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Abstract 
Background 

Dental caries still appears at high prevalence worldwide and is one of the most 
common infectious diseases of our time. Caries disease distribution is skewed 
with more disease in socio-economically weak groups. However, “low caries” 
populations also represent a significant fraction of disease development. Caries 
develops when the hard tissues of the tooth demineralise, which occurs when pH 
drops below approximately 5.5 for enamel and 6.2 for dentine. The pH drop 
follows fermentation and acid production by tooth colonising bacteria upon 
dietary carbohydrate exposure. Thus, understanding the interactions between 
oral bacteria, diet, and host factors is essential for managing caries disease. 
Although all Swedish citizens have access to free prevention-oriented dental care 
from early childhood to 23 years of age, caries disease still continue to develop in 
approximately 15% of the population. This thesis examines the oral microbiota in 
relation to caries, sugar intake, and the driving forces behind sugar intake. 

Materials and methods 

Saliva and tooth biofilm samples and information on caries status, dietary habits, 
and other lifestyle data were collected from participants (17 to 23 years old) at 
their regular dental clinic check-ups. The participants also carried out a tasting 
session for sour, sweet, and bitter. Genomic DNA was extracted from saliva and 
tooth biofilm and analysed using 16S rDNA amplicon sequencing with the 
Illumina MiSeq or PacBio SMRT platforms. Obtained sequences were quality 
filtered and taxa were classified using the HOMD database. Taste gene 
genotyping was done using the iPLEX assay with allele detection by mass 
spectrometry using a MassARRAY analyser. Differences between groups were 
compared using univariate and multivariate statistical methods. 

Results 

In the first study, the oral microbiota was characterised in 64 adolescents with or 
without caries. Several species were moderately associated with having caries, but 
Streptococcus mutans, Scardovia wiggsiae, Bifidobacterium longum, and 
Lepotrichia sp. HOT 498 displayed strong association, whereas 
Corynebacterium matruchotii and ‘self-reported tooth brushing’ were associated 
with being caries-free. It was also confirmed that S. mutans was not compulsory 
for having caries. Following this, the oral microbiota were evaluated in the tooth 
biofilm of caries affected adolescents who did not have S. mutans. These biofilms 
were characterised by a wide panel of saccharolytic non-S. mutans species. In 
contrast, tooth biofilms in individuals with caries and S. mutans included 
relatively few saccharolytic species other than S. mutans. A second finding in this 



 

iv 

study was that the overall microbiota pattern of the 154 included adolescents fell 
into four distinct hierarchical clusters with deviating caries prevalence. Lifestyle 
factors were examined to understand the potential underlying driving forces for 
the four ecology groups, and sugar intake was found to differ significantly 
between the groups. In the cluster group with the highest sugar intake, the 
microbiota was less diverse with elevated levels of Streptococcus mutans and 
some Lactobacillus species. On the contrary, low sugar intake was characterised 
by Corynebacterium durum, Corynebacterium matruchotii, and Streptococcus 
sanguinis. To deepen the knowledge on the mechanisms behind sweet food 
intake, a follow-up study used single nucleotide polymorphisms (SNP) 
genotyping of genes reported to be associated with taste regulation or sugar 
intake. SNPs in the GNAT3, SLC2A4, TAS1R1, and TAS1R2 genes were associated 
with sensitivity and preference for sweet taste; the SLC2A2 gene was also 
associated with caries. 

Conclusions 

This project confirmed that dental caries is not a single species disease as 
S. mutans, S. wiggsiae, B. longum, and Lepotrichia sp. HOT 498 were highly 
significant for having caries. In addition, the participants lacking S. mutans in 
their tooth biofilm may have caries signs. Their tooth biofilm microbiota were 
characterised by a larger diversity of less pronounced aciduric and acidogenic 
species than seen in those with caries and S. mutans. Although not shown in the 
present project, it may be hypothesised that sugar intake and associated pH drops 
alone or in interaction with host biology play a role in the differentiation of the 
microbiota into the distinct profiles seen among the participants. This hypothesis 
is supported by the finding that sugar intake was related to tooth biofilm 
microbiota clustering and less community diversity. In this perspective, the 
genetically-based influence on sugar preference may be considered part of dietary 
counselling, an important aspect in caries prevention and treatment.  
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Abbreviations 
Bp = Base Pairs 
CFU = Colony Forming Units 
DeFS = Decayed (in dentine as well as in enamel), Filled Surfaces 
DeFT = Decayed (in dentine as well as in enamel), Filled Teeth 
DFS = Decayed (in dentine), Filled Surfaces 
DFT = Decayed (in dentine), Filled Teeth 
DNA = Deoxyribonucleic acid 
DMFS = Decayed (in dentine), Missing, Filled Surfaces 
DMFT = Decayed (in dentine), Missing, Filled Teeth 
gp = Genus Probe 
GWAS = Genome Wide Association Studies 
(e)HOMD = (extended) Human Oral Microbiome Database  
HOT= Identification for named or unnamed species or phylotypes by their 
HOMD Human Oral Taxon identity. 
ICDAS = International Caries Detection and Assessment System 
MSB = Mitis Salivarius Bacitracin Agar 
NGS = Next Generation Sequencing 
OTU = Operational Taxonomic Unit 
PCA = Principal Component Analysis 
PLS = Partial Least Square (modelling) 
rDNA = Ribosomal DNA 
rRNA = Ribosomal RNA 
rs = Reference SNP 
SNP = Single Nucleotide Polymorphism 
sp. or spp. = Species 
VIP = Variable Importance in Projection 
WHO = World Health Organization 
YLD = Years Lived with Disability 
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Enkel sammanfattning på svenska 
Bakgrund 

Karies (hål i tänderna) förekommer fortfarande i stor omfattning världen över 
och är sett till antalet drabbade individer en av vår tids absolut vanligaste 
infektionssjukdomar. Sjukdomen är ojämnt fördelad och socioekonomiskt svaga 
grupper är mest utsatta, men även i områden som klassas som låg-
kariessamhällen har mer än var 5:e individ aktiv sjukdomsutveckling. 

Karies och dess riskfaktorer har undersökts i ett stort antal studier genom åren 
med varierande fokus. Denna avhandling fokuserar på ungdomar mellan 17-23 
år som bor i ett område med låg kariesförekomst i ett globalt perspektiv. 
Åldersgruppen är till stor del obeforskad avseende karies eftersom de flesta 
studier fokuserar på små barn eller högriskgrupper. Trots det faktum att 
målpopulationen har tillgång till gratis, preventionsinriktad, regelbunden 
tandvård från tidig barndom upp till 23 års ålder fortsätter ny karies att utvecklas 
hos ca 15 %. 

Karies uppstår när demineralisering (nedbrytning) av tandens hårdvävnad 
överstiger remineralisering (återuppbyggnad). Detta sker när pH vid tanden 
sjunker under cirka 5.5 för emalj och 6.2 för dentin. För karies är pH-fallet 
orsakat av syraproduktion från bakterier på tandytan vilket sker som slutsteg vid 
nedbrytning av kolhydrater i kosten. Kunskap om samverkan mellan oral 
mikrobiota och kost kombinerat med modifierande värdegenskaper är således 
avgörande för att förstå och hantera kariessjukdomen. 

Det övergripande målet för denna avhandling var att studera oral mikrobiota i 
relation till karies och samband med sockerintag samt drivkrafter bakom 
individens sockerintag. 

Material och metod 

Saliv, biofilm från tandytor och information om kariesstatus samt livsstilsdata 
samlades in vid deltagarnas ordinarie undersökning hos folktandvården. I en av 
studierna fick deltagarna även göra ett smaktest för smakerna surt, sött och 
bittert. Genomiskt DNA extraherades och analyserades med 16S rDNA 
amplikonsekvensering på Illumina MiSeq och PacBio SMRT plattformer. På 
humant DNA utfördes genotypning av smakgener med iPLEX och alleldetektion 
med masspektrometri via MassARRAY. Bakteriesekvenserna filtrerades och taxa 
bestämdes mot eHOMD databasen. Skillnader mellan grupper analyserades med 
univariata och multivariata metoder. 
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Resultat 

I den första studien karaktäriserades den orala mikrobiotan hos ungdomar med 
eller utan karies. Flera bakteriearter var måttligt associerade med att ha karies, 
och arterna Streptococcus mutans, Scardovia wiggsiae, Bifidobacterium 
longum och Leptotrichia sp. HOT 498 visade starkt samband med 
kariesförekomst medan Corynebacterium matruchotii och livsstilsfaktorn 
“tandborstning” associerade med att vara kariesfri. Det bekräftades också att 
S. mutans inte är obligat för att ha karies och den orala mikrobiotan utvärderades 
därför hos ungdomar med karies utan S. mutans i tandbiofilmen och den fanns 
vara karaktäriserad av ett brett spektrum av sackarolytiska icke-mutansarter. 
Däremot var individer som hade karies och S. mutans i tandbiofilmen 
koloniserade med relativt få andra sackarolytiska arter. Ett sekundärt fynd var att 
baserat på det totala bakteriemönstret klassificerades deltagarna i fyra 
hierarkiska kluster med olika kariesförekomst. För att förstå potentiella 
drivkrafter bakom de fyra ekologiska grupperna undersöktes samband med 
livsstilsfaktorer. Det visade sig att sockerintag var den faktor som var starkast 
associerad med de fyra grupperna. I gruppen med högst sockerintag var 
bakteriesammansättningen mindre diversifierad med anrikning av S. mutans 
och några arter av Lactobacillus. Ett lågt sockerintag var i sin tur karaktäriserat 
av anrikning av arterna Corynebacterium durum, C. matruchotii och 
Streptococcus sanguinis. För att fördjupa kunskapen om mekanismerna bakom 
intag av söt mat analyserades nukleotidvariationer (SNP´s) i gener som tidigare 
rapporterats vara associerade till smakreglering eller sockerintag. Variation i 
generna GNAT3, SLC2A4, TAS1R1 och TAS1R2 var associerade med förändrad 
känslighet och preferens för söt smak och variation i genen SLC2A2 också med 
karies. 

Konklusion 

Detta projekt bekräftade att karies inte orsakas av en enskild bakterieart och 
visade att i målpopulationen var arterna S. mutans, S. wiggsiae, B. longum och 
Leptotrichia sp. HOT 498 viktiga för kariesutveckling. Det bekräftades också att 
deltagare som saknade S. mutans i tandbiofilmen fortfarande kunde ha kliniska 
eller radiologiska tecken på karies. Deras tandmikrobiota var karaktäriserad av 
en hög diversitet av mindre uttalat syraproducerande och syratoleranta 
bakteriearter än vad som sågs hos de individer som uppvisade kariessymtom med 
samtidig förekomst av S. mutans. I det senare fallet liknade bakteriesamman-
sättningen den dysbios som beskrivs i den ekologiska plackhypotesen. Även om 
det inte visas här så kan man anta att sockerintag och associerat pH-fall ensamt 
eller i samverkan med värdegenskaper reglerar differentiering av mikrobiotan till 
de distinkta bakterieprofiler som sågs bland deltagarna. Hypotesen stöds av att 
sockerintag relaterade till sammansättning av tandbiofilmen och då med lägre 
artdiversitet i en av studierna. I det perspektivet bör den här identifierade 
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genetiska påverkan på individens sockerpreferens tas i beaktande när 
kariesförebyggande information utformas i tandvården. Potentiellt, efter att 
nuvarande resultat har upprepats, skulle ett smaktest kunna utvecklas som stöd 
i att nå informationsresistenta individer. 
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Background 

Dental caries  
Dental caries is a dynamic, multi-factorial, biofilm-mediated, and sugar-driven 
disease that develops over time through demineralisation of dental hard tissues. 
The key factor is low pH as a result of bacteria in tooth biofilms producing acid 
via fermentation of dietary carbohydrates (1). 

Traditionally, sugar consumption and mutans streptococci (Streptococcus 
mutans and Streptococcus sobrinus) are considered among the key actors, but 
more bacteria are influential and net caries outcome is modified by both inherent 
host and lifestyle factors, such as overall oral microbiota ecology, diet, saliva, oral 
hygiene practices, fluoride exposure, and genetics. Therefore, a balance between 
protective and disease-driving forces determines whether health is maintained or 
signs of caries will develop, progress, or arrest (2-5). 

Epidemiology of caries  

Dental caries is one of the most prevalent infectious diseases, affecting over 90% 
of the population worldwide (6), but with significant regional differences. In 
regard to years lived with disability (YLD), the Global Burden of Diseases, 
Injuries, and Risk Factors Study (2016) (7) ranks dental caries higher than many 
other diseases, such as tuberculosis, asthma, and epilepsy. The study estimates 
that oral diseases affect at least 3.58 billion people and that dental caries in 
permanent teeth together with periodontal disease were the 11th most prevalent 
cause of disease worldwide in 2016 (7). Among the seven presented oral disease 
conditions, caries in permanent teeth was most prevalent with 2.4 billion affected 
adults. In addition, 486 million children had caries in the primary dentition (7). 
Increasing caries prevalence is seen in developing countries in parallel with 
increased urbanisation. Improved socio-economic conditions, heavy marketing 
of sugars and sweet products, inadequate exposure to fluorides, and poor access 
to oral health care – from 35% coverage in low-income countries up to 82% in 
high-income countries (8) – contributes to the increased incidence and a 
reinforced global inequality.  

Aetiology of caries  

Tooth formation (odontogenesis), which starts in utero and continues to mid teen 
age, is regulated by a number of genes. The process passes several stages of which 
mineralisation of the protein stroma is the final stage. Hydroxyapatite crystals are 
formed and arranged in a strict rod structure. The mineral content varies slightly 
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between type of tooth tissue, with the highest content in tooth enamel (∼95 %) 
(9). 

Although tooth enamel is one of the hardest materials known, it is sensitive to 
dissolving in an environment that is undersaturated in relation to hydroxyapatite. 
At neutral pH, saliva is supersaturated versus hydroxyapatite, but solubility 
increases as pH decreases. With some individual variation, this becomes critical 
for enamel around pH 5.5 and for dentine around pH 6.2, and the tooth 
hydroxyapatite crystals may demineralise unless saturation is maintained 
through other sources. If pH reverts, hydroxyapatite may remineralise (10, 11). 
The main components in the demineralisation and remineralisation process are 
calcium, phosphorous, and fluoride, with phosphorous being a key component in 
the demineralisation part and calcium in the remineralisation part (12) (Fig. 1). 
Caries occur when pH drops as a result of acids produced by bacteria (mainly 
lactic acid). If the pH drop appears for non-bacterial reasons (e.g., intake of citrus 
fruits or sodas), tooth erosion may develop (10). Unlike bone or epithelial tissues, 
tooth tissues cannot regenerate once the tooth tissue is lost.  

 

Figure 1. Schematic drawing of tooth tissue demineralisation and initial caries. 
Redrawn after Hanning M & Hanning C. Nanomaterials in preventive dentistry. 
2010 (13). 
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Signs and scoring of caries 

Caries, manifested as subclinical demineralisation through cavitated lesion (Fig. 
2), is traditionally graded in relation to affected tooth tissue, surface, and 
penetration depth, but newer scoring indices also consider size and disease 
activity (14). For proper assessment of caries signs, visual examination and 
clinical probing under good light should be used and, when indicated, combined 
with radiographic examination (12). 

 

Consequences of caries  

In its early stages, caries is symptom-free and the signs may revert; however, once 
a cavity is formed, caries-affected tissues must be removed and replaced. If left 
untreated, bacteria may invade the pulp causing pain and periapical infection, 
which may lead to loss of the tooth. The pain per se or the loss of teeth may affect 
eating with impaired nutritional status as a consequence. In addition, caries-
affected teeth and lack of teeth is a social stigma in many societies. Dental caries 
has been suggested to be associated with general diseases, such as Alzheimer and 
pneumonia in the elderly (15, 16), but causality remains to be proven. Dental 
caries and its sequelae on general health also confer a major economic burden on 
individuals and society. According to the global burden of disease study, the cost 
for dental care in high-income countries averages 5% of the total health 
expenditure (7). 

Oral microbiota  
Microbes in the oral cavity 

Human beings exist as holobiont with microorganisms, such as bacteria, viruses, 
protozoa, and fungi, which at least equals the number of human cells (17, 18). The 
colonising microorganisms are organised in site-specific communities (biofilms) 
that mainly are determined by the availability of attachment epitopes, nutrients, 

Figure 2. Photo showing the spread of 
caries on the occlusal surface of an 
extracted molar tooth using a clinical 
microscope. Magnification 4.5x. 
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and oxygen and interactions with neighbouring species (17, 19). Notably, the 
biofilms in the gastro-intestinal canal (the oral cavity and gut) have the highest 
species diversity of the entire body (17). For example, about 700 different 
bacterial species or phylotypes have been identified in the oral cavity of which 
each individual harbours a few hundred (14, 15, 17, 20). The major colonisation 
of the mouth starts at birth via maternal transmission and other external sources 
(21), although studies indicate there may be some initial colonisation of the foetus 
in utero (22). After a few years of variability, the oral microbiota stabilise towards 
the site-specific communities found in adulthood, such as on the teeth, tongue, 
and other mucosal surfaces. Analyses of oral biofilms, as determined from saliva 
samples, mucosal, or tooth scapings, have revealed some species to be present in 
virtually all individuals (core microbiome). These include species in the genera 
Streptococcus, Veillonellaceae, Granulicatella, Corynebacterium, Rothia, 
Porphyromonas, and Fusobacterium (23). Although these species are detectable 
in most subjects, their abundance varies (23). Temporary or permanent shifts 
may occur in oral biofilms due to disease, treatments, or changes of lifestyle (24). 

Tooth biofilm formation 

The first step in bacteria colonisation is that free-floating (planktonic) bacteria 
find an attachment epitope. In the oral cavity, such epitopes are provided by 
saliva or epithelial cell membrane, (glyco)proteins and glycolipids (25). The 
positively charged tooth surface attracts proteins with negatively charged 
epitopes, such as the proline-rich proteins, statherin, histatin, mucins, and 
gp340. A thin non-cellular matrix (pellicle) with multiple types of bacteria 
binding receptors is formed (12). As some proteins, such as the acidic proline rich 
proteins, do not expose their binding epitope until bound to the tooth surface (i.e., 
a cryptitopic binding site), they do not function in bacteria aggregation and 
clearance (26). The interplay between the bacteria binding sites (adhesins) and 
host receptors, which may be a protein-protein or protein-carbohydrate 
interaction, is very specific and often compared to a key-keyhole precision. The 
initially attached bacteria contribute to the binding of partner bacteria (co-
aggregation), leading to a three-dimensional strictly organised biofilm, which on 
teeth is referred to as a ‘corn cob’ or a ‘hedgehog’ structure (Fig. 3) (27). 
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Assessment methods of oral microbiota 

Traditionally, bacteria in the oral microbiota were characterised using culture 
methods, with the limitations conferred by culture media and culture conditions. 
More recently, bacteria in the oral microbiota have been characterised using 
methods that identify bacteria diversity in DNA or cell surface molecules. These 
methods, which include Polymerase Chain Reactions (PCR), hybridisation to 
primer coated chips, binding of species-specific fluorescent components specific, 
are limited to detection of a pre-determined set of bacteria. The newer global 
sequencing techniques, such as the Next Generation Sequencing (NGS) methods 
(28-30) targeting the 16S ribosomal RNA gene (16S rRNA) or overall DNA in so-
called shot gun sequencing, allow for characterisation of the global bacterial 
society. Combined with curated bacteria genome databases for taxa classification, 
this has been a milestone in microbiota exploration. In the 16S rRNA gene-based 
techniques, amplification and sequencing of selected hypervariable regions are 
common (21, 31-35). The 16S rRNA gene is selected because it is not present in 
people and its variable regions allow taxa differentiation at least at the genus 
level, and the variable regions are surrounded by conserved regions, which allows 
for the universal primer design for PCR amplification. The multiplex NGS 
methods yield huge numbers of sequences for many samples in the same run. 
Therefore, this untargeted technique is suitable to identify cultivable and non-
cultivable species as well as rare species and for handling large study groups at 
affordable costs (36-39). It is, however, important to bear in mind that they are 
also associated with errors and limitations, including errors in amplicon 
generation, sequencing per se, the bioinformatics, and finding a suitable database 
for classification. One curated database that targets the 16S rRNA gene of bacteria 
in the aerodigestive tract (i.e., the oral cavity, pharynx, nasal passages, sinuses, 
and esophagus) is the Human Oral Microbiota Database (eHOMD, previously 
HOMD). eHOMD includes 771 species (40).  

Figure 3. Schematic model 
of the tooth biofilm structure 
referred to as a hedgehog 
structure. Courtesy of J. 
Mark Welch (27). 
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Microbiota in caries 

Historically, three hypotheses have described the role of bacteria in caries: the 
non-specific plaque hypothesis; the specific plaque hypothesis; and the ecological 
plaque hypothesis (today’s most accepted hypothesis). In the non-specific plaque 
hypothesis, the total microbiota load is assumed to contribute to caries – i.e., ‘all 
bacteria are bad’. The specific plaque hypothesis assumes mutans streptococci are 
causal agents. The ecological plaque hypothesis, focusing on the balance between 
species, assumes that healthy conditions result in a variety of symbiotic species. 
If this balance is disrupted as the result, for example, of low pH after sugar 
consumption and promotion of acidophilic (and acidogenic) bacteria, the ecology 
of the plaque may become dysbiotic (3, 41, 42). In caries, the dysbiotic 
communities are characterised by mutans streptococci, aciduric non-mutans 
streptococci, lactobacilli, actinomyces, bifidobacteria, and Scardovia (21, 31, 38). 
Of these bacteria, S. mutans and S. sobrinus have been most studied in caries 
development (21, 31, 38). However, subjects without mutans streptococci may 
develop caries (36) and the amount of mutans streptococci is a weak predictor for 
caries development (39, 43), findings that support the idea that bacteria play a 
more complex role in the caries process. 

The insight that no single bacterial species explains the variation in caries has led 
to recent studies focusing on characterisation of the entire microbiota in tooth 
biofilms and saliva (32-35). This characterisation has mainly been done by NGS 
and 16S rRNA gene amplicon sequencing, but single studies have applied shot 
gun sequencing for both taxonomic and functional characterisation (44, 45). The 
findings from the NGS-based studies are still diverse, but several studies suggest 
that in addition to S. mutans, S. wiggsiae and species in the genera Actinomyces 
and Bifidobacteria are associated with caries and S. mitis, S. sanguinis, and other 
species in the Actinomyces genus are associated with being caries-free (46). 
Several studies also stress the role of dysbiosis in disease and diversity in health 
(29, 36, 47).  

Diet  
In relation to dental caries, the bacterial acid production from carbohydrate 
fermentation is defined as a local diet effect. Systemic dietary effects (i.e., 
nutritional aspects) may affect caries indirectly by modifying the consequences of 
a cariogenic load. Thus, in contrast to most other diseases, diet has a dual role in 
relation to the caries disease. 

Systemic effects and caries 

A balanced intake of energy and nutrients is important for optimal tooth 
formation and mineralisation and for maintaining a tooth preserving 
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environment throughout life. Therefore, deficiencies in nutrients such as protein, 
calcium, phosphate, some vitamins, and minerals are known to affect enamel and 
dentin formation leading to less resistant teeth. Specifically, protein, vitamin D, 
calcium, and phosphate deficiencies cause hypoplasia of the tooth tissues (48). 
Protein deficiencies and energy-protein malnutrition may lead to stunting and 
reduction of the size of the salivary glands, saliva flow rate, and composition of 
saliva with impaired protective properties as a result (10, 48). Similarly, acute 
starvation or water deficiency leads to reduced saliva flow rate (49). 

Local effects and caries 

The local effects of sweet foods on caries have been known for centuries. This 
knowledge has since been thoroughly substantiated in animal and human 
experimental and observational studies (50-53). The cariogenic potential differs 
between dietary carbohydrates with sucrose, considered the most and 
unprocessed starch the least cariogenic (54-56). Sucrose is rapidly fermented into 
acids by oral bacteria, and several species, including S. mutans, produce glyco- 
and fructosyltransferases that through glycosidic bonds link glucose and fructose 
molecules into glucans and fructans, respectively, which are stored both extra- 
and intracellularly. The extracellularly stored insoluble glucans are specifically 
associated with the enhanced caries potential of sucrose.  

The local cariogenic potential may also be influenced by the bioavailability of the 
sugar, sugar concentration, food consistency, saliva stimulation, food buffering 
capacities, and content of calcium and phosphate (56, 57). A diet in which sucrose 
contributes to less than 10% of total energy intake (E%) is generally associated 
with lower caries experience, but the evidence is moderate (1, 58). In contrast to 
the caries enhancing effects of sweet foods, intake of some dairy products (cheese 
and fermented milk) is associated with less caries in children and adults (59, 60), 
although the association with non-fermented milk is unclear.  

Taste as a driving force for diet intake 

The driving forces for diet intake are very complex and seem to involve not only 
exposure and experience with foods and tastes but also individual taste 
perception (61). Humans can distinguish sour, salty, sweet, bitter, and umami 
tastes, but their sensitivity differs (62), which is manifested as what 
concentration is needed to detect a taste (threshold) and which concentration 
and which taste is preferred (63). Evolutionary taste ability has been vital for 
identification of eatable foods – i.e., sweet taste signalling safe foods and bitter 
taste signalling poisonous foods (64). 
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A taste sensation results when a chemical substance from food triggers the taste 
receptors in the taste buds on the fungiform papillae on the tongue (65, 66). 
Individual taste receptivity is associated with the number of fungiform papillae 
and taste receptor or taste signalling protein phenotypes. These proteins are 
encoded by the TAS1R2 and TAS1R3 for sweet and TAS2R38 for bitter taste 
receptors (1, 67). In addition, the GNAT3 gene, which encodes for gustducin, the 
glucose transporter genes (SLC2A2 and SLC2A4) (68), and the FTO gene, which 
is associated with obesity, influence taste and sugar intake (69). Most studies 
have focused on the genes related to sweet and bitter tastes and the gene families 
TAS1R and TAS2R. For example, the TAS1R2 and TAS1R3 proteins, encoded by 
the TAS1R2 and TAS1R3 genes, bind and respond to simple sugars, artificial 
sweeteners, some sweet tasting d-amino-acids, and proteins (e.g., miraculin) (70, 
71, 72). In addition, variations in TAS1R2 have been associated with sugar 
consumption and the ability to sense sweet taste (73) as well as sugar 
consumption and being overweight (74). Similar associations have been found for 
bitter taste (75-77).  

The GNAT3 gene encodes for the a-gustducin protein, which is expressed intra-
cellularly in taste and intestinal cells (78), and is associated with intracellular 
signal transmission from the TAS1R2 and TAS1R3 receptors. In mice, the lack of 
a-gustducin is associated with the loss of the ability to sense sweetness (79, 80); 
in humans, variations in GNAT3 explain about 13% of the variation in sweet 
perception (68). The GNAT3 gene is also related to regulation of sugar uptake in 
the gut and metabolic syndrome (81). Non-taste related functions of ‘taste coding’ 
genes are also reported for bitter taste receptors (e.g., triggering of the innate 
immune system) (82). Although several aspects of the taste-related proteins and 
associated coding genes are well studied, few studies have examined the links 
between taste gene variations and taste perception/preference, food 
preference/selection, and caries in the same study group and most studies only 
look at a small number of genetic polymorphisms (62).  

Assessment methods for diet exposure 

Various methods have been applied to capture people’s eating behaviours and 
estimate energy and nutrient intake. These methods include interviews, diaries, 
and food frequency questionnaires, such as repeated 24h-recalls, self-recorded 
diaries, and semi-quantitative food frequency questionnaires. The strengths and 
limitations for the different methods are described in various validation studies, 
but general findings include that all methods are associated with both systematic 
and random errors. A typical systematic error is an underreporting of fatty and 
sugary foods. In addition, biomarkers have been evaluated for several 
nutrients/food components and metabolites from untargeted metabolomic 
screenings of plasma or urine have been evaluated to capture eating behaviours 
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(83). However, although these methods are unaffected by reporting bias, they are 
limited to nutrients that correlate with itself or a metabolite and they are unable 
to distinguish sucrose intake or the structure of the sugary products (i.e., liquid, 
sticky, etc). In addition, the latter methods are expensive and technology 
demanding. 

Saliva  
Human saliva consists of 99% water and 1% minerals and organic components, 
and the normal daily production of saliva ranges between 0.5 to 1 litre, with taste 
and chewing being the major secretion stimulants. Saliva is important for pH 
regulation, bacteria ecology, tooth tissue remineralisation, and the 
transportation, dilution, and digestion of food and it lubricates the oral cavity, 
larynx, pharynx, and esophagus (12, 84). In addition to bacteria acquisition, 
colonisation, and clearance, saliva influences bacteria metabolism through 
several innate immunology components such as lysozyme, lactoferrin, defensins, 
chatelicidins, and peroxidases (12, 85). The function of saliva buffering and 
remineralisation is outside the scope of this thesis, so it will not be described 
further. 

Oral hygiene and fluoride 
As dental caries is driven by bacteria, mechanical removal of dental plaque is a 
key component in disease prevention. Fluoride, a trace element widely present in 
the environment and shown to balance tooth tissue demineralisation and 
remineralisation, is a second key component in caries prevention (12, 86). 
Adequate cleaning with a toothbrush and fluoridated toothpaste twice daily 
combined with approximal cleaning will suffice for caries prevention in 
individuals within the normal caries risk spectrum (1, 86, 87).  

Genetics and caries  
Heritability of dental caries and periodontitis have been studied in twin and 
family studies with varying results (88-91) and the genetic contribution has been 
reported to be between 20% and 65%. Recently, a study based on data from the 
Swedish Twin Registry reported that in this group (which is the largest twin group 
to date) approximately 50% of the variation in caries was explained by heritability 
(92). The study also showed that the genetic contribution varied by tooth 
region/type of surface.  

However, studies based on comparisons of the genome of subjects with varying 
caries status explain a much lower fraction of the caries variation than the 
heritability studies (90, 93). The genome-based studies vary from a few selected 



 

10 

single nucleotide polymorphisms (SNPs) to a very large number of SNPs in 
genome-wide studies (GWAS) (91, 94). The first GWAS studies that targeted 
caries in children (95) and adults (96) appeared about a decade ago, but due to 
small sample sizes the results were weak, although promising. Since then, more 
GWAS studies have been published and a number of candidate genes for caries 
susceptibility or resistance have been suggested (94, 97). Some biological 
functions associated with suggested candidate genes are related to tooth 
formation, immune regulation, and saliva formation and function (98). Thus, 
variations in AMELX, AMBN, ENAM, TUFT, MMP20, KLK4, and CA6 involved 
in enamel formation, LTF involved in immune regulation, AQP5 involved in 
saliva formation, and CA6 involved in saliva function are suggested influential 
(1). A recent study involving nearly 500,000 subjects identified 47 novel 
independent risk loci for dental caries and also showed that the genetics of dental 
caries partially overlaps with a range of other complex traits, including smoking, 
education, personality, and metabolic measures (91). However, none of the 
suggested gene candidates from the to date available GWAS studies are robustly 
replicated. 

One additional area of functions where gene variations may affect the conditions 
for caries involves genes that code for taste receptors or in other ways are related 
to taste or sugar signalling as described above.  
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Aims 
This thesis investigates oral microbiota in relation to caries and its association 
with sugar intake, driving forces behind sugar intake, and genetic associations for 
taste and taste preferences. 

The specific aims are as follows: 

I. To characterise in depth the oral microbiota in adolescents with and 
without caries and incident of caries development and living in a 
community with overall low caries prevalence and with caries prevention 
for generations. 

II. To characterise the oral microbiota in caries-diseased adolescents who 
are S. mutans free or colonised with S. mutans. 

III. To unravel the associations between diet, especially intake of sugar, and 
the tooth biofilm composition behind the microbiota- clustering of the 
Swedish adolescents found in Study II. 

IV. To assess associations between single nucleotide polymorphisms in 
genes reported to be associated with the intake of sweet foods or sweet, 
bitter, or sour taste perception and food preferences and intake, and 
caries status in young Swedish men and women. 
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Materials and Methods 
All studies followed the guidelines of the Helsinki Declaration, and (since the law 
was introduced) the General Data Protection Regulation (GDPR). All included 
studies (I-IV) were approved by the Regional Ethics Committee at Umeå 
University. Before entering the studies, all subjects signed an informed consent 
and confirmed that they understood that they could withdraw from the project at 
any time. 

The Methods section describes the major procedures and methods used in the 
studies. More detailed information is provided in the individual papers.  

Study design and study population 
An overall flow chart for the study groups are presented in Figure 4.  

Figure 4. Flow chart of the four studies included in the thesis.  

Study I is an observational longitudinal case-control study of 64 17-year-old 
adolescents consecutively recruited based on caries risk profile scoring. The 
participants were recruited from three public dental health care clinics in Umea, 
Sweden. The following exclusion criteria were used: the adolescent (or caregiver) 
did not consent; a chronic disease or on medication; use of antibiotics during the 
preceding six months; or unable to communicate in Swedish or English. One 
individual dropped out of the study, so the final study group contained 26 caries-
free and 37 caries-affected adolescents. 

Study II is an observational cross-sectional cohort study of 154 17-year-old 
adolescents – i.e., the participants from Study 1 and 90 newly-recruited 
participants. The 90 new participants were recruited consecutively at the same 
public dental health care clinics as in Study I. The exclusion criteria were as 
described for Study I. One individual dropped out of the study, so 153 adolescents 
were included in the study. 
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Study III is an observational cross-sectional cohort study nested in the cohort in 
Study II. Here, 139 adolescents with tooth biofilm samples were included. 

Study IV is an observational cross-sectional cohort study in 127 18 to 23 year 
olds who were consecutively recruited at one public dental health care clinic in 
Umea, Sweden during visits for routine full examination. To reduce the risk of 
genetic population stratification, only adolescents with a European ancestry were 
recruited. In addition to the exclusion criteria described in Study I, prospective 
participants were excluded if they could not do the taste tests.  

Caries examination  
The teeth were examined and caries scored by one experienced dentist using 
standard procedures. Clinical inspection of the teeth was performed on air-dried 
teeth with a mirror and probe. Bitewing radiographs were taken when indicated. 
Caries was scored according to the WHO or ICDAS system. 

WHO scoring-system: Tooth surfaces (S) with caries in the enamel (e) or into 
the dentine (D), with a filling (F), or were missing (M) were recorded from visual 
and radiographic examinations. Caries in the enamel (e) were scored based on a 
visual colour change or probing or visible on bitewing radiographs. Caries in the 
dentine (D) were scored based on local breakdown in the tooth hard tissues or a 
cavity or when demineralisation extended into the dentine on bitewing 
radiographs. The total number of carious surfaces in the enamel and dentin (DeS, 
present caries) and the total number of decayed and filled tooth surfaces (DeFS, 
caries experience) were calculated. The M component was not considered since 
tooth loss was the result of orthodontic tretament or severe hypomineralisation 
in this study group. 

ICDAS scoring system: ICDAS includes lesion detection, lesion assessment, 
and a summation of observed data (14). Depending on the severity of the lesion, 
each tooth surface is given a score between 0 and 6 (0=healthy 6=severely 
damaged). This number describes both the extension and depth of the lesion. In 
addition to the clinical scoring, bitewing x-rays (if present) were scored with a 
score from 0-6. If caries activity was possible to determine, a plus sign (+) was 
noted after the score; if caries activity was arrested, a negative sign (–) was noted 
after the score.  

Saliva sampling 
For Studies I and II, whole saliva was collected for three minutes into sterile test 
tubes while the participant was chewing on a 1-gram piece of paraffin wax. The 
test tubes were immediately placed on ice and 100 µL saliva was aliquoted for 
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bacteria cultivation. The remaining saliva was centrifuged twice at 4°C (4,000 
rpm for 5 min and 13,000 rpm for 5 min), and the pellets stored at -80°C until 
further analyses.  

Tooth biofilm sampling 
For Studies I-III, supragingival tooth biofilm was collected from all available 
tooth surfaces using sterile wooden toothpicks. The samples were pooled by 
subject in 100 µL TE-buffer (10 mM Tris, 1 mM EDTA, pH 7.6) and stored at -
80°C until further analysis. 

Cultivation of S. mutans and S. sobrinus 
Colony forming units (CFUs) per mL of saliva of mutans streptococci (S. mutans 
and S. sobrinus) were assessed in fresh saliva by cultivation on mitis salivarius 
sucrose agar supplemented with 0.2 U of bacitracin and incubated at 37°C in 5% 
CO2 for 48 h. 

DNA extraction  
Genomic DNA was extracted from saliva, tooth biofilm, and control samples 
using the silica-based GenElute™ Bacterial Genomic DNA Kit in a microspin 
format (Sigma-Aldrich, St. Louis, MO, USA). This kit contains a salt-containing 
buffer and Proteinase K, which denature the macromolecules and mainly lyse 
gram-negative bacteria. Therefore, lysozyme and mutanolysin were added to aid 
lysing of gram-positive cells. The kit also contains RNase. The lysates were spun 
through a silica membrane where the extracted DNA bound to the membrane 
when ethanol was added. After removal of contaminants by repeated washings, 
the DNA was eluted in a Tris-EDTA buffer. The DNA quality was checked by 
measuring the absorbances at 260/280-nm ratio using a NanoDrop 1000 
spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and the DNA 
quantity checked using the Qubit 4 Fluorometer (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA). Generally, the mean yield from 200 µL of saliva 
was around 3 ng/µL and the OD 260/280 nm was 1.8 or higher. 

16S rRNA gene amplicon sequencing 
Bacterial 16S rRNA gene amplicons were generated from the V3-V4 variable 
regions by PCR using the fusion forward 341F primer (AATGATACGGCGACCA-
CCGAGATCTACACTATGGTAATTGTCCTACGGGAGGCAGCAG) and the fusion 
reverse primer 806R (CAAGCAGAAGACGGCATACGAGATNNNNNNNNNNN-
NAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT) where V3-V4 complement-
ary sequence is shown in italics and the 12 Ns indicate designated barcode 
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sequences (99). PCR was done using 10-50 ng DNA and the 5 PrimeHotMaster 
Mix (VWR International, Spånga, Sweden) and the following PCR program: 94°C 
for 3 min to denature the DNA, with amplification proceeding for 35 cycles at 
94°C for 45 s, 50°C for 60 s, 72°C for 90 s, and a final extension at 72°C for 10 
min. Next, the amplicons were purified using AMPure beads (Beckman Coulter 
Genomics, Danvers, USA), pooled (100 ng from each sample), gel purified, and 
quantified using a bioanalyser (Agilent, Santa Clara, USA) and qPCR. The pools 
were adjusted to 12 pM and spiked with 20% PhiX before sequenced on an 
Illumina Miseq platform using MiSeq reagent kit v3 600 cycles 
(Illumina, Eindhoven, the Netherlands). 

Figure 5. Schematic drawing showing the basic steps in PCR. 

For Studies I and II, presence of S. mutans and S. sobrinus in saliva and tooth 
biofilm was evaluated by PCR using the KAPA2G Robust HotStart PCR Ready 
Mix (2´) kit (Kapa Biosystems, Boston, MA, USA). The primers used for S. 
mutans were SmF5 and SmR4, and the primers used for S. sobrinus were SsF3 
and SsR1, as described by Yano et al. (100). 

 

Figure 6. Typical electrophoresis image from S. mutans PCR as used in Study 
II. (The plus symbol indicates that sample number one is a positive control.) 
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For Studies I-III, V3-V4 16S rRNA amplicon sequencing was performed using the 
Illumina MiSeq platform (www.illumina.com) at the Forsyth Research Institute 
(Cambridge, MA, USA) using the HOMINGS protocol (101). After Illumina 
sequencing, forward and reverse sequences were paired and fused, and 
ambiguous and chimeric primer sequences were removed and taxa were 
identified using the ProbeSeq customised BLAST program 
(http://homings.forsyth.org/index2.html). For Study I, QIIME obtained 
Operating Taxonomic Units (OTUs) were taxonomically designated by blast 
(98.5% identity) against the 16S rRNA gene HOMD database for oral bacteria 
(www.HOMD.org). The named or unnamed species or phylotypes were identified 
by their HOMD Human Oral Taxon (HOT) identity. Based on sequencing results 
for the mock communities, HOTs represented by <100 sequences were excluded.  

For Study I, PacBio SMRT 16S rRNA amplicon sequencing (V1-V8 regions) was 
amplified from each sample, and hairpin adaptors including sample barcodes 
were ligated to each amplicon (92). Quality filtering was done at the sequencing 
facility and per sample sequences delivered. Taxonomic determination was 
performed by blast against the HOMD database at 98.5% identity. 

Figure 7. Schematic illustration of the 16S rRNA gene and its hyper-variable 
regions and targeting regions for Illumina Miseq and PacBio SMRT. 

Bacteria mock communities 
For Studies I and II, three mock communities of oral species were used as positive 
controls: (i) 20 species in Lactobacillus (L. acidophilus, L. brevis, L. buchneri, 
L. casei, L. coleohominis, L. crispatus, L. curvatus, L. fermentum, 
L. gallinarium, L. gasseri, L. graminis, L. jensenii, L. johnsonii, L. panis, 
L. paracasei, L. pentosus, L. reuteri, L. rhamnosus, L. salivarius, and L. 
vaginalis); (ii) 10 species in Streptococcus (S. gordonii, S. intermedius, S. mitis, 
S. mitis bv 2, S. mutans, S. oralis, S. parasanguinis I, S. salivarius, S. sanguinis, 
and S. sobrinus); and (iii) 25 species of mixed genera (Actinomyces gerencseriae, 
Actinomyces meyeri, Actinomyces odontolyticus, Bifidobacterium longum, 
Escherichia coli, Fusobacterium nucleatum, L. acidophilus, L.casei, L. 
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coleohominis, Leptotrichia buccalis, Porphyromonas gingivalis, Prevotella 
denticola, Prevotella oris, Rothia dentocariosa, Scardovia wiggsiae, S. gordoni, 
S. intermedius, S. mitis, S. mutans, S. oralis, S. parasanguinis, S. salivarius, 
S. sanguinis, S. sobrinus, and Veillonella parvula). Equal volumes from each 
bacterial suspension (OD600=2.0) were mixed to a total volume of 1 mL. 

Genotyping of taste receptor target genes  
For Study IV, a total of 94 SNPs in independent loci in the TAS1R1, TAS1R2, 
TAS1R3, TAS2R16, TAS2R38, TAS2R50, SLC2A2, SLC2A4, GNAT3, SCN1B, and 
TRPV1 genes were selected from the literature and using the software HAPMAP 
(https://snpinfo.niehs.nih.gov/snpinfo/snptag.html) and genotyped from 
saliva-extracted DNA. Genotyping was performed at SciLife (Uppsala) using the 
SNP&SEQ Technology Platform with a multiplexed primer extension chemistry 
of the iPLEX assay with detection of the incorporated allele by mass spectrometry 
using a MassARRAY analyser (Agena Bioscience, Hamburg, Germany). Raw data 
from the mass reader were converted to genotype data using the Typer software 
(Agena Bioscience) (http://agenabio.com). One SNP marker received a call rate 
of 0% and were excluded from further analysis. None of the remaining SNPs 
deviated from Hardy-Weinberg equilibrium, leaving 93 SNPs with genotype data, 
where the average call rate per sample was 99.8% and overall call rate was 99.8%.  

Food questionnaires  
For Study IV, two electronic questionnaires were given to the participants – one 
measuring the habitual diet intake over the previous year and one measuring food 
item preference (www.matval.se). These were answered at the dental clinic. 

Food preferences (a proxy for taste preference) were recorded on a 6-point scale 
with a 7th option for ‘Do not know’ (Fig. 8). The respondents were presented 
images of 33 different food items selected to represent sour, bitter, sweet, or 
neutral taste. The participants were requested to estimate their personal liking of 
each food on the following scale: love, like, it is ok, not so good, dislike, and hate. 
The options were spelled out and illustrated by a face icon. The scores for foods 
representing the different tastes were summarised into a taste score. ‘Do not 
know’ answers and missing values were treated as missing values. The taste 
preference questionnaire was based on the Paediatric-adapted Liking Survey 
(PALS), a dietary screening method evaluated by Sharafi et al. (2015) (102) and 
confirmed by Smith et.al (2019) (103).  
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Figure 8. Image of a section of the used questionnaire for food preference. The 
entire questionnaire is attached as an appendix (Swedish). 

Habitual diet intake was recorded with a semi-quantitative food frequency 
questionnaire including 93 food items/food aggregates designed to capture 
common foods consumed in Sweden. Intakes were reported on an increasing 
nine-level scale: never, less than once a month, 1-3 times per month, once a week, 
2-3 times a week, 4-6 times a week, once a day, 2-3 times a day, and 4 or more 
times a day. Portion sizes were estimated from photographs showing four portion 
sizes of staple foods (potatoes, rice, and pasta), meat/fish, and vegetables or 
standard portions (Fig. 9). Daily intake frequencies were calculated and energy 
and nutrient intakes estimated by multiplying intake frequencies by portion sizes 
and the energy/nutrient contents in the food composition database at the 
National Food Administration (www.livsmedelsverket.se/en/food-and-
content/naringsamnen).  

Estimated intakes of energy, nutrients, vitamins, and minerals have been 
validated against ten repeated 24-hour dietary recalls and/or biomarkers (104, 
105). In addition, the 93 reported food items/food aggregates were categorised 
into a sour, bitter, sweet, or neutral taste category and intake frequencies 
calculated for each group.  
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Figure 9. Image of the photos used for estimation of amount of food eaten in the 
used questionnaire for habitual diet intake. The questionnaire in Swedish is 
found at www.matval.se. 

Taste threshold (TT) and taste preference (PT) tests  
In Study IV, the adolescents tasted a series of room tempered sour, bitter, and 
sweet solutions (Fig. 10). Based on previous publications (63, 106, 107) and pilot 
testing using six non-participants, six concentrations representing from a ‘hardly 
distinguishable’ to ‘distinct’ taste were prepared and tested for each taste. Tap 
water was used as a negative control. The participants rinsed their mouth with 
tap water for one minute, and then swirled the test solutions in the mouth for 
approximately 10 seconds before expectorating it. The solutions were given in 
increasing concentrations in the order sour, bitter, and sweet. Between each 
concentration and each taste series, the participants rinsed their mouth with 
water for approximately 10 seconds. The taste threshold (TT) (i.e., the 
concentration at which the respondent could distinguish the taste from water) 
and the preferred taste (PT) (i.e., the concentration the respondent experienced 
as the best tasting concentration) were recorded. Based on the TT and PT 
distributions, the participants were dichotomised into a high and low group for 
each taste. 
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The following solutions were used: 

(i) Sour – ascorbic acid in tap water in the concentrations 0.0, 0.1, 0.5, 
1.0, 5.0, 20.0, and 40 g/L.  

(ii) Bitter – quinine hydrochloride in tap water in the concentrations 0.0, 
0.01, 0.05, 0.1, 0.2, 0.4, and 0.8 g/L. 

(iii) Sweet – sucrose in tap water in the concentrations 0.0, 5.0, 15.0, 
30.0, 60.0, 120.0, and 240 g/L.  

Stock solutions of each taste were prepared in sterile glass bottles and stored at 
4°C, and 10-mL diluted aliquots were dispersed into coded test tubes a few 
minutes before use. Hence, the taste was blinded to both the test person and 
examiner, although the concentration order was known.  

 

Figure 10. Image from a live taste session during data collection for Study IV.  

Statistical analyses 
The statistical analyses included descriptive and inferential statistics using a 
parametric or non-parametric approach depending on data and scale type and 
distribution. Continuous normally distributed variables were presented as means 
with 95% confidence limits (95% CI) adjusted for potential confounders in 
general linear modelling (GLM) and differences tested with ANOVA or unpaired 
t-tests. Categorical variables were presented as percentages and non-parametric 
tests applied to test differences in ranking or proportions, such as Mann-Whitney 
U test and Chi-squared/Fisher’s exact test. All tests were two-sided and P-values 
were considered after Benjamini-Hochberg false discovery corrections for 
multiple testing at FDR 0.05. Correlations were evaluated as Spearman or 
Pearson correlation coefficients. In several situations, the study groups were 
ranked into subgroups. Ranking was done by gender. Hierarchical clustering was 
done from principal component analysis scores in SIMCA P+ 
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https://webshop.umetrics.com/ Malmö, Sweden). Based on the generated tree, 
the number of clusters was selected.  

In addition, Partial Least Square (PLS) analysis was applied using the software 
SIMCA P+. Multivariate partial least square modelling (PCA, PLS) was used to 
define the maximum separation between subjects and the most influential 
variables for the separation. These analyses are especially useful when the 
number of observations is small in relation to the number of independent 
variables and when the latter covary. Separation of subjects is displayed in a score 
loading plot and the weight of each x-variable by correlation coefficients in a 
column loading plot or general plot with variable importance in projection (VIP) 
values. VIP >1.5 was considered highly influential in the model. 

The following software programs were used: SPSS version 23 and 25 (IBM 
Corporation, Armonk, NY, USA); SIMCA P+ version 12.0 
(https://webshop.umetrics.com/ Malmö, Sweden); and HAPMAP snptag 
program (https://snpinfo.niehs.nih.gov/snpinfo/snptag.html). 
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Results and discussion 
This section provides an overview of major results and associated reflections. 
More detailed information is provided in the individual papers.  

 

Study I. Saliva and tooth biofilm bacterial 
microbiota in adolescents in a low caries community 
This study characterises and compares saliva and tooth biofilm microbiota via 
deep sequencing using the Illumina MiSeq and the PacBio SMRT platforms and 
the Human Oral Microbiome Database (HOMD, www.HOMD.org) for taxa 
resolution and compares saliva and tooth biofilm microbiota in caries-affected 
and caries-free adolescents cross-sectionally and longitudinally in a population 
with long-term caries prevention and low disease activity. 

Saliva and tooth biofilm microbiota by two sequencing platforms  

Saliva-extracted DNA was sequenced using the Illumina MiSeq platform and the 
tooth biofilm DNA was sequenced using the Illumina MiSeq and the SMRT 
PacBio platforms. Under the present conditions, three times more sequences 
were generated from saliva than tooth biofilm samples by Illumina MiSeq, but 
assembled sequences were equally long regardless of sample type. Accordingly, 
more genera were detected in saliva (Table 1). The SMRT PacBio tooth biofilm 
sequence fragments were on average 1,360 bp compared to 427 bp from the 
Illumina MiSeq platform. The number of obtained sequences and number of 
detected genera were lower according to the former platform (Table 1). 

Table 1. Overview of sequencing results from saliva and tooth biofilm samples 
by two different sequencing platforms. 

 Saliva Tooth biofilm 
Illumina MiSeq   

Mean read length (V3-V4) 427 427 
Mean number sequences per sample 71,047 20,056 
Taxa found in number of phyla 10 10 
Taxa found in number of genera 98 86 

PacBio SMRT   
Mean read length (V1-V8) n.a. 1,360 
Mean number sequences per sample n.a. 3,367 
Taxa found in number of phyla n.a. 10 
Taxa found in number of genera n.a. 77 
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The reason the per sample number of reads was higher for the saliva than the 
tooth biofilm samples is unclear since the number of loaded samples per run were 
the same. A possible explanation involves differences in DNA yield from the two 
sample types due to different proportions of species that are hard to break, such 
as G+ species. We hold this explanation most likely as improvements in the DNA 
extraction protocol have led to an equal yield from tooth biofilms as from saliva. 
The difference in sequencing depths may explain the higher number of detected 
genera in saliva compared to in tooth biofilm, or it may reflect that saliva 
represents all surfaces in the mouth – i.e., teeth, mucosal surfaces, gingiva, and 
tongue epithelia. In contrast, tooth biofilm samples represent a selection of 
bacteria that can attach to tooth binding salivary receptors or co-aggregate with 
other bacteria (17, 27, 108, 109). Furthermore, transient bacteria may be present 
in saliva, but this was considered to be a minor source of error since the filtered 
sequences were blasted against a database restricted to oral bacteria (HOMD) 
(11).  

The discrepancy in read length from the two sequencing platforms is a 
consequence of the different technologies used by Illumina MiSeq and PacBio 
SMRT. In Illumina MiSeq, the maximum read lengths after merging the forward 
and reversed fragments with the kits used here are around 425 to 450 bp, which 
generally means that two or three variable regions can be amplified and 
sequenced. PacBio SMRT can theoretically sequence the genome so the length of 
the sequence fragment depends on the size of the amplified fragments. Here, we 
selected the V1-V8 variable regions of the 16S rRNA gene, which virtually covers 
the entire gene.  

The complete distribution of phyla, genera, and species/phylotypes with 
abundances and prevalences can be found in the attached article and its 
supplementary material. Here some key results are presented. Firmicutes and 
Streptococcus were the dominant phylum and genus in saliva (Illumina MiSeq), 
whereas in tooth biofilm (Illumina MiSeq) the phyla Firmicutes and 
Actinobacteria were equally abundant. At the genus level, Streptococcus was 
slightly more abundant than Actinomyces (Table 2). PacBio SMRT sequencing 
(tooth biofilm) also identified similar levels of Firmicutes and Actinobacteria, but 
here Actinomyces ranked higher than Streptococcus (Table 2). Overall, the 
results from the PacBio SMRT sequencing mainly followed those from Illumina 
MiSeq sequencing at the phylum and genus levels as described in Study I. 
Illumina-based tooth biofilm amplicon sequencing often reports a higher 
abundance of Streptococcus than Actinomyces, but newer metatranscriptomics 
and metagenomics studies of tooth biofilm samples have reported the opposite 
order (110, 111). Comparisons between the two sequencing methods at the species 
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level was partly impossible since species recognition from the Illumina runs was 
at the time done by the HOMINGS method. This method used in silico 
recognition and some highly similar taxa were restricted to the genus level. 
Nevertheless, the most abundant taxa in tooth biofilm samples analysed PacBio 
SMRT ranked similar to that of Illumina MiSeq as well as with previous studies 
(108, 110-113). C. matruchotii, a species that has not been highlighted in the past, 
was present in virtually all tooth biofilm samples regardless of sequencing 
method. The interest in C. matruchotii has emerged after spectral imaging 
fluorescence hybridisation detection illustrated its central role in the so-called 
corn cob or hedgehog structures in the tooth biofilm architecture (27).  

Table 2. Top phyla and genera in saliva and tooth biofilm from Illumina MiSeq 
and PacBio SMRT sequencing. 

             Illumina MiSeq PacBio SMRT 
 Saliva Tooth biofilm Tooth biofilm 

Phyla    
1 Firmicutes Firmicutes Firmicutes 
2 Actinobacteria Actinobacteria Actinobacteria 

Genera    
1 Streptococcus Streptococcus Actinomyces 
2 Prevotella Actinomyces Streptococcus 
3 Rothia Lepotrichia Prevotella 

 

The longer the sequences, the better the specificity in taxa identification, which 
bestows a major strength of the PacBio SMRT method. Since this was the first 
time oral DNA was analysed using the PacBio SMRT, there was no guidance on 
how many samples one should place in the same SMRT cell. Here, five tooth 
biofilm samples were placed in each cell, which apparently were too many as the 
sequencing depth was insufficient. It seems that only one sample ought to be 
placed per cell, which leads to high costs for the PacBio SMRT method. This 
together with the lack of a publicly available bioinformatics are weaknesses of the 
method. The fact that this was the first study to report tooth biofilm DNA 
sequenced with PacBio SMRT limits comparisons with other studies. 

Core microbiome in saliva and tooth biofilm samples 

Using Illumina MiSeq sequencing, we identified 50 species that were found in all 
saliva samples and 23 species that were found in all tooth biofilm samples. Of 
these, 19 were found in all saliva and tooth biofilm samples (i.e., forming a strict 
core microbiome) (23). Interestingly, many of these species coincided with those 
described as part of the hedgehog structure (27). The applied cut-off level for a 
species to be considered a part of a core microbiome varies from 90% to 100%. 
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Applying the more generous cut-off limit (90%) in the present study group would 
define 90 species/genus probes in saliva and 56 species/genus probes in tooth 
biofilms as part of a core microbiota. Of these, 43 species/genus probes were 
present in both saliva and tooth biofilm in at least 90% of the participants. Zaura 
et al. concluded that ‘if everything is everywhere, but the environment selects, 
then a healthy oral microbiome should be dominated by a core microbiome 
characteristic for health’ (23). In the same article, they concluded that a large 
proportion of the oral microbiome was present in all three investigated 
individuals, a finding that coincides with the findings here when the lower cut-off 
limit was applied. Therefore, it would be interesting to screen health-associated 
core species and disentangle them for individual or concerted functions in 
relation to caries. The findings might potentially be developed into a chair-side 
caries test. 

Table 3. Overview of possible core species shared by all subjects using Illumina 
MiSeq with 90% as cut-off. For consistency, PacBio SMRT is included.  

 Illumina MiSeq PacBio 
SMRT 

 Saliva Tooth 
biofilm 

Tooth 
biofilm 

Number of 
species/phylotypes/gp 
with 100% prevalence 

50 23 5 

    
Shared = possible core 
microbiome 

19 n.a. 

 

Saliva and tooth biofilm microbiota by caries status 

Multivariate PLS modelling with caries (DFS yes/no) as dependent and all saliva 
species/phylotypes/genus probes (yes/no) as independent variables separated 
caries-affected from caries-free participants. The most influential associations 
with caries were for the species Scardovia wiggsiae, Streptococcus mutans, and 
Bifidobacterium longum, whereas Mycoplasma orale and Veillonella sp. 
HOT780 were most influential for being caries-free. Body mass index (BMI) and 
tooth brushing were also significantly associated with having caries or being 
caries free, respectively (Fig. 11).  
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Figure 11. Saliva detected taxa and lifestyle-related factors being significantly 
influential for having caries as identified by multivariate PLS modelling. 
 
The participants were re-examined after two years. Of the participants, 52.2% 
remained caries free at follow-up. Of those with no caries signs at baseline, 47.4% 
did not develop new caries. Of those with caries at baseline, 94.1% developed new 
caries signs. In addition to smoking and supplemental fluoride treatment, caries 
increment was characterised by carriage of B. longum. Participants with 
B. longum in saliva had 2.1 new caries lesions in the two-year period compared 
to 0.5 for those lacking B. longum in saliva. However, as few subjects had 
B. longum, confirmation is needed in an independent study group and caution 
should be taken when interpreting data. Although not statistically significant, 
subjects with S. mutans or S. wiggsiae also had higher increment than non-
colonised subjects (0.8 new caries lesions for both versus 0.3). 

Unexpectedly, microbiota from tooth biofilm samples did not separate the two 
caries groups in PLS modelling. This may be a consequence of the tooth biofilm 
samples only representing tooth surfaces that were accessible for sampling, 
leaving for example approximal surfaces largely un-sampled. Furthermore, in 
populations with low caries prevalence, most sampled surfaces would be caries-
free even in caries-affected subjects. Saliva, on the other hand, flushes the teeth, 
all mucosal surfaces, and the tongue epithelium, which in general is displayed as 
a wider range of bacterial species in saliva compared to tooth biofilms. Saliva is 
generally considered a proxy for tooth colonising bacteria, but some studies claim 
that saliva does not reflect tooth biofilm microbiota and variations among single 
tooth surfaces (114). However, an additional contributing factor in the present 
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study may be that the sequencing depth was less in the tooth biofilm samples 
compared to saliva and therefore taxa detection less complete. 

The question then remains whether saliva or tooth biofilm samples are most 
suitable for caries studies. Based on the above results, the answer would be saliva. 
Hence, saliva microbiota could distinguish caries-affected from caries-free, the 
caries-associated species in saliva were consistent with those found in studies that 
used other techniques (cultivation, PCR, DNA hybridization chips), and the 
abundances of caries-associated taxa in saliva largely correlated with the 
abundance in tooth biofilm samples. However, other studies claim that tooth 
biofilm should be targeted (115, 116). Theoretically, biofilm samples would be 
closer to the scene of the action, but the issue with sampling of representative 
surfaces must be considered. It is concluded that the final answer may not be at 
hand yet and further studies that are larger and that target single surfaces with 
known caries status are needed. We presently evaluate the possibility of more 
targeted sampling, such as from tooth sections or healthy/caries affected 
surfaces, separately; so far, we see that the DNA collected from a single tooth 
surface is enough for amplicon sequencing in most participants who have 
abstained from tooth brushing the previous 24 hours.  

S. mutans, S. wiggsiae, and B. longum are well-documented aciduric and 
acidophilic species that have been associated with caries (2-5, 34, 117, 118). The 
association between S. mutans and caries was substantiated by data from 
culturing and PCR in the present study group. This finding is in line with previous 
findings in younger children living in the same catchment area (60) and with 
numerous other studies. The cariogenic traits of S. mutans have been extensively 
documented, including its ability to survive at low pH, its ability to adopt to a high 
sucrose environment, and formation of intra- and extracellular polysaccharides. 
However, in the caries-affected participants, 35% lacked detectable S. mutans in 
tooth biofilm and close to 20% lacked detectable S. mutans in saliva (Table 4). 

S. wiggsiae was found in all saliva samples from the caries-affected and 65.4% of 
the samples from the caries-free (P<0.001). Higher levels of S. wiggsiae were 
previously reported for children with early childhood caries (ECC) (5), and 
S. wiggsiae has been proposed as a potential predictor for caries development 
alone or in combination with S. mutans (119). However, here the association 
between caries increment and S. wiggsiae was weak. Similarly, species in 
Bifidobacteria have been found to be associated with ECC (120, 121) and to be 
more common in caries cavities (3). B. longum possesses several cariogenic 
traits: it metabolises carbohydrates and produces acids, although somewhat less 
than S. mutans, and mainly produces acetate whereas S. mutans mainly produces 
lactate (121). Furthermore, B. longum can produce acid equally well at pH 7.0 as 
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at pH 5.5 (121) and has a survival rate equal to S. mutans, suggesting its 
persistence in tooth biofilm under various conditions (122).  

In our study, PLS identified several additional species associated with caries 
although less strongly. In univariate comparisons, these species tended to be 
more prevalent in caries affected than caries-free individuals, but none of the 
univariate comparisons differed significantly after correction for multiple testing. 

Species in the Selenomonas genus were also associated with having caries (Fig. 
11), but this finding was the result of a genospecies probe (Selenomonas gp1) and 
included several named or unnamed taxa. S. noxia, one of the species targeted by 
the Selenomonas gp1, has been reported to be elevated in patients with gingivitis 
(123), suggesting that this species may reflect poor tooth brushing rather than 
being associated with caries risk per se. This finding is supported by the finding 
that tooth brushing was associated with being caries-free (Fig. 11). Therefore, 
tooth brushing is a factor that still cannot be overlooked in the clinic and both 
tooth brushing and BMI should be considered in multiple or multivariate 
modelling of caries to account for underreporting and confounding.  

 

Study II. Microbial complexes and caries in 17 year 
olds with and without Streptococcus mutans 
This study aims to characterise the tooth biofilm and saliva microbiota of caries-
diseased adolescents, with or without detectable S. mutans, from tooth biofilm 
and saliva samples, and to assess taxa clustering in the tooth biofilm and saliva 
samples and relate the results to caries prevalence.  

In Sweden, about 35% of children with caries lack detectable levels of S. mutans 
in tooth biofilm, which is identical to the proportion of caries diseased 
adolescents who lacked S. mutans in tooth biofilm in Study I. This finding 
prompted looking for the characteristics of the oral microbiota in caries-affected 
patients who lacked S. mutans. To answer this question, the microbiota profiles 
of caries-affected participants with S. mutans were compared with caries-affected 
participants without S. mutans.  
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Table 4. Proportions without detectable levels of S. mutans in tooth biofilm 
samples by present signs of caries in the dentine or enamel.  
 Caries sign 

(DeS≥1) 
No caries sign 

(DeS=0) 
Number (%) of participants* 71 (46) 82 (54) 
Number (%) without detectable 

levels of S. mutans in saliva 
8 (11)  25 (30)  

Number (%) without detectable 
levels of S. mutans in tooth 
biofilm 

 

28 (39)  43 (52)  

*The numbers include 63 participants from Study I and 90 newly 
recruited adolescents. 

  

The study group from Study I was expanded by the recruitment of 90 additional 
17 year olds. In the entire study group (n=153), 89 (58%) of the adolescents had 
signs of present and/or past caries (DeFS≥1) and of these 71 (46%) had signs of 
present caries in the enamel or dentine (DeS≥1) (Table 4). In the latter group, 8 
(11%) did not have detectable S. mutans in saliva and 28 (39%) did not have 
detectable S. mutans in the tooth biofilm samples (Table 4). Further comparisons 
were confined to tooth biofilm samples in those with DeS≥1 since the proportion 
with caries but free from detectable S. mutans in saliva was even lower in this 
extended group than in Study I.  

PLS modelling revealed that the presence of S. mutans in tooth biofilm samples 
from caries-diseased participants was characterised by enrichment of a few other 
aciduric species, such as Actinomyces sp. HOT448, Scardovia wiggsiae, 
Stomatobaculum longum, and Veillonella atypica. In contrast, tooth biofilm 
samples from adolescents without detectable S. mutans were characterised by a 
wide panel of species (n=29) in, for example, the genera Actinomyces, Dialister, 
Fusobacterium, Neisseria, Peptostreptococcaceae [11] [G-7], Tannerella, and 
Treponema.  

Therefore, S. mutans in the biofilm appears to be associated with having other 
more strongly acid producing species. However, it cannot be determined whether 
this clustering of acidogenic species is paved by colonisation of S. mutans per se 
or whether the simultaneously high intake of carbohydrates promotes clustering 
of acidogenic species (3, 124). 
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Clustering based on microbiome profiles in tooth biofilm samples  
 
A second aim in this study was to see whether individuals could be grouped based 
on similarity in their microbiota profiles. Hierarchical unsupervised clustering 
separated subjects into four distinct clusters according to tooth biofilm species 
(Fig. 12A). The subjects in the four cluster groups were also distinctly separated 
in PCA modelling with abundance of biofilm-detected species as the set of 
independent variables. This is illustrated in a score plot where each dot 
represents an individual (Fig. 12B).  

 
Figure 12. A) Dendrogram from hierarchical clustering (Ward’s linkage) based 
on bacterial species abundance. B) Score plot from the PCA plot associated with 
the dendrogram showing separation of the individuals. 

Follow-up analyses showed that mean caries experience (DFS) was significantly 
higher among the individuals in cluster 1 compared to the individuals in the other 
three clusters (PTREND=0.012) (Fig. 13). Zaura et al. (125) have shown a similar 
cluster separation but with three clusters based on bacteria profiles in saliva and 
a different clustering approach (Spectral Clustering); however, they did not 
compare caries status among the clusters. 

 
Figure 13. Image interpreted and re-drawn from the published article showing 
the caries distribution among the four microbiota cluster groups. 
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Taxa description for the four clusters 

Taxa with significantly decreasing abundance from cluster 1 (highest caries score) 
to cluster 4 (lowest caries score) are displayed in Fig. 14A, and those that had 
increasing abundance are shown in Fig 14B. Notably, Fig. 14A shows several 
genera favouring an anaerobic environment and Fig. 14B shows the genera that 
are facultative anaerobic, which possibly may reflect tooth brushing habits. 

 

Figure 14. Image showing the most abundant genera in (A) the microbiota-
based cluster group 1, which decreased over the clusters, and (B) the least 
abundant taxa in the microbiotabased cluster group 1, which increased over the 
cluster groups.  

Therefore, these results support that tooth biofilm ecology are characterised by 
species assemblances that divide the population into distinct groups. Tooth 
biofilm communities result from selective adhesion mechanisms and therefore 
represent individual variations in receptor availability (126, 127). In contrast, 
saliva represents the whole oral cavity with a much wider repertoire of binding 
possibilities. Thus, sample type may contribute to differences reported from 
various studies, such as for the comparison between the present study and Zaura 
et al.’s study (125). The methods used are not exactly the same, but similarities 
can be found. In both studies, the most distant clusters (cluster 1 in our study) 
accounted for approximately 0.5% of the study groups and were characterised by 
species in the Prevotella genus, while species in the Streptococcus and Rothia 
genera characterised another cluster (cluster 3 in our study).  

In summary, absence of S. mutans in caries-affected adolescents was associated 
with a wide variety of less avid saccharolytic species in tooth biofilms, whereas 
those with S. mutans had a much less divergent species profile. Further, 
participants could be grouped by their tooth microbiota profile with one cluster 
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group having more caries and more S. mutans. It should, however, be noted that 
the group in the cluster with the highest caries prevalence (cluster 1) was small 
(six individuals) and that the results need to be confirmed in an independent 
study with a larger sample. Nevertheless, the findings are in line with previous 
findings that show that low pH promotes acid tolerant bacterial species in vitro 
(76). Given that sugar restriction (low pH restriction) has been associated with 
reduced S. mutans levels (128), a question arose about how the cluster groups 
related to variations in intake of fermentable carbohydrates. This question gave 
rise to the aim of Study III. 

Follow-up analysis on the potential caries risk markers from Study I  

In Study I, saliva levels of S. wiggsiae, S. mutans, B. longum, M. orale, and 
Veillonella sp. HOT780 were associated with caries. To see if this would replicate 
in an independent group, we compared the abundance of these species in the 
newly-recruited 90 adolescents from the Study II cohort. This comparison was 
done outside the aim of Study II. Among the newly-recruited adolescents, S. 
mutans was the only species that remained significantly more abundant in the 
caries-affected compared to caries-free participants regardless of whether 
analysed in saliva or tooth biofilm samples. The different results in these 
adolescents and those in Study I may reflect that the newly-recruited adolescents 
were consecutively included and represented the general population, whereas in 
Study I, the inclusion criterium was that the adolescent should have high caries 
risk based on high activity or be caries free. Furthermore, although the findings 
in Study I were biologically relevant, it cannot be excluded that the findings were 
random. 

 

Study III. Diet and tooth biofilm microbiota 
characterisation by multiplex sequencing 
This study aims to unravel the associations between diet, especially sugar intake, 
and tooth biofilm composition of the microbiota-specific clusters of the 
adolescents described in Study II. The study was based on the tooth biofilm 
analyses that were available for 139 of the 153 participants in Study II. 

Determinants of tooth biofilm microbiota clusters 

As described in Study II, the subjects were classified into four clusters defined by 
similar tooth biofilm microbiota profiles and different caries levels. PLS 
modelling with cluster identity as a dependent variable and all potential lifestyle 
factors (i.e., no bacterial taxa) as an independent block separated the four cluster 
groups (Fig. 15). The most distant groups were clusters 1 (high caries) and 4 (low 
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caries) with smoking and snacking being most influential for being in cluster 1 
(Fig. 15). Further comparisons were restricted to clusters 1 and 4. 

 

Figure 15. Cluster group separation based on a set of lifestyle factors.  

In this study group, the first 49 participants answered a short survey about food 
items they typically consume, and the 90 newly-recruited participants answered 
93 questions about their typical food consumption. A set of sweet and commonly 
eaten food items were recorded in both the shorter and longer FFQ, allowing a 
comparison among all 139 participants, whereas estimated intakes (i.e., 
grams/day or diet quality) only could be evaluated among the latter 90 
participants.  

Univariate analyses targeting the PLS findings among all four cluster groups 
confirmed the differences between the two most distant groups: being in cluster 
group 1 was associated with being female, a smoker, and frequent consumption 
of juice and snacks and being in cluster group 4 was associated with high milk 
intake (Fig. 16).  

 

Figure 16. Schematic illustrating of influential lifestyle variables found by PLS 
modelling with clusters 1 and 4 as dependent variables. 

In line with the finding of more frequent snacking in cluster 1 compared to cluster 
4, sugar and sucrose intake (E%) was highest in cluster 1 (high caries), and the 
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healthy diet score tended to be lower in cluster 1 among the 90 newly-recruited 
participants, but this was not statistically significant. This was an interesting 
observation, but among the 139 participants, a small group (n=6) was further 
reduced (n=2) and the result can only be considered as supportive observations. 
Therefore, a weakness throughout this study is the limited number of participants 
in cluster group 1, which calls for an independent replication of the results in a 
larger setting. However, as such six subjects out of 139 (4.3%) is a reasonable 
number for representing the portion with recurrent caries year after year in this 
age group and catchment area in Sweden.  

Notably, all participants in cluster 1 were women and 33% smoked, while the 
gender distribution was more balanced in the other three cluster groups and 0-
4% were smokers. We have no explanation beyond a random effect for the sex 
difference, but several studies have shown that caries scores are higher among 
smokers than non-smokers (129). Reported tooth brushing frequency did not 
differ between the cluster groups, but self-reported ‘bleeding upon tooth 
brushing’ (gingivitis) was 100% in cluster group 1 and 13-38% in the other groups. 
In concert, the factors characterising the participants in cluster group 1 describe 
known caries risk factors; however, it cannot be determined whether any of these 
factors alone or in combination drive the microbiota profile of the high-caries 
cluster group 1.  

Sucrose exposures and tooth biofilm microbiota 

Given that sugar intake was significantly higher in cluster group 1 compared to 
group 4, a next step was to compare the taxonomic profiles based on sugar intake 
distribution. Therefore, the participants were ranked into tertile groups from 
their reported energy-adjusted sucrose intake (E%) and the two most distant 
tertiles were compared. From the PLS model where all bacterial taxa were used 
as independent variables, the participants in the highest tertile were positioned 
closer together compared to the individuals in the lowest tertile group (Fig. 17), 
which indicates a more homogeneous microbiota in the high sugar tertile group. 
This may be an example of a sugar driven narrowing of the tooth microbiome in 
cluster 1, which may resemble that species in the Streptococcus genus were found 
more prevalent in subjects with low saliva pH (125). In its extreme, this may result 
in an ecology collapse and a dysbiotic bacterial community with enrichment of 
aciduric and acidophilic bacterial species and caries development.  
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Figure 17. Clustering of individuals with the highest reported sucrose intake (red 
dots) and individuals with the lowest reported sucrose intake (green dots). 

The taxa most strongly associated with being in the highest versus lowest tertile 
groups for reported sucrose intake are presented in Table 5.  

S. mutans was most strongly associated with being in the high sucrose intake 
tertile (VIP 2.99), which is well in line with previous knowledge on sucrose intake, 
S. mutans, and caries. This finding, together with enumeration of species within 
the Lactobacillus genus, support the ecological concept previously discussed (3, 
124). Notably, in the high sucrose tertile, several taxa (beyond those presented in 
Table 5), such as Tannerella forsythia (130), were linked to periodontal disease. 
Periodontal disease was not present in the study group, but approximately 25% 
reported ‘bleeding on tooth brushing’. If self-reported ‘bleeding on tooth 
brushing’ is considered a marker for gingivitis, gingivitis prevalence is higher in 
this study cohort than in a group from southern Sweden, where 15% had clinically 
scored gingivitis (131). A hypothesis is that sugar exposure and gingival condition 
are driving forces for the tooth microbiota composition adjacent to the gingival 
margin (132). 

Table 5. The most influential taxa abundance for being ranked into the highest 
and the lowest tertile for reported sucrose intake (E%).  

High sucrose intake tertile Low sucrose intake tertile 
Influential 
taxa/phenotype/gp 

VIP 
value 

Influential  
taxa/phenotype/gp 

VIP 
value 

 
S. mutans (by PCR) 2.99 Corynebacterium durum 1.72 
Lactobacillus gp 5 2.22 Actinobaculum sp. HOT 183 1.52 
Fretibacterium sp. HOT 360 1.52 Actinomyces massiliensis 1.57 
Mitsuokella sp. HOT 521  1.67 Catonella gp 1.51 
Prevotella oris 1.50 Lachnoanaerobaculum 

umeaense 
1.52 
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Corynebacterium durum was the most influential species for being in the tertile 
with the lowest sucrose intake (Table 5). In the two previous works (Study I and 
II), C. matruchotii was found in all tooth biofilm samples and with a tendency to 
be more prevalent among caries-free participants. The role of species in 
Corynebacterium in biofilm development, especially C. matruchotii, has 
emerged as a taxonomic group of interest after the ‘hedgehog’ model for the tooth 
biofilm structure was launched (27). Indeed, some studies claim the 
Corynebacterium genus to be associated with less caries (133).  

In summary, this study supports the finding that sugar intake is a driving factor 
in tooth biofilm ecology in vivo as the result of aciduric and acidophilic bacteria 
displacing less acid tolerant species (3, 134).) In addition, it suggests factors 
related to gingivitis also affect tooth biofilm ecology. 

In a clinical perspective, the results of this study reflect the complexity in the 
caries phenomenon. It captures the intricate character of the caries disease where 
microbiota and lifestyle factors, including diet, interact. Nonetheless, many 
unmeasured factors may modify the outcome in the wider population. Examples 
of such factors are medications, chronic diseases, and access to care. Compared 
to experimental studies using single exposures or evaluating single bacterial 
species (135), the present study is closer to the complex biological process, which 
can be considered a strength. However, to understand the full nature of the 
disease and to develop precision medical approaches in dental care, a full 
panorama of host traits (including genetics) and environmental factors must be 
considered as is done in general medicine in so-called environmental-wide 
association studies (136).  

Three questions were triggered by the results in Study III: What are driving forces 
behind sugar intake? Why do some individuals make poor dietary choices in spite 
of better knowledge? Are dietary choices influenced by our genes?  

 

Study IV. Allelic variation in taste genes is associated 
with taste, diet preferences, and dental caries 
This study assesses associations between single nucleotide polymorphisms (SNP) 
in genes reported to associate with intake of sweet foods or sweet, bitter, or sour 
taste perception and food preferences and relate the SNPs to caries status in 
young Swedish men and women. The study was run in an independent cohort 
consisting of 127 adolescents 18-23 years old and with equal numbers of male and 
female participants. All participants had a saliva flow rate above 1mL/min and 
normal body weight, 5% smoked, and 9% used smokeless tobacco (snus). Close 
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to 57% showed signs of past or present caries with a mean of 4.4 affected tooth 
surfaces (DeFS).  

Selection of taste concentrations 
 
The most preferred concentration of sweet varied significantly among the study 
participants, but the concentration where they experienced a sweet taste showed 
very little variation. Similarly, the variation of both threshold and preference of 
sour and bitter tastes was limited, although,  some individuals deviated 
considerably. It is possible that tighter steps of the taste concentrations in the 
lower concentration range might have increased the resolution of the 
participants. The selection of test concentrations was based on a combination on 
previously reported test concentrations of sweet, sour, and bitter solutions (77, 
106, 107) and responses from a pilot test. In retrospect, it may be argued that 
tighter levels in the low concentration range might have been beneficial for 
separating subjects in that end. However, exposing the participants to more 
concentrations might have led to dropouts since duration was critical for the 
participants. Furthermore, excluding the highest concentrations would not have 
captured the entire range, which was important. Therefore, the selected series of 
concentrations likely was the best for this age group.  
 
Taste genotypes versus taste threshold (TT) and preferred taste (PT) 
 
As summarised in Table 6, several SNPs in the targeted genes associated 
significantly with TT and/or PT for sweet, sour, and bitter tastes.  
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Table 6. Statistically significant associations between genotypes and taste 
threshold or preference.  

Outcome Gene(s) 
Associated  
SNP 

Most 
prominent 
SNP Effect 

TT sweet GNAT3 rs17260734, 
rs7792845 

rs5415 
(p=0.0003) 

A need for higher 
concentration levels to 
identify a sweet taste SLC2A4 rs2654185, 

rs5415 
PT sweet TAS1R1 rs4908923 rs9988418 

(p=0.001) 
A preference for lower 
test concentrations of 
sweet 

TAS1R2 rs9988418 

GNAT3 rs7792845  A preference for higher 
test concentrations of 
sweet 

TAS1R2 rs286552778  

TT sour TAS1R2 rs12035074  A need for lower 
concentration levels to 
identify a sour taste 

GNAT3 rs6947745  

PT sour TAS1R1 rs4908932  A preference for higher 
test concentrations of 
sour 

TAS1R2 rs35874116  

TAS1R2 rs12035074  A preference for lower 
test concentrations of 
sour 

TT bitter TAS2R50 rs2218820  A need for higher 
concentration levels to 
identify bitter taste 

PT bitter n.a. n.a.  n.a. 
 
In summary, the present study confirmed that previously reported genetic 
polymorphisms in the TAS-, GNAT-, and SLC-gene families were associated with 
food preference and selection and taste perception (TT) and taste preference (PT) 
(62, 66, 68, 137-139). Interestingly, variations in the SLC2A4 (rs5415) genotype 
were most strongly associated with a need for higher sugar concentrations to 
identify a sweet taste. SLC2A4 encodes a glucose transporter protein in the cell 
membranes in taste cells, muscles, and adipocytes and is related to glucose 
homeostasis (140). Hence, it has been suggested as a target for treatment of 
insulin resistance. However, although the present findings are interesting, they 
need to be substantiated in follow-up experiments and possibly evaluated in 
relation to microbiota composition. 

The GNAT3 gene, which was associated with variations in TT and PT for sweet 
taste and TT for sour taste, encodes the a-gustducin protein. The a-gustducin 
protein is an intracellular signal protein known to mediate sweet, bitter and 
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umami taste transduction in taste cells (68, 102). Here, variations in the GNAT3 
gene were associated with a need for higher sugar concentrations to detect sweet 
taste and a preference for higher concentrations as well as an ability to detect sour 
at lower concentrations. The relationships between sweet and sour taste traits for 
the TAS1R1, TAS1R2, and GNAT3 genes, which were unexpected, have not been 
reported earlier. These may indicate that these genes share pathways for sweet 
and sour taste similar to what is reported for bitter taste (138). 

Associations between taste and food preference and intake 

Food preference was estimated using a custom-made questionnaire developed 
from a previously tested and evaluated questionnaire, PALS (102, 103). PALS was 
adapted to Swedish users and the food items in the FFQ questionnaire used to 
monitor actual food intake. Moderate correlations were found between recorded 
food preference and actual consumption of sweet and sour foods, but correlations 
were strong for bitter preference and bitter foods. It had been hypothesised that 
the liking of sweet foods would be a proxy for high intake; however, based on the 
findings, this hypothesis was weakly supported. It may be questioned why the 
correlations between the food preference and reported intake was merely 
moderate for sweet items. Is this a true finding or a reflection of bias? Systematic 
under-reporting is a common measurement error in food recording (141); 
although precautions were taken to balance this by energy adjustment and 
assuring that the Food Intake Levels (FIL) were physiologically plausible among 
the participants, we cannot exclude that the recordings are affected by 
underreporting. As the participants completed the food surveys in the waiting 
room of the dental clinic, their answers concerning the consumption of sugar, 
such as soft drinks and sweets, may have been biased.; that is, if the surveys were 
done at a neutral place, the participants might have provided different responses. 
On the other hand, the moderate correlation may also reflect that the 
participants, who could be considered young adults, knew that sugary foods are 
bad for their teeth and health and therefore restricted sugary food intake even 
though they preferred sugary foods. 

In addition to the correlations between liking food and actual intake, there were 
correlations between taste perceptions and liking food and intake. Thus, PT for 
sweet correlated positively with liking sweet foods and intake of sugary foods 
(r=0.36, P<0.001 and r=0.22, P=0.014, respectively). The correlation for TT 
sweet was weaker but significantly associated with intake of sugar containing 
foods (r=0.18, P=0.048). 

Similar positive significant associations were found for TT and PT sour, whereas 
PT bitter only tended to correlate positively with liking of and intake of bitter 
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tasting foods in general. Interestingly, TT for bitter taste was negatively 
correlated with intake of sweet foods (r=-0.22, P=0.019).  

Among the tested gene variants, rs9701796 and rs28374389 in the TAS1R2 gene 
and rs2654185 and rs5418 in the SLC2A4 gene were associated with lower sugar 
intake (Table 7). Notably, the previously mentioned association to TT sweet was 
for rs2654185 and rs5415. These SNPs in SLC2A4 gene are part of the same 
haploblock and therefore connected in their expression and cannot be seen as 
independent associations. As previously mentioned, SLC2A4 is a glucose 
transporter gene that is involved in blood glucose homeostasis and potentially in 
signalling sugar cravings.  
 
Table 7. Showing the association between questionnaire data and SNPs. 

Variable Gene/Genes Associated 
SNPs 
found 

Effect Size of given 
effect  

Sweet 
food 
intake 

TAS1R2 rs9701796 Associated 
with 
variation 
in intake 
of sweet 
foods 

0.13 servings per 
day 

rs28374389 0.08 servings per 
day 

SLC2A4 rs2654185 0.16 servings per 
day 

rs5418 0.16 servings per 
day 

 
Sweet taste, sweet food, and caries status 

No association was found between the dietary or taste perception measures and 
caries status. However, caries prevalence differed significantly between several 
genotype groups. Thus, significant associations were found between SNPs in the 
sweet taste associated genes (TAS1R1, TAS1R2, GNAT3, SLC2A2, SLC2A4) (142, 
143) and caries traits (DeFS) (Table 8). Gene variations in TAS1R2 and SLC2A2 
were associated with increased caries scores, a finding that is in line with previous 
studies (67, 75, 144, 145), and with the nouvelle finding that SNP rs5415 in the 
SLC2A4 gene was associated with more caries. In addition, the present 
association with caries rs5415 in the SLC2A4 gene has been linked to hypoxia 
caused by obstructive sleep apnea syndrome and related inflammatory factors 
(146).  
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Table 8. Associations between caries and SNPs. 

Variable Gene SNP Effect 
Effect size as caries 
affected surfaces 

Caries 
scores 

GNAT3 rs6962693 Associated 
with variation 
in caries scores 

1.2 vs. 4.5 (GG+GT vs. TT)  

    
TAS1R1 rs4908932  6.4 vs. 1.9 (TT + TG vs. GG) 
TAS1R2 rs6685177 8.8 vs. 3.1 (AA + AG vs. GG) 

rs28374389 8.8 vs. 3.1 (CC + CT vs. TT) 
rs28410948 8.0 vs. 2.9 (CC + CT vs. TT) 

SLC2A2 rs1996220 7.3 vs. 2.1 (GG + GA vs. AA) 
rs5400 7.3 vs. 2.1 (AA + AG vs. GG) 
rs11917504* 7.8 vs. 2.2 (TT + TA vs. AA) 

SLC2A4 rs5415 8.8 vs. 3.2 (TT + TC vs. CC) 
*The most prominent effect: the allele TT+TA (versus the AA allele) of this SNP 
results in a higher risk of having higher caries scores. 

The lack of association between taste recognition/food liking or intake and caries 
status may seem unexpected since sugar intake is strongly associated with caries 
development in experimental situations. A possible reason could be the 
anticipated under-reporting of sugar intake, but it is also well known that with-in 
population studies with similar cultural background and less variation in intake 
rarely have the power to identify significant associations between, for example, 
sugar or fat and disease outcome (104). Due to the inherent recoding limitations 
in diet intake in general and sugar intake in particular, there is a need for bias 
free biomarkers for sugar intake. Metabolomics profiling may function for several 
foods (fish, milk, and coffee), but not for sugar. Further testing should evaluate if 
the found gene associations can be replicated; if so, the genotypes may be used as 
unbiased gene-based markers for sugar intake.  
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General discussion on strengths and 
weaknesses 
Cohort  

The present four studies are based on adolescents recruited at three different 
Public Heath Dental Clinics in Umeå. The strengths of the cohorts are that the 
gender distribution is even, the participants came from areas with similar socio-
economic conditions, and the selection of participants was done to ensure that 
both caries-affected and caries-free adolescents were included. In addition, caries 
development was followed longitudinally for a subgroup and the adolescents were 
invited to participate during their regular dental health check-up, which likely 
improved the participation rate. Participation was voluntary and the vast 
majority agreed to participate, which likely made the risk of selection bias 
negligible. A further strength in relation to Study IV is that all adolescents were 
of European ancestry, which reduced the risk of genetic population stratification. 
However, this may also be considered a weakness as it limits the variability in 
ethnic origin of the participants and the ability to compare the results in a broader 
context. Another weakness is that the number of participants was low for analyses 
in sub-groups, such as in the microbiota clusters in Study II. A further 
consideration is the different inclusion criteria used in Study I versus the other 
studies. In Study I, the recruited participants had extreme caries and Studies I-
IV participants were from the general population. This difference limits the 
possibilities to make comparisons among the studies.  

Methods 

If I were to redo the same four studies, I would consider adjusting the food 
frequency questionnaire for the age group, as it was difficult for the adolescents 
in the lower ages that still lived with their parents to know, for example, if the 
food was fried in butter or oil. This was manageable since they all faced the same 
problem and those parameters could be excluded if needed. Otherwise, the 
questionnaire itself is thorough and well evaluated. In addition, an alternative 
recording instrument might have been considered. I would, however, stay with 
an FFQ because it is time efficient and no true gold standard method exists. All 
diet recording methods are inexorably affected by uncontrolled bias from both 
systematic and random errors, so the assessment of reported energy intake seems 
more reasonable than assessment of energy expenditure and adjustment for 
reported energy intake.  
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As for sampling and collection of saliva and tooth biofilm, I would monitor the 
time before the sampling visit more closely by using more reminders about eating, 
drinking, tobacco use, and tooth brushing. To address this, in Study IV, 
participants were sent extra SMSs as reminders. This strategy led to a clear 
improvement in compliance with the given pre-sampling instruction. Given that 
we now know that enough DNA can be obtained from single tooth surfaces, I 
would collect site-specific tooth biofilm and not pool samples from all available 
tooth surfaces into one test tube per patient as in the Studies I-III. 

Regarding the sequencing, I would consider adding different hypervariable 
regions of the 16S gene since V3 and V4 have been suggested not to offer optimal 
differentiation of species that might be of interest in relation to dental caries. The 
SMRT method we applied in Study I covered V1-V8 but was both expensive and 
as used here gave limited sequencing depth. V1 and V2 have been reported to 
provide better resolution of early colonisers, such as Streptococci, as well as many 
gram-negative bacteria, but this was not confirmed in another study by our group. 
V5 is not very informative since it presents the least variability in the RNA gene, 
and V6 adds very little information to the information gathered from V3 and V4. 
An optional approach would be to use shot gun sequencing where information on 
more genes are obtained, which may improve taxonomic resolution given that 
there are databases to match to. The choice of method should be based on the 
research question since both methods have their strengths and limitations, 
including that the shot gun method is more error prone and requires much more 
DNA. 

After sequencing, no matter how good the method, a need for sufficient taxa 
naming arises, and fortunately the available databases are growing; for example, 
HOMD (now eHOMD) provides a good alternative for oral species.  

The taste testing in Study IV turned out quite well, but with a larger cohort more 
concentrations or smaller distance between the concentrations may be preferred 
to improve resolution. In our study, the best resolution was found for sweet taste. 
A similar variation or even better variation would have been preferred for sour 
and bitter as well.  

In the genetics part of Study IV, the limitation in the study group size provided 
power for only common gene variations. In a small group, the chance that an 
unusual gene variant is captured is small, so capturing gene variations present in 
few persons require a much larger sample size. This is a common problem when 
studying complex diseases where genetics interact with environmental factors. 
Since caries is a complex disease, large study groups are needed together with 
careful phenotype characterisation. In fact, a recent study suggests that the caries 
disease should be characterised at the tooth surface tooth cluster level (92). It 
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should also be noted that candidate gene studies are associated with higher risk 
of false positives compared to genome-wide methods. 

Generalisability   

The acquired results are only applicable in populations that are represented by 
the study cohorts (i.e., having regular preventive dentistry and similar diet and 
oral hygiene habits) since these factors confound both microbiota composition 
and caries development (147). Therefore, corresponding results must be 
evaluated in other study groups where, for example, the caries situation may 
differ significantly. The 16S rRNA gene sequencing method can be used for 
microbiota patterns regardless of population, but participant clustering based on 
the microbiota patterns likely differs with different inherent species and different 
caries levels, such as shown in a comparison between Swedish and Romanian 
adolescents (35). Similarly, other laboratory methods are universal, but the diet 
recording instrument must be adjusted to food intake representative for the 
specific study population. In addition, the genetic data are limited to a European 
cohort since it is known that gene variations stratify with population ancestry. 
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Conclusions 
To conclude, S. mutans remains as the most influential species in dental caries at 
the group level and its presence is accompanied by a restricted number of other 
saccharolytic and aciduric species in the present population. However, a 
substantial proportion of the population develops caries without any detectable 
S. mutans and their tooth biofilm microbiota is more diverse with a wider panel 
of aciduric species acting in concert upon exposure to sucrose and other sugars. 
This is all in line with the ecological caries concept, but what is new is that the 
tooth biofilm microbiota divide individuals into clusters with different caries 
experiences and that consumption of sugar and sucrose appears to associate with 
cluster allocation. It is also interesting that C. matruchotii is found in tooth 
biofilm in all individuals and with support for an association with low caries 
development. Furthermore, it is interesting that S. wiggsiae is a prominent 
partner to S. mutans.  

Throughout the studies, several proteolytic gram-negative species usually 
connected to periodontal disease seem to be associated with caries, but this might 
be a marker of less tooth brushing and more anaerobic conditions as the biofilm 
thickens. None of the subjects displayed signs of periodontitis on x-ray bitewings 
or in CPI screening, but several subjects reported signs of gingivitis (i.e., bleeding 
when brushing their teeth).  

It can also be concluded that the oral microbiota is more homogeneous in 
individuals with a high sucrose intake and that taste preferences for sweet, bitter, 
and sour are partly genetically driven with effects on choices of foods and drinks 
and potential effects on diet-associated diseases although an overlap with caries 
was only found for rs5415 in the SLC2A4 gene. 
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Appendix 
The questionnaire used in study IV to assess food preferences 

VAD TYCKER DU OM FÖLJANDE?                                                                                                    
Nr……… 

Markera vad du tycker om varje produkt/aktivitet genom att ringa in det ansikte 
som bäst stämmer in på hur du tycker. Har du inte någon erfarenhet av 
produkten/aktiviteten i fråga väljer du att kryssa i ”vet ej”. 

 

FISK 

 
 

 

Vet ej  

GLASS  

 
 

 

Vet ej 

GRAPEFRUKT

 
 

 

Vet ej 

BRYSSELKÅL 

 

 

Vet ej 

OST 

 
 

 

Vet ej 

JUICE 

 
 

 

Vet ej 

   



 

2 

POMMES 
FRITES 

 

 

Vet ej  

MÖRK 
CHOKLAD 

 

 

Vet ej 

SPENAT 

 
 

 

Vet ej 

LÖSGODIS 

 
 

 

Vet ej 

NÖTTER 

 
 

 

Vet ej 

BULLAR etc. 

 
 

 

Vet ej 

MJÖLK 

 

 

Vet ej 

 
SYLT / 
MARMELAD

 

 

 

 
Vet ej 

 
LÄSK 

 
 

 

 

 
Vet ej 

   



 

 

ÄGG 

 
 

 

 
Vet ej  

RUSSIN 

 
 

 

Vet ej 

NATURELL 
YOGHURT

 

 

Vet ej 

 
KÖTT 

 
 

 

 

 
Vet ej 

CITRON 

 
 

 

Vet ej 

KYCKLING 

 
 

 

Vet ej 

CHIPS / 
OSTBÅGAR 

 

 

Vet ej 

KAFFE 

 
 

 

Vet ej 

KETCHUP

 
 

 

Vet ej 



 

4 

ÖL 

 
 

 

Vet ej 

APELSIN/ 
CLEMENTIN 

 

 

Vet ej 

MÅLA / RITA / 
PYSSLA 

 

 

Vet ej 

BORSTA 
TÄNDERNA

 

 

Vet ej 

LÄSA BÖCKER

 
 

 

Vet ej 

TITTA PÅ TV

 
 

 

Vet ej 

SPELA TV-
SPEL etc. 

 

 

Vet ej 

VARA 
UTOMHUS

 

 

Vet ej 

TRÄNA / 
SPORTA 

 

 

Vet ej 
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