric (p=0.577;
P<0.000), caproic (p=0.528; P<0.000), caprilic (p=0.562; P<0.000), capric (p=0.530;
P<0.000), lauric (p=0.514; P<0.000) and myristic acids intake (p=0.537; P<0.000).

Regarding the macronutrients, Rothia dentocariosa, Rothia mucilaginosa species, and
Streptococcaceae family, showed a correlation with protein intake, whereas for Rothia
dentocariosa there was a negative correlation (p=-0.297; P=0.043), for the other two taxa
the correlation was positive (p=0.297; P=0.043; p=0.310; P=0.034).

Rothia mucilaginosa was the only taxa positively correlated with carbohydrates (p=0.409;
P=0.004), polyunsaturated fat (p=0.421; P=0.003), and total fat (p=0.310; P=0.034).

Campylobacter, Streptococcaceae and Haemophilus were positively correlated to
saturated fat (p=0.339; P=0.020; p=0.321; P=0.028; p=0.291; P=0.047) and F16 family

was the only taxa associated to sugar intake (p=0.317; P=0.030)

Finally, Rothia mucilaginosa and Veillonella were the only taxa related to complex
carbohydrates intake (p=0.307; P=0.036; p=0.318; P=0.029).
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5. Discussion

This study aimed to investigate the oral microbiota in diabetic individuals from Portugal
using the 16S rRNA sequencing method and to investigate the diet influence in the oral
microbiota. The group of diabetic individuals was compared to a non-diabetic control

group.

Overall, the control group showed a higher amount of taxa (202 taxa) than the diabetes
group (183 taxa) which is in line with previous studies (e.g., Saeb et al., 2019). Also,
among those 81 not shared taxa, some are disease-related such as Serratia
marcescens, which is an opportunistic pathogen related to respiratory and urinary
infections. This species has also been associated with eye infections, endocarditis,

septicemia, and osteomyelitis.

Through taxonomic assignment, it was possible to infer that at the phylum level, the oral
microbiome of both control and diabetes groups was dominated by Firmicutes (38%),
Proteobacteria (30%), Bacteroidetes (18%), Actinobacteria (7%) and Fusobacteria (5%),
constituting 98% of the total oral microbiome. Previous studies also reported these phyla
as the most abundant ones, in the oral cavity (Aas et al., 2005; Verma et al., 2018; Yang
et al., 2012). Furthermore, Actinobacteria was found to be more abundant in the control
group, which is in line with Long et al. (2017) findings, in which Actinobacteria was

significantly associated with a decreased risk of diabetes.

At the class level, the most abundant taxa in both groups were Bacilli and Bacterioidia.
The main difference between the two groups was Gammaproteobacteria and
Betaproteobacteria abundance, being the most abundant class in the control group and
the second most abundant class in the diabetes group. Saeb et al. (2019) compared the
oral microbiome between normal glycemic and type 2 diabetic individuals and also
reported Bacilli and Bacterioidia as the most abundant classes, being both classes more
abundant in the normal glycemic group. Gammaproteobacteria abundance was also
higher in the control group and the Betaproteobacteria richness higher in the diabetes
group, which is in line with our findings. Nevertheless, these differences were more

pronounced in our results.

At the genus level, the most abundant taxa were Streptococcus and Prevotella followed
by Neisseria in the diabetes group and Veillonella in the control group. A study that
analyzed the oral microbiota of healthy adults reported that Prevotella, Streptococcus,
and Veillonella genera were responsible for about 50% of the total salivary microbiome

(Keijser et al., 2008), which is similar to our findings. When comparing to Saeb et al.
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(2019) study, the predominant genus of the control group was Prevotella followed by

Streptococcus, which is not in accordance with our results.

As it was not possible to attain the species-level identification to all taxa, an approach to
increase this resolution could be the use of the shotgun sequencing method as a

complement of the technique here used.

In regard to the alpha diversity values, the ASVs abundance was higher in the control
group however the Shannon index was similar in both groups. While ASVs abundance
reflects the microorganisms’ richness, the Shannon index also expresses the evenness.
So, our results indicate that the diabetes group had a lower richness of taxa, but with a
more even distribution. Some studies reported that diabetes patients have less diversity
than the control group (Sabharwal et al., 2019) while other studies reported the opposite
(Casarin et al. (2013). However, in Casarin et al. (2013), the diabetes patients were not
controlled by medication, a factor that could, indeed, explain these differences. In our
study, some variables could explain the lack of differences between the control group
and the diabetes patients, such as the low number of samples, which lowers the
statistical power, and that the diabetes patient’s medication can potentially interfere with
the oral microbiome. Additionally, we need to take into account that some data about
personal and dietary habits could not be completely accurate due to the subject omission
by embarrassments such as not having healthy oral and dietary practices or a distorted
perception of the food quantities that they ingest. Furthermore, since biological, genetic
and environmental factors influence the oral microbiome, a comparison between the oral
microbiome from the general Portuguese population provided in this work with other
populations, with the same age category, could help to better understand these

influencing factors.

As far as sex, women showed higher diversity (control: 316; diabetes: 311) than men
according to the number of ASVs (control: 291; diabetes: 252) in both groups. One study
reported that males had a higher alpha-diversity than females yet, this study explored
the oral microbiota in children and not in adults (Raju et al., 2019). Studies that
investigated the oral microbiome according to sex are scarce and mainly focused on the
gut microbiome. However, studies on gut microbiome associated with sex showed
inconsistent results (Mueller et al., 2006; Takagi et al., 2019) and were mainly focused
on taxonomic composition, without measuring alpha and beta diversity between sexes.
Also, it is worth mentioning that the number of females in our study was lower than the

number of males, which could have influenced our results.
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On the subject of the analysis relating the BMI and the oral microbiome, although there
were no significant differences according to BMI, subjects overweight showed an
increased the Shannon index than the normal weight ones which is not in accordance
with the studies of Wu et al. (2018) and Tam et al. (2018). These authors found the
Shannon index to be lower in the obesity group when compared to the normal-weight

group.

Other factors can influence microbiome abundance and composition. For instance, we
could not find a clear pattern of the alpha diversity analyses of age, carbohydrates,
coffee, total fat, and calories intake. Although, there a large plethora of studies regarding
the association between the gut microbiome and the aging process, the influence of this
on the oral microbiome composition is poorly documented. Indeed, from those studies,
some suggested that microbiome does not change in elders, and others reported that
with age the microbiome diversity reduces (Biagi et al., 2010). Since the age variation of
the individuals from both groups was small, and most of them fit in the elderly category,
it was not possible to conduct comparisons. That is, to compare microbiome diversity
according to age evolution it would be necessary to perform more studies on younger
individuals from Portugal. Higher intake of carbohydrates has been correlated to
periodontitis (Hujoel, 2009) and consequently to the loss of diversity (Jorth et al., 2014).
However, in the present study, those that had a higher carbohydrates intake did not show
a less diverse microbiome than those who had fewer carbohydrates consumption. The
coffee influence in the oral microbiome was also not conclusive. Some studies did not
find any relation between coffee and microbiome diversity (Peters et al., 2018) while
others reported that coffee was associated with a reduced oral microbiome diversity
(Signoretto et al., 2010). Studies about how dietary fat affects the microbiome are
lacking, especially regarding oral microbiome. Interestingly, gut microbiome studies have
reported contradictory results, some suggesting that a high-fat diet decreases the
diversity and richness of the microbiome (Zhang et al., 2012), whereas others stated the
opposite (Shortt et al., 2018). There are no studies respecting calories and microbiome
diversity however, the main influencers of diet in the microbiome are nutrients in general

and not calories.

Our analysis revealed that higher amounts of protein and sugar intake were related to
higher Shannon index and richness. Studies about oral diversity according to protein and
sugars are scarce because the focus is usually on microbial composition and not in alpha
and beta diversity. A study comparing the oral microbiome between hunter-gatherers
and agricultural populations, found a higher microbiome richness in the first group. The

authors suggested that this difference was due to diet differences, where the hunter-
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gatherers would have a higher intake of protein (Nasidze et al., 2011), which is in line
with our findings. Concerning sugar intake, we expected a smaller alpha index in those
with higher intake, following the arguments on carbohydrates consumption, however, our

findings showed a slightly opposite tendency.

Individuals presenting greater alcohol intake showed a slightly small Shannon index,
which contradicts previous findings. Fan et al. (2018) revealed a higher diversity in heavy
and moderate drinkers than in non-drinkers although the authors suggest that could be

due to the direct effects of the alcohol or due to poor oral health conditions in drinkers.

It is known that the oral microbiome diversity decreases with good oral hygiene habits.
However, studies focused on the impact of teeth brushing in the oral microbiome usually
report what type of bacteria exists according to the level of hygiene, but without providing
diversity measures. According to our analysis, those who wash their teeth once at three
different times per week have a higher diversity than those who wash every day or do
not wash them. It could be expected that those without oral care would show a more
diverse microbiome if there were no signs of oral diseases, as periodontitis reduces oral
diversity. Also, the higher diversity observed in those who only wash their teeth three
times per week could be due to a higher accumulation of oral bacteria in the mouth than
those who wash them every day. Most of mouthwashes present antimicrobial properties
so, it would be expected a decrease in biodiversity with the increase of mouthwash use
(Okuda et al., 1998; Tribble et al., 2019); however, our data reported a slightly opposite
tendency.

Yet, another practice that affects the oral microbiome composition is smoking. In our
findings, heavy smokers presented a higher diversity index, which is in agreement with
previous studies that reported that smokers tend to have a more diverse microbiota,

including pathogenic taxa than non-smokers (Mason et al., 2015; Takeshita et al., 2016).

As far as the beta diversity, no significant differences were found between groups.
Similar groups have smaller distances from each other and if there was a difference, it
would be expected that the between-group distance to be higher than the within-group
distances. However, our between-group distances did not differ from within-group
distances (p=0.166), and therefore there was no difference in microbial composition
between control and diabetes groups. This result was also consubstantiated by the PCA
analysis where no clustering of the samples according to the two groups studied was

observed.
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Several studies have related diabetes type 2 to periodontitis prevalence and incidence
(Preshaw et al., 2012). There, the species found to be related to periodontitis were
Prevotella intermedia, Campylobacter rectus, Porphyromonas endodontalis, and
Treponema socranskii. Nevertheless, these species presented a higher relative

frequency in the control group.

The second part of this study aimed to elucidate the association between diet and
microbiome. According to our results, certain dietary components showed associations
with the oral microbiome, especially medium-chain fatty acids (caprylic, capric, and lauric
acid), saturated fatty acids (SFAs) (behenate, arachidic, myristic and butyric acids), and
myristoleic and caproic acids. Hansen et al. (2018) also verified associations between
medium-chain fatty acids and the microbiome, however, these associations were for

different taxa.

Kato et al. (2017) reported that SFAs were positively correlated with Fusobacteria and
Betaproteobacteria and that vitamin C was also positively correlated to Fusobacteria.
Our results did not show the same tendency regarding SFAs as they were negatively
correlated to Fusobacteria and Betaproteobacteria, but Vitamin C demonstrated a
positive correlation to Fusobacteria. However, none of these correlations were

statistically significant in our findings.

Studies correlating gut microbiome and dietary habits reported a positive association
between Bacteroidetes and Actinobacteria with fat and a negative association with fiber,
whereas Firmicutes and Proteobacteria exhibited the opposite correlation (Wu et al.,
2011). Although, our results showed that Bacteroidetes was positively associated with
fat and also with fiber, whereas Actinobacteria was positively associated with fiber and
negatively to fat. Firmicutes and Proteobacteria were both negatively associated with

fiber and fat. However, none of these findings were statistically significant.

To the best of our knowledge, this study was a pioneer in the assessment of the oral
microbiome diversity for a Portuguese sample of type 2 diabetes patients. However,
more studies are expected to be made on the oral microbiome category, as this cavity is
of easier access when compared to the other regions of the digestive tract. More
interesting, however, comes from the evidence that the oral cavity, as the major external
entrance of the digestive tract, can harbor a microbiome that most probably will have a
great influence on the microbiome ecosystems across the gut. Even though our
approach allowed some taxonomic resolution, further investigation regarding type 2
diabetes and diet association with oral microbiome are needed for a better understanding

of these associations. The oral microbiome research has an enormous potential to help
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to predict some biotic-derived conditions, that ultimately take effect on human health

improvement.
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6. Conclusions

o Inthis study we have characterized the oral microbiome of 47 individuals belonging
to a control group (25) and a diabetes group (22), where it was possible to identify
a biome constituted of 12 phyla, 21 classes, 37 orders, 60 families, 86 genera and
51 species.

o The control group presented a higher number of taxa (202) than the diabetes group
(183). 65% of all the identified taxa were shared between the two groups.

o Concerning alpha diversity, although some tendencies were found in a few
variables, none of the alpha diversity comparisons between groups or between
categories of the variables analyzed were significant.

o Beta diversity measures between the two studied groups were also not significant,
therefore, we could not confirm that the microbiome from type 2 diabetes patients
was different from the control group, although there were some minor taxonomic
differences in class, genus and species level in terms of abundance.

o Diet showed to be an influencing factor, where it was possible to infer some

associations between dietary components and the oral microbiome.
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Cédigo do participante:

FOLHA INFORMATIVA SOBRE O ESTUDO

Titulo do estudo: ASSOCIACAO ENTRE O MICROBIOMA ORAL E A DIABETES DE MELLITUS TIPO 2

A cavidade oral é das cavidades do corpo humano com uma microbiota mais diversa (conjunto
de microrganismos como bactérias, virus, fungos e outros seres unicelulares). Esses
microrganismos, em situa¢cdes normais, vivem em equilibrio com o hospedeiro. No entanto,
através de fatores desestabilizadores, esse ambiente pode ficar comprometido. Quando isto
acontece, o risco de desen