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THESIS ABSTRACT 

 
Early childhood caries (ECC) and its more severe form S-ECC are prevalent diseases 

linked to various etiologic factors, including sex, microbiota, diet, and genetics. Recent studies 

have highlighted the role of inter-kingdom interactions involving fungi and cariogenic bacteria in 

the onset of dental caries. However, sex-specific and oral site-specific differences in the oral 

microbiome are poorly characterized. 

Evidence suggests that there is a plausible relationship between genetic variants in taste 

genes and enhanced ECC risk or protection. This has been attributed to the modulatory effect of 

bitter taste receptors on taste preferences and oral innate immune responses. Nevertheless, 

previous caries studies focused on select sweet and bitter taste receptors (T1Rs and T2Rs), with 

minimal or no attention to other taste signal transducing proteins such as free fatty acid receptors 

(FFARs), salt and sour ion channels (ENaCs and OTOP1), and carbonic anhydrases (CAs). 

Therefore, this study investigated whether variants in multiple taste genes play a role in S-ECC 

and the oral microbiome. 

The first part of the thesis focuses on characterizing the oral microbiome, identifying sex-

specific and site-specific bacterial and fungal species that are associated with S-ECC. The second 

part evaluates the association of taste genetic variants with S-ECC and the dental plaque 

microbial composition. The third part investigates the role of seven genes, involved in 

downstream taste signaling, in S-ECC and dental biofilm composition.  

These studies demonstrate that sex- and site-specific differences in the oral microbiome 

exist. A significant difference in the abundance of Neisseria was observed between males and 

females with S-ECC. Streptococcus mutans, Candida albicans, and Candida dubliniensis, among 

others, were enriched in the dental plaque, compared to oral swabs, of children with S-ECC. 

Also, genetic variants in genes encoding proteins involved in taste sensations (SCNN1D, CA6, 

TAS2R3, OTOP1, TAS2R5, TAS2R60, TAS2R4, SCNN1B, FFAR3, TAS1R3, SCNN1G, CA7, 

TAS2R38, TAS2R41, TAS1R1) and downstream taste signaling components (PLCB2, GNAQ, 

GNAS, GNAT3, RALB, and RAC1) were associated with S-ECC and/or the composition of the 

bacterial and fungal microbiomes. Overall, these findings may improve our understanding of S-

ECC etiology and help to develop more personalized predictive and preventative strategies.  
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CHAPTER 1: INTRODUCTION 

 

Oral diseases are highly prevalent and a global public health concern. In Canada, roughly 

1% of emergency room admissions are due to dental and oral care needs (Figueiredo et al., 

2017). Globally it was estimated that nearly 3.5 billion people of all ages were affected by oral 

disorders, such as untreated dental caries and chronic periodontal disease (GBD Disease and 

Injury Incidence and Prevalence Collaborators et al., 2018). Oral diseases may also influence 

systemic health. For instance, increasing evidence has shown an association between oral health 

and diabetes mellitus, cardiovascular disease, rheumatoid arthritis (RA), and chronic obstructive 

pulmonary disease, highlighting the importance of maintaining good oral health (Hitchon et al., 

2010; P. S. Kumar, 2017; Oberoi et al., 2016). The prevalence of oral infectious diseases is also 

associated with multiple factors, including age, sex, and socioeconomic status (SES). For 

instance, periodontal disease and root caries are more prevalent in older adults, which may be 

influenced by systemic diseases, dry mouth due to medications, and other factors (Chan et al., 

2021). Also, the prevalence of autoimmune diseases that can impact oral health, such as 

Sjögren’s syndrome and RA, is higher in females, which may be due to hormonal influence on 

inflammatory responses and may partially explain sex-differences in the prevalence of oral 

diseases (Brandt et al., 2015). 

The prevalence of oral diseases also varies among different regions and higher rates have 

been reported in developing countries, which may be linked to low SES that leads to limited 

access to dental care and prevention programs (Johansson et al., 2016). Tantawi et al. reviewed 

dental caries data available from 88 countries in the last decade and showed that the average 

prevalence of caries in children between 36 and 72 months of age was 57.3% and that it was 

associated with the growth of gross national income (El Tantawi et al., 2018). In contrast, most 

studies aiming to identify the role of the human microbiome in health and disease are from North 

America and European populations. Unfortunately, this disparity in microbiome research may 

exclude the developing and other countries from benefiting from the important findings arising 

from microbiome research (Abdill et al., 2022). 

Dental caries is among the most common oral infectious diseases. For many years, the 

“specific plaque hypothesis”, which attributes the cause of diseases to a restricted group of 
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microbial species, was widely accepted (Russell, 2009). Infectious oral diseases were then linked 

to specific bacterial species, such as Streptococcus mutans for dental caries and Porphyromonas 

gingivalis for periodontitis. With the advance of molecular methods such as next generation 

sequencing (NGS), emerging evidence suggest that a dysbiotic interaction between oral 

polymicrobial communities and the host immune system may play important role in oral disease 

onset and progression (Lamont et al., 2018). Furthermore, microbes that usually dominate 

disease-associated microbial communities are also present in healthy stages but with reduced 

abundance, which supports the “ecological plaque hypothesis” (Lamont et al., 2018). A growing 

number of evidence suggests that environmental and genetic factors greatly contribute to 

variations in the oral microbial composition (Gomez et al., 2017; X. Liu et al., 2021). Recent  

studies showed that heritability of oral microbes could play a substantial role in the susceptibility 

to diseases such as dental caries (Abusleme et al., 2018; Poole et al., 2019).  

In the past decade, the search for a better understanding of extra-oral functions of taste 

receptors led to the exciting discovery of their ability to modulate innate immune responses upon 

their activation by bacterial products (Tizzano et al., 2010). This prompted the quest for 

unveiling the association between taste-related factors, the oral microbiome, and the 

development of oral diseases such as early childhood caries.  

 

1.1 Early Childhood Caries 

1.1.1 Definition and implications 

Early childhood caries (ECC), also known as early childhood tooth decay or baby-bottle 

tooth decay, is defined as the presence of one or more decayed (non-cavitated or cavitated), 

missing or filled (due to caries) surfaces, in any primary tooth of a child under six years of age 

(AAPD, 2017). It is one of the most prevalent diseases in children, especially among low-income 

populations in Canada (Amin et al., 2014; Holve et al., 2021; Schroth et al., 2009). It was 

estimated that, in 2017, more than 531 million children were affected by tooth decay in primary 

teeth worldwide (GBD Disease and Injury Incidence and Prevalence Collaborators et al., 2018).  

A more aggressive form of ECC, known as severe early childhood caries (S-ECC), is 

classified based on the child’s age, location of the caries lesion, and number of teeth affected 
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(AAPD, 2017). S-ECC is regularly treated under general anesthesia (GA) because of the 

extensive dental treatment required. From 2010 to 2014, 31% of all pediatric day surgeries 

performed in Canada (excluding Quebec) were done to treat S-ECC under GA (Schroth et al., 

2016). According to the American Academy of Pediatric Dentistry (AAPD), the treatment under 

GA is indicated for patients who are uncooperative, whom local anesthesia is ineffective, who 

require extensive surgical procedures, for whom it can reduce medical risk, and those requiring 

urgent and ample oral/dental care (AAPD, 2016). However, this surgical approach is not without 

risk of complications, and it fails to address factors that contribute to S-ECC development. 

Therefore, many children develop new or recurrent caries soon after their rehabilitation 

(Edmonds et al., 2019; Schroth & Smith, 2007). Additionally, the treatment of S-ECC is a huge 

financial burden to the health care system and to families (Schroth et al., 2016).  

According to the ecological plaque hypothesis, dental caries is an infectious 

multifactorial chronic disease that is driven by a shift in the complex oral microbiome that results 

in an imbalance between the physiological processes of loss (demineralization) and gain 

(remineralization) of the mineral content of the tooth (Marsh & Zaura, 2017). In the presence of 

fermentable carbohydrates, cariogenic bacteria produce acids that decrease the local pH beyond a 

critical value where the minerals of the enamel and dentin can easily dissolve. This makes the 

process of demineralization persist and predominate, causing structural changes in the tooth and 

the subsequent occurrence of cavities. So, fermentable carbohydrates, cariogenic bacteria, and 

susceptible host (tooth integrity) form the classic causative triad for dental caries (Selwitz et al., 

2007; Tinanoff et al., 2002). 

Although, ECC is initially reversible, if untreated it can cause permanent damage to the 

hard dental tissues and dental pulp, causing pain and abscess. However, the consequences of 

ECC can have an impact beyond the oral cavity. It can lead to long-term complications and can 

negatively affect the child’s overall health and quality of life (Grant et al., 2019; Schroth et al., 

2009). Some of the most frequently reported impacts for children are tooth or mouth pain; 

trouble sleeping, playing, learning, eating, drinking; and frustration or irritation (Grant et al., 

2019; S. Wong et al., 2017). Untreated caries can also cause infection which can spread to other 

parts of the body including the brain (Hibberd & Nguyen, 2012). There are also reports of deaths 

as a result of sepsis secondary to caries in children or resulting from problems during treatment 

due to local and/or general anesthesia and even choking (Casamassimo et al., 2009). 
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Similar to other chronic diseases, ECC is multifactorial in origin. Although the presence 

of cariogenic bacteria and an available source of sugar is a key player, there are many child, 

family, and community level factors that can impact the development of this widespread dental 

condition (Fisher-Owens et al., 2007). 

 

1.1.2 Risk Factors 

Dental caries development is influenced by multiple factors and behaviours, such as the 

amount and frequency of sugar intake, tooth defects, oral hygiene habits, oral microbes, presence 

of visible plaque, salivary flow and composition, immune and genetic factors (Figure 1.1) 

(Borghi et al., 2017; Bretz et al., 2006; Pierce et al., 2019; Wendell et al., 2010).  

Many risk factors for ECC have been proposed and thoroughly reviewed. A recent 

systematic review has presented results from 25 prospective studies covering years 1997 to 2017, 

regarding risk factors for ECC. The authors reported several sociodemographic, behavioural, and 

clinical variables that had enough evidence to support inclusion in caries risk assessment tools to 

assist in identifying preschool children at risk of ECC. Those were age, SES, previous caries 

experience, fluoride exposure, visible plaque, enamel defects, infant feeding practices 

(breastfeeding, bottle feeding, and feeding duration), dietary habits/behaviours (including 

snacking and drinking between meals and before bedtime), tooth brushing habits, the continuing 

relationship between dentists and patients, and history of dental visits (Schroth et al., 2021). 

Another recent systematic review, including 89 prospective, retrospective, and case-

control studies, with publication years ranging from 1981 to 2019, investigated the potential risk 

factors for ECC (Kirthiga et al., 2019). Among sociodemographic factors, most of these studies 

reported that sex (male) and low household income were associated with increased risk for ECC. 

Most of the dietary factors identified were related to the amount, time, or frequency of sugar 

consumption. Visible plaque, enamel defects, presence of dentinal caries, toothbrushing 

frequency, and increased levels of salivary Streptococcus mutans and Candida were also 

considered to be associated with increased risk for ECC (Kirthiga et al., 2019).  
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Figure 1.1. Common risk factors associated with early childhood caries (ECC). According to the 

ecological plaque hypothesis, there is a shift in the oral microbial ecosystem during the progress 

of caries stages, where the biofilm becomes dominated by acidogenic and aciduric 

microorganisms (comprising bacteria and fungi) increasing the risk of caries (dysbiosis). Many 

factors can influence the composition and amount of biofilm such as fluoride exposure, oral 

hygiene, diet, salivary flow, and composition, host genetics, and tooth defects, and may be 

important predictors of ECC. Created with BioRender.com. 

 

Teeth start to develop around six weeks post-fertilization and their development is highly 

sensitive to environmental changes. Disruptions during the process of tooth development may 

create changes in the number of teeth and/or in the tooth’s position, shape, size, and structure 

(Sella Tunis et al., 2021). Dental defects have been associated with several factors including 

maternal stress, smoking, use of antibiotics and other drugs, alcohol use, preterm birth, low birth 

weight, and genetic factors (Cruvinel et al., 2012; Jacobsen et al., 2014; Vitria et al., 2019). The 
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role of maternal infections in the development of dental anomalies has also been reported and 

reviewed previously (Bhagirath et al., 2021).  

A recent study investigated the prevalence of dental anomalies among 2,897 individuals 

from Israel aged 8 to 40 years old (16.11 ± 6.8 years; 58.6% females) (Sella Tunis et al., 2021). 

Among them, 36% (1,041) manifested at least one dental anomaly, which were more frequent in 

the maxilla. Another recent study reported that among 656 Brazilian 4-year-old children 319 

(48.6%) were diagnosed with either congenital or acquired enamel defects in the primary 

dentition (Oliveira et al., 2006). There is strong evidence that developmental enamel defects are 

associated with increased risk for ECC. The reduced mineralization of hypoplastic areas causes 

increased porosity, which enables the accumulation of biofilm, overgrowth of cariogenic 

bacteria, and caries development (Cruvinel et al., 2012; Oliveira et al., 2006). 

The mature dental enamel is composed of calcium hydroxyapatite crystals and calcium 

(Ca2+) ion is the most abundant. During the process of enamel formation (amelogenesis), 

ameloblasts secrete extracellular matrix proteins that are platforms for Ca2+ and phosphorus ion 

deposition (Yu & Klein, 2020). Mutations in the enamel matrix protein genes and other genes 

(e.g., AMELX, ENAM, and AMBN) involved in the process of amelogenesis have been associated 

with defects in the formation of the enamel, such as amelogenesis imperfecta (AI) (Smith et al., 

2017). Hypocalcified AI is affected by insufficient transport of Ca2+ into the developing enamel, 

which results in a soft enamel, highlighting the role of Ca2+ signaling in tooth formation. 

Mutations in genes involved with Ca2+ signaling, including G protein-coupled receptors 

(GPCRs), G proteins, and other signaling components, may be involved in developmental tooth 

defects and require further investigation (Seymen et al., 2022; Y. Zhang et al., 2014). 

Dentin is less mineralized than enamel and during the process of tooth formation 

(odontogenesis) is secreted by odontoblasts of mesenchymal origin. There are similarities 

between the composition and process of formation of bone and dentin, such as the expression of 

same set of proteins (e.g., osteocalcin, osteopontin, bone sialoprotein, and dentin matrix protein 

1) by both odontoblasts and osteoblasts, which are both specialized mesenchyme-derived cells 

(Narayanan et al., 2001; Yu & Klein, 2020). In fact, associations have been suggested between 

genetic disorders that affect bone formation, such as osteogenesis imperfecta, and dentin defects 

(Nguyen et al., 2021). Thus, mutations in genes associated with bone defects (e.g., GNAS, 
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TAS1R3, and FFAR1) may also disturb tooth mineralization, which requires more research (Luo 

et al., 2019; L. Zhang et al., 2017). 

Nutrition may also play an important role in ECC development. Studies have shown 

evidence of an association between low vitamin D (25-hydroxyvitamin D), albumin, calcium, 

ferritin, and haemoglobin levels and increased caries experience (Almoudi et al., 2019; Carvalho 

Silva et al., 2020; Schroth, Levi, Kliewer, et al., 2013; Schroth, Levi, Sellers, et al., 2013; 

Williams et al., 2021). Vitamin D deficiency might contribute to ECC risk due to its role in the 

development of the tooth and causing increased odds of enamel defects. Furthermore, it is known 

to play roles in the immune response, leading to reduced levels of antimicrobial peptides that 

control the overgrowth of cariogenic bacteria, and in salivary composition and flow (Williams et 

al., 2021). However, there are shared predictors between dental caries and nutritional deficiency 

(e.g., low SES and dietary habit) and severe dental caries can lead to malnutrition due to altered 

eating habits (Carvalho Silva et al., 2020; Schroth, Levi, Sellers, et al., 2013). Therefore, further 

studies are needed to determine whether a true cause-effect relationship exists between ECC and 

vitamin D deficiency. 

There is strong evidence of an association between high sugar intake and increased rates 

of dental caries (M. Peres et al., 2016; Sheiham & James, 2014). However, the physiological 

mechanisms associated with a person’s craving for sweets are not yet fully established. Genetic 

factors influencing taste sensitivity and preference/rejection of some foods might play an 

important role in the frequency of carbohydrate intake (Verma et al., 2006). There are four main 

groups of genes involved in the aetiology of caries. They include genes responsible for tooth 

development, diet, immune responses, and saliva characteristics (Darshana et al., 2014). Many 

candidate-gene studies have since been carried out to examine the role of genetics in ECC 

(Piekoszewska-Zietek et al., 2017; Shaffer et al., 2011). Most studies in the literature on genetic 

association of ECC targeted genes related to enamel development and mineralization and 

immunity (Vieira et al., 2014). The influence of host genetics on the abundance of cariogenic 

microbes has also been investigated and will be further discussed in the following sections.  

A genome-wide association study (GWAS) in children reported significant associations 

of severity of caries and S. mutans carriage with three loci at the genes galactokinase 2 (GALK2), 

interleukin 32 (IL32), and CUGBP Elav-like family member 4 (CELF4) (Meng et al., 2019). 
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Another GWAS reported suggestive evidence of association of ECC with other genetic loci 

(ACTN2, EDARADD, LPO, MTR, and MPPED2) (Shaffer et al., 2011). Ballantine et al. (2018) 

show suggestive evidence of an association between 13 genetic loci and ECC (Ballantine et al., 

2018). A pilot GWAS conducted among African-American adults and children suggested that 

differences in the contributions of genetic variants to dental caries experience across racial 

groups may exist (Orlova et al., 2019). More recently, a study conducted by Olatosi et al. showed 

evidence of hereditability of ECC among African population with replication of two previously 

reported single nucleotide polymorphisms (SNPs, rs11239282 and rs131777) for ECC (Olatosi et 

al., 2021). More studies are needed to further determine the genetic association of caries in 

children. 

 

1.1.3 Prevention Strategies and Current Challenges 

The multifactorial origin of ECC greatly increases the challenges associated with the 

development of effective prevention strategies. Limited access to oral care (due to low income 

and lack of dental professionals in the community), fluoride, affordable nutritious foods, and oral 

health education are among the many barriers faced by underserved populations, which have the 

highest rates of caries experience in Canada (Schroth et al., 2009). 

Preventive strategies for ECC according to AAPD (IAPD) includes: 

1) Primary prevention: prenatal oral care, reducing the frequency and consumption of sugar, 

avoidance of nocturnal bottle feeding with milk or sugar containing drinks, use of fluoride and 

establishing a dental home. 2) Secondary prevention: involves arresting the progression of caries 

before cavity appears by use of fluoride varnish, pits and fissure sealants. 3) Tertiary prevention: 

this includes preventive management after cavity has appeared (e.g., restoration of tooth to 

prevent complications such as pain, tooth breakdown and pulpal exposure). 4) Collaboration with 

other healthcare providers and non-dental healthcare providers. 

Collaborating with non-dental primary health care providers is a sustainable way of 

preventing ECC, especially among those who lack access to dental services (Olatosi et al., 2019). 

This includes providing appropriate training and tools to enable non-dental primary care 

providers to deliver preventive oral health services, such as oral health education (including 
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promoting first dental visits by first birthday), risk assessment, counselling, fluoride varnish and 

diamine silver fluoride applications, especially in remote communities (Schroth et al., 2021). 

Various tools have been developed aiming to guide health care professionals, including 

non-dental professionals, in assessing a person’s likelihood of developing dental caries (Schroth 

et al., 2021). Caries risk assessment tools focus on individualized patient-centred caries 

prevention, seeking to identify risk and protective factors and provide interventions prior to 

irreversible tooth damage. Therefore, there is an urgent need to identify all risk factors involved 

in the development of oral diseases, especially ECC, to understand why some children are more 

susceptible than others. 

 

1.2 Oral Microbiome 

Since the discovery of the presence of bacteria in the mouth, in 1680, by Antony van 

Leeuwenhoek, more than 700 species of oral microbes, including bacteria, fungi, and viruses, 

have been identified (Caselli et al., 2020; Dewhirst et al., 2010b; Gest, 2004; Peters et al., 2017). 

Studies have shown that the oral cavity is colonized by microbes such as bacteria and fungi 

within a few hours after birth (Mason et al., 2018; Nelson-Filho et al., 2013). The oral microbial 

community varies through life according to changes in dentition, oral hygiene habits, food 

preference, and other lifestyle shifts. The acquisition and establishment of oral microbial 

communities have been thoroughly discussed elsewhere, showing that factors such as hormonal 

levels, orthodontic treatment, intake of sugar-rich beverages and snacks, social environment, 

salivary properties, breastfeeding, mode of delivery, and the genetic background of the host play 

important roles (Kaan et al., 2021) (Figure 1.2). A possible effect of the composition of tap 

water in shaping the oral microbial composition has also been proposed (Willis et al., 2018). The 

maternal influence on the child’s oral microbiome has also been investigated. A study compared 

the supragingival plaque bacteriome of children with or without S-ECC and their biological 

mothers and identified similar overall bacterial composition and diversity within the mother-

child pairs (J. Xiao et al., 2018).  
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Figure 1.2. Host and environmental factors contributing to the composition of the oral 

microbiome. Created with BioRender.com. 

 

1.2.1 Oral bacteriome 

A study analyzing bacterial succession in the saliva of children (N = 90) from 3 months to 

7 years of age identified Streptococcus, Lactobacillus, and Veillonella as “Early oral colonizers”, 

having >1% abundance at 3-6 months of age (Dzidic et al., 2018). Gemella, Rothia, 

Haemophilus, and Granulicatella were defined as “constant oral colonizers”, being present at 3 

months of age and increasing in abundance over time. On the other hand, Actinomyces, 

Neisseria, Abiotrophia, and Porphyromonas were considered to be “late oral colonizers”, as they 

became dominant at a later stage (after the first year of age) (Dzidic et al., 2018). Streptococci 

are able to adhere to epithelial cells and are among the most abundant taxa in breast milk, which 

could explain their early colonization of the oral cavity (Moossavi et al., 2019; J. Xiao et al., 

2020). Breast milk could play an important role in the composition of the child’s oral 
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microbiome by the transmission of microbes (including bacteria and fungi) and nutrients and by 

the production of antibacterial reactive oxygen species when in contact with baby saliva (Al-

Shehri et al., 2015; Dzidic et al., 2018; Kaan et al., 2021; Moossavi et al., 2019, 2020). A recent 

study indicated that breastfeeding was associated with changes in the oropharyngeal bacterial 

and fungal microbiota of newborns (1 week old, N = 121) (Pattaroni et al., 2022). It was 

observed that Candida and Streptococcus spp. were less abundant in oropharyngeal samples of 

neonates who were breastfed. The authors proposed that oligosaccharides, maternal immune 

components, and other antimicrobial molecules present in breast milk could be responsible for 

these findings (Pattaroni et al., 2022). Previous studies showed that breast milk collected within a 

few hours after delivery had high levels of IgA against S. mutans virulence antigens, which may 

protect the newborn by decreasing the ability of the bacterium to adhere on the oral mucosa 

(Bertoldo et al., 2017). Another study showed that human milk oligosaccharides (HMO) can 

affect the virulency of C. albicans reducing its ability to invade intestinal epithelial cells, 

suggesting that HMO may have protective effects in the gastrointestinal (GI) tract (Gonia et al., 

2015).  

The possible transmission of microorganisms along the oral and GI tract has also been 

suggested (Schmidt et al., 2019). A study investigated the link between the oral and gut 

microbial communities by analysing saliva and fecal samples from 470 individuals. They 

reported that many oral bacterial strains, including those of Streptococcus, Actinomyces, and 

Veillonella, are highly transmissible and can colonize the gut (Schmidt et al., 2019). They 

suggested that oral microbial transmission levels, especially of pathogenic strains, were 

increased in patients with colorectal cancer and RA. In addition, they showed that the fecal 

microbes do not usually colonize the oral cavity. Overall, this highlights the importance of the 

oral microbiome in influencing the development of systemic diseases and the importance of 

maintaining a good oral health.  

Different microorganisms can be found in different oral surfaces including the tongue, 

cheek, tonsils, and teeth. Although the mouth is constantly exposed to foreign microbes, the 

species that colonize these oral microenvironments have to adapt to the physical challenges (e.g., 

temperature, humidity, nutrient and oxygen levels, and masticatory forces) and be able to evade 

the salivary anti-microbial defenses (Hall, 2017; Keijser et al., 2008; The Human Microbiome 

Project Consortium, 2012). In the human microbiome project (N = 242), microbial differences 
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among five major body areas, including nine oral sites (saliva, buccal mucosa, supra- and 

subgingival plaque, gingiva (gums), tonsils, palate, tongue, and throat), were investigated. The 

results showed that the oral cavity has the highest interindividual variations and that the oral and 

stool microbial communities were the most diverse among the other body parts. Within the oral 

cavity, supragingival plaque, saliva, and subgingival plaque had the highest within samples 

(alpha) diversity, and most oral sites are dominated by Streptococcus spp., followed by 

Actinomyces spp. in the supragingival plaque, Haemophilus in buccal mucosa, and Prevotella in 

the subgingival plaque (The Human Microbiome Project Consortium, 2012). A recent study used 

fluorescence spectral imaging to show how bacteria are spatially organized on the surface of the 

tongue (Wilbert et al., 2020). They showed that these bacterial species form a large and 

organized consortia with a patch mosaic structure that allow scientists to understand the 

dynamics involved in its formation and provide insights into host-microbial interactions (Wilbert 

et al., 2020). Significant differences in the saliva, supragingival plaque, and tongue microbiomes 

were also reported in another study (Hall, 2017). Keijser et al. (2008) used pyrosequencing 

analysis to characterize supragingival plaque and saliva samples collected from 98 and 71 

healthy adults, respectively, and the results showed that 50% of the salivary microbiota was 

composed by Streptococcus, Prevotella, and Veillonella and 50% of plaque samples were 

constituted of Streptococcus, Veillonella, Actinomyces, Corynebacterium, Fusobacterium, and 

Rothia (Keijser et al., 2008). In children with S-ECC and caries-free controls, another study 

reported that, overall, Streptococcus and Veillonella were the most abundant genera in saliva and 

Veillonella, Streptococcus, Actinomyces, Selenomonas, and Leptotrichia were the most abundant 

in supragingival plaque. They also identified higher diversity in bacterial communities of 

children’s dental plaque compared to saliva (J. Xiao et al., 2018).  

Studies also evaluated the temporal dynamics of the oral bacteriome. One study analyzed 

samples from 10 individuals (average age: 25 ± 3 years) at different time points (daily, weekly, 

and monthly) over 90 days (Hall, 2017). They observed that although there were high 

interindividual variations, over time within the same individual the phylogenetic diversity 

remained stable (Hall, 2017). Another study also reported that supragingival microbiota of 

children (N=55, 2-7 years old) remained stable after 12 months of initial sampling, suggesting 

that although the oral microbiota can vary over short periods of time, it can be fairly stable over 

longer periods (Richards et al., 2017). 
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1.2.2  Oral mycobiome 

In the last few years, more studies have focused on characterizing the oral fungal 

microbiome (oral mycobiome) and reported the presence of a diverse fungal community in 

different oral sites. One of the first studies to use targeted amplicon sequencing of the internal 

transcribed spacer (ITS) gene to characterize the oral mycobiome, identified 85 fungal genera in 

the oral rinse of healthy adults, with Candida, Cladosporium, Aureobasidium, 

Saccharomycetales, Aspergillus, Fusarium, and Cryptococcus being the most prevalent 

(Ghannoum et al., 2010). The ITS region is commonly used to characterize the mycobiome as it 

has been shown to provide successful identification of an extensive variety of fungal taxa 

(Schoch et al., 2012). A recent study using ITS rRNA sequencing identified at least 81 fungal 

genera and 154 fungal species in 30 oral rinse samples of adults with or without periodontal 

disease (Peters et al., 2017). They reported the presence of Candida and Aspergillus in all 

samples, indicating that those genera could be part of a core oral mycobiome in adults. 

Penicillium, Schizophyllum, Rhodotorula, and Gibberella were also highly prevalent in their 

study population (Peters et al., 2017). 

A study characterized the oral mycobiome within the first 30 days of life and reported 

that it was dominated by few taxa and showed high intraindividual variation over time (Ward et 

al., 2018). C. albicans, C. tropicalis, C. parapsilosis, C. orthopsilosis, S. cerevisiae, and 

Cladosporium velox were the most abundant species identified in the infants’ oral cavity and C. 

orthopsilosis was more abundant in the oral cavity of caesarean section-born infants. They also 

showed that the mothers vaginal mycobiome were dominated by C. albicans. However, there 

were no significant associations between the infant’s oral fungal diversity and mode of delivery 

or mother’s vaginal mycobiome, suggesting that other routes of transmission may have higher 

relevance (Ward et al., 2018).  

A study using ITS rRNA gene sequencing investigated the salivary mycobiome of 

healthy adults and was the first to report the presence of Malassezia, a known colonizer of the 

human skin, in the oral cavity (Dupuy et al., 2014). The lack of detection of Malassezia spp. in 

the oral cavity in previous culture-based and culture-independent studies could be due to the 

need of specific media to support the growth of Malassezia and specific DNA extraction 

protocols to disrupt its thick cell wall (P. I. Diaz et al., 2017). Candida dubliniensis is another 
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fungal species that has recently gained more importance. Although C. dubliniensis was 

previously known to mainly colonize the oral cavity of patients with HIV/AIDS, recent studies 

have suggested an association between oral C. dubliniensis and periodontal disease, oral lichen 

planus, oral candidiasis, and dental caries (P. Diaz et al., 2019; Molkenthin et al., 2022). This 

yeast might have been underestimated in previous culture-based studies due to its high similarity 

with C. albicans, which makes it quite difficult to distinguish between the two species (Al-

Ahmad et al., 2016). They both share phenotypic characteristics that were previously only 

attributed to C. albicans, such as the capacity to produce chlamydospores and hyphae formation 

(Haynes et al., 1995). 

Candida is the most frequently isolated fungus in clinical oral samples. A recent literature 

review assessed 21 studies that evaluated the oral mycobiome using ITS rRNA amplicon 

sequencing and they found that Candida was the only fungal genera consistently identified in 

almost all studies (20/21), followed by Cladosporium/Davidiella (15/21), and Saccharomyces 

(15/21) (Diaz & Dongari-Bagtzoglou, 2021). They also reported that out of 193 fungal genera 

identified across the 21 studies, only 22 genera were identified in at least four studies, 

emphasizing the high inter-study variability of identified fungi. This could be due to differences 

in the characteristics of the study populations (e.g., age, sex, and disease/healthy status), 

sampling site (oral rinses, mucosal swabs, saliva, and dental plaque), differences in sample 

processing and data analysis, and the low biomass of some fungi in different oral sites (Diaz & 

Dongari-Bagtzoglou, 2021). 

 

1.2.3  Other oral microorganisms 

The oral cavity is also colonized by other microbes. A small number of microorganisms  

belonging to the Archaea domain e.g. Methanobrevibacter oralis, Methanobacterium 

curvum/congolense, and Methanosarcina mazeii can be found in healthy individuals, with 

increased prevalence identified in patients with periodontitis (Matarazzo et al., 2011). A recent 

study identified the presence of Thaumarchaeota and Methanocellales in carious lesions of 

adults (Dame-Teixeira et al., 2020). However, their results should be interpreted with caution 

due to small sample size (3 individuals with caries and 2 caries-free controls) and the fact that 

the individuals were undergoing treatment for periodontal disease. 
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The protozoan Entamoeba gingivalis and Trichomonas tenax can also colonize the oral 

cavity (Yaseen et al., 2021). They have been identified in the oral cavity of children and 

adolescents, with increased detection observed in elder populations (Ghabanchi et al., 2010; 

Sampaio-Maia & Monteiro-Silva, 2014; Sharifi et al., 2020). Another study (N = 315, 13-16 

years old) identified a prevalence of 11.7% infection of E. gingivalis in adolescents and reported 

associations among E. gingivalis and sex, history of antibiotic use, gingival inflammation, 

Candida co-infection, and DMFT score in adolescents (Sharifi et al., 2020). 

The oral virome has been shown to be composed mostly of prokaryotic viruses, known as 

bacteriophages. They are the natural killers of bacteria and studies have determined their 

abundance in saliva (108 virus-like particles per milliliter of saliva) and dental plaque (1010 virus-

like particles per gram of pooled supragingival plaque) (Naidu et al., 2014; Pride et al., 2012). A 

study identified that >99% of the dental plaque virome of 4 healthy individuals were composed 

of bacteriophages and that circoviruses and herpesviruses were the only human viruses identified 

(Naidu et al., 2014). A more recent study characterized the viral communities of oral wash 

samples from 72 healthy adults (18-29 years old) using shotgun metagenomic sequencing (Pérez-

Brocal & Moya, 2018). They observed that only few viruses were identified across the majority 

of subjects, with the bacteriophages from the families Siphoviridae and Myoviridae and several 

Streptococcus phages being the most prevalent (detected in at least 78% of the individuals). 

Among eukaryotic viruses, the Herpesviridae family was the most widespread across the 

subjects, mainly the Human herpesvirus 7 (Pérez-Brocal & Moya, 2018). As bacteriophages can 

stimulate cellular dysregulation and lysis, further research is warranted to recognize the potential 

of these viruses to regulate bacterial diversity and to drive diseases in the oral cavity. The human 

oral virome has been recently discussed elsewhere (Martínez et al., 2021) and future studies are 

required to characterize children’s oral virome. 

A recent study used shotgun metagenomic sequencing to characterize the microbial 

composition of different oral sites in 20 healthy individuals (21-30 years old). They identified at 

least 218 microbial genera and 570 species, including bacteria, fungi, and viruses, and significant 

differences among the oral microbiomes of different sites. Remarkably, fungi, mainly Candida, 

represented only 0.004% of the total microbiome and were detected mostly in supragingival 

plaques, hard palates, and oral rinses (no detection in subgingival plaque, tongue dorsum, buccal 

mucosa, keratinized gingiva, and saliva samples). Additionally, no protozoa were detected. On 
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the other hand, viruses covered 0.03% of the total microbiome, mainly represented by several 

bacteriophages that target the most prevalent oral bacteria. Like what was seen in previous 

studies, members of the families Siphoviridae and Myoviridae, and Streptococcus phages were 

among the most prevalent viruses, and members of the Herpesviridae family were also detected 

(Caselli et al., 2020). 

The oral microbiota usually co-exists in a symbiotic relationship with the host. 

Nevertheless, a disruption of this symbiosis (dysbiosis) contributes to the development of oral 

diseases, such as dental caries (Baker et al., 2021; Peters et al., 2017; J. Xiao et al., 2018). With 

advances in molecular technology, new insights about the role of the oral microbiome in dental 

caries development has been acquired in the past decade. Although, S. mutans is the classic 

cariogenic species, it is known that dental caries can occur in the absence of S. mutans and that it 

is also found in caries-free individuals (Baker et al., 2021). However, the role of other microbial 

species (including fungi, viruses, and parasites) in dental caries development is poorly 

understood. The crosstalk between oral microbes and the host immune system also requires 

further exploration. 

 

1.2.4 Bacteria and ECC 

For many years, the primary focus of microbial studies dedicated to understanding the 

etiology of ECC was on S. mutans. However, the use of culture-independent methods has 

revealed the importance of the broader contribution from the whole microbial community and 

the host immune system to disease development. Longitudinal studies have shown that there is a 

shift in the oral microbial composition that precedes the onset of ECC, supporting the ecological 

plaque hypothesis (Grier et al., 2021; F. Teng et al., 2015; H. Xu et al., 2018). This confirms that 

the oral microbes play crucial roles in ECC development, and that ECC is associated with 

complex microbial communities rather than a single pathogen. Furthermore, these studies 

suggest that key differences in microbial communities among caries-free, pre-caries, and caries-

active states can be used to predict ECC risk (Grier et al., 2021; F. Teng et al., 2015; H. Xu et al., 

2018). A recent study, using metagenomic sequencing, evaluated the salivary microbiome of 23 

children with caries and 24 caries-free children. It was also reported that, besides differences in 

microbial composition, elevated levels of 10 immunological factors were observed in children 
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with dental caries compared to caries-free controls, proposing that more studies investigating the 

role of the host immune system in ECC development are required (Baker et al., 2021).  

In many studies, Streptococcus spp. are consistently found to be associated with dental 

caries (Baker et al., 2021; Grier et al., 2021; F. Teng et al., 2015; H. Xu et al., 2018). S. mutans 

has unique pathogenic abilities, such as adhesion to smooth tooth surfaces, rate of production of 

acids, and generation of insoluble extracellular glucans protecting the biofilm. This makes S. 

mutans an important driver of disease onset even though it is usually not the dominant species in 

the biofilm (Banas & Drake, 2018). It was first identified as an important pathogen in caries 

development by James Kilian Clarke, in the early 1900’s. Clarke’s work was also key for the 

current understanding about microbial succession and the importance of different microbes at 

different stages of disease progress (Russell, 2009). With the advancement from healthy plaque 

to cavitated caries lesions the bacterial species diversity decreases, with the overgrowth of 

pathogenic species and the reduction of health-associated bacteria (Gross et al., 2012). This 

change in the microbial community can occur due to by-products of the microbial metabolism. 

For instance, after high exposure to fermentable carbohydrates, the acid producing (acidogenic) 

bacteria, such as S. mutans, cause a decrease in the pH that favours the growth of acid tolerant 

(aciduric) bacteria driving a shift to a more cariogenic microbial community. S. mutans and 

Lactobacillus spp. are acidogenic and aciduric and are considered biomarkers for dental caries. 

However, as they are usually isolated from different stages of caries lesions, they may provide 

different contributions to the caries development process (Gross et al., 2012; Tanner et al., 2011).  

Evidence suggests that delaying the acquisition of S. mutans beyond 3 years of age is 

associated with lower caries experience later in life, showing that even though this species may 

not be the sole contributor to caries development, when present, it plays an important role 

(Köhler & Andréen, 2012). Other species of bacteria that have been associated with dental caries 

in children include Streptococcus sobrinus, S. vestibularis, S. salivarius,  S. parasanguinis, 

Scardovia wiggsiae, Bifidobacterium, Prevotella, and Veillonella spp. Controversial results are 

seen with Leptotrichia strains, with some studies reporting that they are associated with ECC and  

others showing that they are health-associated species (Agnello et al., 2017; Gross et al., 2012; 

B. G. Neves et al., 2018; Richards et al., 2017; Tanner et al., 2011; F. Teng et al., 2015; J. Xiao 

et al., 2018). Rothia aeria, Corynebacterium, Cardiobacterium, Neisseria, Actinomyces, and 
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Haemophilus spp. have been often associated with good oral health (Agnello et al., 2017; Baker 

et al., 2021; Richards et al., 2017; F. Teng et al., 2015). 

Veillonella spp. are early colonizers of the oral cavity and their relative abundance is 

highly correlated with that of acid-producing bacteria. Hence, Veillonella spp. are often 

identified as ECC-associated taxa. They metabolize lactic acid produced by cariogenic species 

and form weaker acids, providing a less acidic environment. However, they have also been 

shown to communicate metabolically with Streptococcus species, stimulating their growth. 

These characteristics suggest a possible dual role of Veillonella spp. in the oral health and further 

studies are needed to understand the contribution of Veillonella to dental caries (Gross et al., 

2012; Periasamy & Kolenbrander, 2010).  

The use of machine learning approaches in dentistry-related studies have become more 

frequent in the last few years. Studies have shown particular interest in using machine learning 

models to assess dental caries risk based on oral microbial composition. Two longitudinal studies 

demonstrated that it is possible to build ECC onset prediction models based on significant 

changes, from healthy to caries-active states, in the supragingival plaque bacteriome (F. Teng et 

al., 2015; H. Xu et al., 2018). Teng et al., which assessed both the salivary and supragingival 

plaque microbiomes, reported that S. mutans, Veillonella spp., Prevotella spp., Corynebacterium 

durum, Kingella oralis, and Fusobacterium nucleatum were among the taxa with most 

discriminatory power to predict ECC. A more recent study proposed predictive models of ECC 

risk based on the salivary bacterial composition in a pre-caries state. They reported that 

Streptococcus sp., Rothia mucilaginosa, and V. parvula were the most important discriminatory 

features in their predictive models (Grier et al., 2021). 

Increasing evidence has suggested that members of the bacterial phylum Saccharibacteria 

(formerly known as phylum TM7) are associated with oral mucosal infectious diseases (Bor et 

al., 2019; He et al., 2015). TM7 is part of the candidate phyla radiation (CPR). The successful 

cultivation of the Nanosynbacter lyticus strain TM7x led to the interesting discovery that TM7x 

is an ultrasmall obligate parasitic epibiont of a host bacterium (Bor et al., 2019; He et al., 2015). 

A study showed that in the presence of TM7x, the induction of TNF-α gene expression in 

macrophages by Actinomyces odontolyticus XH001 was greatly reduced, suggesting a potential 

immunomodulatory role of TM7x (He et al., 2015). To date, it is unclear whether TM7 
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influences dental caries development. A very recent study (N = 55) found higher abundance of 

TM7 in the saliva of children with ECC compared to caries-free controls (Y. Tu et al., 2022). 

Another study, using metagenomic sequencing (N = 47, children aged 6-11 years), identified 

novel strains of Saccharibacteria in children with and without caries. They also showed the co-

occurrence of Saccharibacteria TM7b/TM7c with ten host salivary immunological markers that 

were more abundant in caries-active children, suggesting a potential role of TM7 in caries 

development (Baker et al., 2021). On the other hand, Agnello et al., identified higher abundance 

of TM7 in the supragingival plaque of caries-free children compared with children with S-ECC 

(Agnello et al., 2017). Therefore, further studies are needed to determine the role of TM7 in 

caries development, their interplay with other microbial members, and their potential 

immunomodulatory effect in the oral cavity.  

 

1.2.5 Fungi and ECC 

Most culture-based fungal studies related to ECC focus only on Candida albicans or did 

not differentiate between this yeast and other Candida species. Studies have shown that inter-

kingdom interactions with Candida albicans were associated with dysbiosis and subsequent 

onset of oral diseases (de Carvalho et al., 2006; Falsetta et al., 2014; Lamont et al., 2018; 

Thomas et al., 2016; J. Xiao et al., 2018). However, there is also a growing body of evidence 

indicating a significant association between various fungal species and ECC risk and/or 

protection (Cui et al., 2021; O’Connell et al., 2020). 

Xiao et al. evaluated the presence of Candida species in children with S-ECC (N = 21) and 

caries-free children (N = 18) and reported that C. albicans was the most prevalent species in 

children with S-ECC. They also showed that the presence of C. albicans was associated with 

significant changes in the abundance of bacterial species in saliva and dental plaque. For 

instance, the presence of C. albicans was associated with increased abundance of cariogenic 

species, such as S. mutans and Lactobacillus spp., in the dental plaque of children with S-ECC, 

and that the presence of C. albicans elevated the activity of S. mutans glucosyltransferase, which 

is an important virulence factor in caries development (J. Xiao et al., 2018). Overall, their results 

highlighted the importance of inter-kingdom interactions for dental caries development and the 

significance of studying the interactions between other species. The crosstalk between salivary 
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bacteria and fungi in children with S-ECC was also explored in a very recent study (Y. Tu et al., 

2022). 

The synergetic relationship between C. albicans and S. mutans has been shown to be a key 

factor in dental caries development. C. albicans can enhance S. mutans virulency, while 

contributing to biofilm formation by facilitating the production of a dense exopolysaccharide-

rich matrix and providing surfaces for bacteria to adhere, which leads to a more aggressive onset 

of dental caries lesions, particularly on smooth surfaces (de Carvalho et al., 2006; Falsetta et al., 

2014). Also, the synthesis of glucan by S. mutans and antifungal agents by C. albicans  seems to 

be important for their symbiotic relationship (Falsetta et al., 2014). 

C. albicans is acidogenic and aciduric and can produce collagenolytic proteinases. 

Therefore, it could play a more active role in dental caries aetiology (Klinke et al., 2009, 2011). 

In vivo experiments, where rats under cariogenic challenge were infected with C. albicans, 

showed the formation of occlusal caries lesions in infected rats compared to uninfected controls, 

which could indicate that C. albicans can in fact cause dental caries (Falsetta et al., 2014; Klinke 

et al., 2011). It is also known that the pathogenicity of C. albicans in the oral cavity may be 

affected by the availability of fermentable carbohydrates  and activity of proteases, which can 

promote adhesion to the tooth surface (Klinke et al., 2009, 2011; W. Zhang et al., 2018). A study 

also identified that C. albicans allows the growth of strict anaerobic bacteria by providing a 

hypoxic microenvironment in the biofilm (Fox et al., 2014). This could explain the growth of 

species such as Veillonella spp. in the supragingival plaque. However, the role of C. albicans in 

dental caries onset in children remains controversial as some studies have shown no association 

between this yeast and caries experience (Fechney et al., 2019; A. Neves et al., 2015; Y. Tu et 

al., 2022).  

The association between S. mutans and C. dubliniensis has also been proposed due to the 

recently identified prevalence of this yeast in oral samples from children with dental caries  (Al-

Ahmad et al., 2016). A study assessed site-specific differences in the dental plaque of children 

with different caries-status (caries with enamel or dentin lesions, and caries-free controls). 

Among the 139 fungal species identified, C. albicans and C. dubliniensis were the most 

abundant species overall and were significantly associated with caries. Increased abundance of 

C. dubliniensis was also detected with the disease progression. Other 24 taxa were differentially 
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abundant between the group with dentin lesions and the caries-free group and they also showed a 

decrease in the fungal diversity with the progress of caries lesions. This study also identified 12 

fungal taxa that were significantly associated with health. Interestingly, some of these fungi can 

produce xylitol, liamocin oils, and other antimicrobial metabolites, which may contribute to oral 

health by negatively affecting the growth of cariogenic bacteria (O’Connell et al., 2020). 

Although, in recent years more attention has been given to the oral fungal communities, the 

characterization of the role played by the oral mycobiome in ECC aetiology is highly needed.  

 

1.2.6 Other microbes and dental caries in children.  

With the advancements in microbial sequencing and analysis, other microbes have been 

identified as potential players in the etiopathogenesis of dental caries. A recent study identified 

that Human herpesvirus 4 (Epstein-Barr virus) was more abundant in children with caries than 

caries-free controls (Baker et al., 2021). Similar pattern was observed in a previous study where 

supragingival plaque samples from 60 children (30 S-ECC patient and 30 control subjects) were 

assessed for the presence of Human herpesvirus 4  and higher occurrence was observed in the S-

ECC group (Yildirim et al., 2010). It has been hypothesized that the gingival inflammation 

observed during dental caries development can lead to higher viral shedding and be responsible 

for the higher viral load in children with caries. Baker et al. identified the co-occurrence of 

Human herpesvirus 4 with many of the host immunological markers tested, supporting this 

hypothesis. However, further studies are required to understand whether these observations are 

of any significance for ECC.  

The association between oral carriage of Entamoeba gingivalis and dental caries in Polish 

children and adolescents (N = 154, 2-18 years of age) has also been recently explored. Although 

no association with caries was observed, presence of higher E. gingivalis counts in children from 

urban areas compared to those from rural areas were reported. However, in this study there is no 

data about how many children actually had E. gingivalis in their dental plaque (Mielnik-

Błaszczak et al., 2018). Further research is needed to determine whether and how the presence of 

oral protozoan can contribute to ECC development.  
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1.2.7 Host genetics and microbiome 

As discussed so far, the oral microbiome can play a very significant role in the 

maintenance of health and the onset/progress of oral and systemic diseases. Therefore, it is 

imperative to understand which factors can modulate the composition of the oral microflora. 

Exciting studies in twins have shown that genetic factors significantly contribute to the oral 

microbial composition (Demmitt et al., 2017; Gomez et al., 2017). Other studies have found a 

stronger environmental contribution (e.g., shared household) to the oral microbiome, compared 

to genetic contribution (Freire et al., 2020; Shaw et al., 2017). 

Poole et al. showed that copy-number-variation of the human salivary amylase gene 

(AMY1) are associated with differences in the oral and gut microbial composition and the impact 

on the oral microbiome was diet-independent (Poole et al., 2019). Another study (N = 752 twin 

pairs), from the Colorado Twin Registry, identified  two loci (near the genes IMMPL2 and 

INHBA-AS1) that may contribute to the salivary bacterial composition (Demmitt et al., 2017). A 

larger study, investigating the association between host genetics and microbial composition of 

saliva (N = 1,915) and tongue (N = 2,017) samples, identified various genetic loci that are 

associated with the salivary and tongue dorsum microbial composition (X. Liu et al., 2021). They 

also showed that variations in bacterial β-diversity were better explained by genetic factors than 

environmental factors, suggesting that genetic factors may contribute more to the oral microbial 

composition than environmental factors. Another study showed associations between SNPs in 

human genes and the abundance of oral bacteria such as Veillonella, Streptococcus, Leptotrichia, 

Porphyromonas, Fusobacterium, Tannerella, Selenomonas, Aggregatibacter, and Lautropia 

(Blekhman et al., 2015). 

The oral fungal communities can also be influenced by host genetics. Abusleme et al. 

evaluated the effect of loss-of-function (LOF) mutation in STAT3, which is linked to primary 

immunodeficiencies, and showed that individuals with defects in this gene are more prone to 

fungal infections and that this mutation is linked to distinct fungal and microbial communities 

(Abusleme et al., 2018). They also reported increased caries experience in people with genetic 

defects in STAT3 who also had high abundances of C. albicans and S. mutans. However, 

although dental caries has a substantial genetic contribution, there is still no agreement about the 

heritability of cariogenic bacteria. Some studies suggest that genetic factors modulate the 
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presence of cariogenic bacteria in the oral cavity (Blekhman et al., 2015; Demmitt et al., 2017), 

whereas others suggest that this is primarily determined by environmental factors (Bretz et al., 

2005; Gomez et al., 2017). Therefore, more studies are required to confirm the effect of host 

genetics on the abundance of cariogenic microbes. 

Exciting recent studies have shown that taste related genes may play an important role in 

the oral microbial composition. An in vivo study showed that mice lacking taste signaling 

components had altered oral microbiota and enhanced spontaneous alveolar bone loss compared 

to wildtype animals (Zheng et al., 2019). This suggests that loss of function of taste signaling 

components due to genetic variants may modulate the composition of commensal microbial 

communities and influence the development of oral and systemic diseases. We recently showed 

that variations in the bitter taste receptor gene TAS2R38 may be associated with changes in the 

composition of the buccal mucosa microbiome in individuals with RA, which is closely linked to 

poor oral health (de Jesus et al., 2021). Another study identified several human genes, including 

those involved in immunity, that were correlated with bacterial taxa abundances in different body 

parts. They showed that pathways involving the umami taste receptor gene TAS1R1 were 

enriched and associated with those genes (Blekhman et al., 2015).  

Taste receptors have already been linked to caries risk/protection due to their role in taste 

preferences and in the modulation of innate immunity (Medapati, Bhagirath, et al., 2021; 

Medapati, Singh, et al., 2021; Verma et al., 2006). Therefore, it is plausible that taste genetics 

may directly or indirectly play a key role in the oral microbiome and have an effect in ECC risk. 

Studies investigating the role of human taste genetics in the composition of the oral microbiome 

and onset, progression, severity, and predisposition of ECC are very much needed. 

 

1.3 Taste Receptors and Taste Genetics 

1.3.1 Taste receptors 

Taste perception is essential for survival. It is responsible for protecting against potential 

harmful substances and for detecting nutritionally relevant food. This important chemosensory 

function is not limited to mammalians, it is also present in other animals (Oike et al., 2007; P. 

Shi & Zhang, 2006). In the fruit fly Drosophila, for instance, taste perception allows them to 
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avoid toxic compounds and to be attracted to sugars and low concentrations of salt (Koh et al., 

2014; Yarmolinsky et al., 2009). 

In humans, the basic taste sensations that can be perceived are sweet, umami, bitter, salt, 

and sour with the bitter and sour tastes being often an indication of the presence of harmful 

compounds in food. The taste sensation of bitter, sweet, and umami are mediated by membrane 

embedded taste receptors (Adler et al., 2000; Chandrashekar et al., 2000; Nelson et al., 2001). 

While sour and salt taste are mediated by ion channels (Lyall et al., 2004; B. Teng et al., 2019). 

The literature also suggests that fat and carbonation may represent additional taste modalities 

(Besnard et al., 2016; Chandrashekar et al., 2009).  

There are some candidate fat taste receptors and ion channels including the free fatty acid 

receptors FFAR1 (GPR40), FFAR2 (GPR43), FFAR3 (GPR41), FFAR4 (GPR120), and cluster 

of differentiation 36 (CD36) receptor (Laugerette et al., 2005; D. Liu et al., 2018). CD36 detects 

long-chain fatty acids, while FFAR4 and FFAR1 are activated by medium to long chain fatty 

acids. On the other hand, FFAR2 and FFAR3 are activated by short chain fatty acids (SCFAs) 

(Laugerette et al., 2005; D. Liu et al., 2018). The activation of these receptors triggers 

chemosensory pathways resulting in intracellular increase in Ca2+, and may involve the mitogen-

activated protein kinase (MAPK) extracellular signal-regulated kinases 1 and 2 (ERK1/2) 

cascade as well as voltage-gated CALHM1 Ca2+ channels (Subramaniam et al., 2016). The taste 

of carbonation has been shown to involve carbonic anhydrases (CAs) (Chandrashekar et al., 

2009). 

The umami, bitter, and sweet taste receptors belong to the super family of GPCRs. They 

are cell membrane proteins that have an extracellular N-terminus, 7 transmembrane regions, an 

intracellular C-terminus, 3 extracellular and intracellular loops (Jaggupilli et al., 2016a). Three 

proteins from the “taste receptor, type 1” (T1R) family are responsible for the sensation of the 

sweet (T1R2 + T1R3) and umami (T1R1 + T1R3) tastes. On the other hand, members of the 

“taste receptor, type 2” (T2R) family are responsible for the bitter taste sensation. To avoid 

confusion, it is important to highlight that the nomenclatures T1R and T2R are used when 

referring to the protein and TAS1R and TAS2R (standard gene symbol assigned by HUGO 

Nomenclature Committee - HGNC) are used when referring to the coding genes (Shaik et al., 

2016). Those receptors were named taste receptors because they were originally identified in 
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taste buds in the oral cavity. However, many studies have demonstrated the presence of T1Rs 

and T2Rs in different parts of the body, including the respiratory system, heart, brain, and GI 

tract, playing different roles in their physiology (M. C. Chen, 2006; Foster et al., 2014; Kohno, 

2017; A. Lee & Owyang, 2017; Shaik et al., 2016; Workman et al., 2015).  

Sweet and Umami Taste Receptors: The T1R proteins consist of approximately 850 

amino acids and are characterized by a large extracellular N-terminus. Sweet and umami 

receptors function as heterodimers composed of T1R2 + T1R3 for sweet and T1R1 + T1R3 for 

umami (Bachmanov et al., 2001; Bachmanov & Beauchamp, 2007; Nelson et al., 2001). In 

humans, umami taste is often identified as savory, soupy, and meaty. This is associated with the 

taste of glutamate which is found in fruits, vegetables, and some high protein foods such as meat 

and cheese (Q. Y. Chen et al., 2009). Sweet taste receptors can be activated by a variety of 

compounds such as sugars, artificial sweeteners, and proteins. The activation of T1Rs generates 

the chemosensory signal that is transmitted to the brain to generate the sweet and umami taste 

perceptions. All TAS1Rs are located on chromosome 1 (Bachmanov et al., 2001; A. Lee & 

Owyang, 2017). 

Bitter Taste Receptors: To date there are 25 bitter taste receptors (T2Rs) expressed in 

humans. Their proteins consist of approximately 300-330 amino acids and, unlike T1Rs, they 

have a short extracellular N-terminus. Most of the receptors can be activated by various agonists 

(Jaggupilli et al., 2016a). Some of the T2Rs bitter agonists are known pharmaceutical 

compounds such as antibiotics, dextromethorphan, and quinine (Jaggupilli et al., 2016a, 2019; 

Upadhyaya et al., 2014).  

The TAS2R genes reside on chromosomes 5, 7, and 12 and in the oral cavity they are 

expressed in taste receptor cells found in the palate, foliate, circumvallate, epiglottis, and 

fungiform taste buds, as well as in gingival epithelial cells (GECs) (Bachmanov & Beauchamp, 

2007; Medapati, Singh, et al., 2021). The expression of T2Rs vary in different tissues. According 

to Behrens et al., in taste receptor cells of circumvallate papillae on the human tongue surface 

TAS2R1, 8, 14, 38, 42, 43, 44, 45, 46, 47, 50, and 60 are abundantly expressed, TAS2R10, 13, 16, 

39, 48, and 49 are moderately expressed, and TAS2R3, 4, 5, 7, 9, 40, and 41 are expressed at low 

levels (Behrens et al., 2007). Medapati et al. showed by using transcriptomic and western blot 

analyses that the expression of TAS2R14 in GECs is significantly higher as compared to other 
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TAS2Rs (Medapati, Singh, et al., 2021). Jaggupilli et al., studied immortalized bronchial 

epithelial cell lines using Nanostring sequencing analysis and found that TAS2R14 and 20 

showed higher expression levels, and TAS2R3, 4, 5, 10, 13, 19, and 50 showed moderate levels 

of expression. The remaining T2Rs had low levels of expression or were barely detectable 

(Jaggupilli et al., 2017).   

Salt and Sour Taste: Direct effects on ion channels are responsible for the salt and sour 

taste sensations. Salt taste sensation involves epithelial sodium channels (ENaCs α, β, γ and δ) 

coded by SCNN1A, SCNN1B, SCNN1G and SCNN1D genes (Lyall et al., 2004). It has been 

shown that sodium taste is related to the entry of Na+ mediated by ENaC which causes the 

voltage-dependent release of neurotransmitters via the CALHM1/3-channels, independently of 

Ca2+ signaling (Nomura et al., 2020). Sour taste, nevertheless, is mediated by H+-permeable 

channels, Otopetrin1 (OTOP1). The OTOP1-mediated proton entry into taste receptor cells leads 

to the acidification of the cytosol, which opens voltage-gated Ca2+ channels and generates action 

potentials that elicit the sour (acidic) taste (B. Teng et al., 2019; Y. H. Tu et al., 2018). 

 

1.3.2 Canonical taste signaling cascade 

In taste receptor cells, the binding of a ligand to its corresponding bitter, sweet, or umami 

taste receptors causes conformational changes in the receptor, which successively activates 

intracellular heterotrimeric G-protein complex, mainly composed of Gagustducin and b3g13 

subunits. After activation, the complex is detached and in order to reduce the protein kinase A 

(PKA) activity, the Ga subunit activates phosphodiesterase (PDE) to decrease cyclic AMP 

(cAMP) levels. Decrease in intracellular cAMP levels can also be mediated via PDE activation 

by intracellular Ca2+. Meanwhile, the b3g13 dimer activates phospholipase C b2 (PLCb2) which 

generates inositol-1,4,5-triphosphate (IP3) and diacyl glycerol (DAG) by hydrolysing 

phosphatidylinositol-4,5-diphosphate (PIP2). IP3 elicits Ca2+ release from internal stores by 

activating IP3 receptors (IP3R), leading to increased influx of Na+ through transient receptor 

potential cation-channel member 5 (TRPM5), depolarization of the taste receptor cell, and 

transmission of chemosensory signals to the central nervous system. Activation of sweet 

receptors via sweeteners and sugars may also lead to activation of adenylyl cyclase (AC) by 

Gas, which leads to cAMP generation and activation of PKA (Caicedo et al., 2003; Jaggupilli et 
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al., 2016a; A. Lee & Owyang, 2017; Shaik et al., 2016) (Figure 1.3). Though the canonical taste 

signaling pathway suggests that taste receptors activate Gagustducin, the co-expression of multiple 

Gα subunits, such as Gai, Gas, and Gaq, in taste buds  and the residual response to bitter 

agonists in Gagustducin knock-out mice have suggested that other Gα subunits may also be 

involved in taste sensation (Ozeck et al., 2004; von Molitor et al., 2021; G. T. Wong et al., 

1996). 

Upon activation by an agonist, GPCRs undergo phosphorylation of cytosolic residues by 

specific kinases, which initiates the process of receptor desensitization involving β-arrestin 

signaling pathways (DeWire et al., 2007). There is evidence that desensitization of T2Rs happens 

in an agonist-specific manner with different levels of desensitization observed with different T2R 

agonist stimuli  (Upadhyaya et al., 2016a).  

 

1.3.3 Taste genetics and taste preferences 

Several studies have highlighted the role of genetics in the development of taste patterns 

and thus food preferences. Family and twin studies have shown high genetic association for 

bitter taste perception and moderate association for sweet taste perception (Hansen et al., 2006; 

Knaapila et al., 2012). Single-nucleotide polymorphisms (SNPs) C/T located at positions 1572 

(rs307355) and 1266 (rs35744813) in the TAS1R3 gene were associated with sensitivity to 

sucrose in humans (Fushan et al., 2009). Another study found that the habitual consumption of 

sugars was associated with a missense variant of TAS1R2 (I191V) (Eny et al., 2010). More recent 

studies have shown that allelic variants for the TAS1R2 locus (GG alleles of rs12033832 and 

CT/CC alleles of rs35874116) were associated with higher consumption of sweet foods (Han et 

al., 2017). High sugar consumption is correlated with dental caries (M. Peres et al., 2016). A 

study examining the effect of genetic polymorphisms in TAS1R2 and TAS1R3 genes found that 

the total caries experience in children was higher for variants of TAS1R2 (rs35874116) and 

TAS1R3 (rs307355) (Haznedaroğlu et al., 2015). Other studies also found association between 

TAS1R2 polymorphisms and caries risk/protection (Kulkarni et al., 2013; Wendell et al., 2010).  

Several other reports have analyzed the relationship between bitter taste status, taste 

sensitivity, and sweet preferences (Lakshmi et al., 2016; Shetty, B.l., et al., 2014). 
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Figure 1.3. The basic taste sensations and their canonical signaling pathways. The sweet, umami 

and bitter taste sensations mediated by heterotrimeric G-proteins are illustrated as well as the 

proposed salt, sour, and fat taste signaling pathways. The activation of T2Rs and T1Rs results in 

increased intracellular Ca2+ levels via the Gαgustducin/Gbg-IP3 pathway, which ultimately leads to 

the depolarization of the cell and transmission of signals to the central nervous system. Salt taste 

sensation involves the ENaC-mediated release of voltage-dependent ATP through CALHM1/3-
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channels, due to Na+ influx. Sour taste sensation involves OTOP1-mediated proton entry leading 

to intracellular decrease in pH, opening of voltage-gated Na+ and Ca2+ channels, and release of 

neurotransmitter. Dietary fatty-acid taste sensation has been proposed to be facilitated by fat taste 

receptors, mainly FFAR1/4 and CD36, and involves ERK1/2-MAPK cascade, and intracellular 

Ca2+ signalling via Gαgustducin/Gbg-IP3 pathway. Protein sizes are not representative of their actual 

mass. Created with BioRender.com.  

 

Bitter taste status can be assessed by phenotyping with phenylthiocarbamide (PTC) and 

its chemical relative 6-n-propylthiouracil (PROP). Studies have shown that SNPs in TAS2R38 

can result in differential responses to these two compounds (U. Kim et al., 2003). Bartoshuk et 

al. subdivided the taster group based on sensitivity to PROP into medium tasters and supertasters 

(Bartoshuk et al., 1994). Later, Kim et al. identified three sites for SNPs in the TAS2R38 gene 

that affected the sensitivity to bitter tastants in humans (U. Kim et al., 2003). Non-synonymous 

substitutions at three positions, proline to alanine at residue 49, alanine to valine at residue 262 

and valine to isoleucine at residue 296, result in eight possible haplotypes (U. Kim et al., 2003). 

The AVI and PAV forms are the most common; rarer forms include the PVI and PAI, the AAI 

and AAV, and the AVV and PVV (Risso et al., 2016). Homozygotes and heterozygotes for the 

PAV form are bitter tasters, whereas the AVI homozygotes are insensitive to bitter tastants and 

are therefore referred to as non-tasters (Drayna, 2005; U. Kim et al., 2003) (Table 1.1). 

 

Table 1.1: Most common polymorphisms in TAS2R38. 

 

  

SNP 

rsID # 

Nucleotide 
position 

Amino acid 
position 

PAV 

(Taster) 

AVI 

(Non-
taster) 

Position in  

chromosome 7 

rs713598 145 (G/C) 49 (P/A) G (Pro) C (Ala) 141973545 

rs1726866 785 (G/A) 262 (A/V) G (Ala) A (Val) 141972905 

rs1024693 886 (C/T) 296 (V/I) C (Val) T (Ile) 141972804 

 

P / A

A / V

V / I

262

49

296

T2R38
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Due to its low cost and accessibility, PROP sensitivity tests have been often used to study 

the association between variations in TAS2R38, dietary preferences, and dental caries experience 

(Furquim et al., 2010; Verma et al., 2006). It has been suggested that supertasters tend to be 

“sweet-dislikers”, because of their high sensitivity to intense flavors, therefore, avoiding very 

sweet foods, and being less prone to dental caries (Verma et al., 2006). Hegde and Sharma 

analyzed the dietary preference, PROP sensitivity, and dental caries experience in 500 children 

in the age group of 8-12 years old and they concluded that, among the studied population, most 

non-tasters tend to like sweet and have higher caries experience (Hedge & Sharma, 2008). 

Similar results were reported by Lakshmi et al. (2016). They assessed children between 6 and 14 

years of age and their study showed that 64.5% of the 293 sweet likers were non-tasters and that 

non-tasters had higher DMFT score than tasters (Lakshmi et al., 2016). Likewise, Shetty et al. 

identified that both caries experience and levels of the cariogenic bacterium S. mutans were 

higher in non-tasters than medium- and super-tasters (N=100, 6-14 years old). They also reported 

that non-tasters were significantly more likely to prefer sweets than tasters (Shetty, B.l., et al., 

2014). Lin et al. evaluated the prevalence of dental caries in 150 children (aged 6 to 12 years) 

and reported higher decayed, missing, and filled tooth surfaces (dfs/DMFS), for both primary 

and permanent dentition, among non-tasters (Lin, 2003). In a recent study, we also showed that 

supertasters had significantly lower numbers of untreated dental caries lesions than non-tasters, 

in a Japanese population (N = 61) (Arakawa et al., 2021). Results from studies relying only on 

PROP sensitivity to determine variations in bitter taste genes must be interpretated with caution, 

as the sensitivity to PROP may change with age and some oral and dietary habits. However, the 

association between TAS2R38 polymorphisms and dental caries risk and/or protection has been 

confirmed by other studies using molecular methods (Wendell et al., 2010; Yildiz et al., 2016). 

Young children have been shown to experience taste differently to adults (Mennella & 

Bobowski, 2015). During adolescence, children with the PAV/AVI diplotype become less 

sensitive to PROP (Mennella et al., 2010). These changes are not detected in homozygous 

subjects (AVI/AVI or PAV/PAV). Thus, age appears to be a modifier of the TAS2R38 genotype–

phenotype relationship (Mennella et al., 2010). Furthermore, studies have shown that the desire 

for sweet foods evolves with the growth of an individual. This implies that the bitter taste 

sensation can change during the development of a child and that TAS2R38 genotype is perhaps 

not the sole factor. Although the T2R38 polymorphism can explain the phenotypic variance, 
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other genetic and/or environmental factors are also likely to play a role. Therefore, it is also 

important to use caution when attempting to generalize results from studies or comparing young 

children to older populations and vice-versa.  

Bitter taste perception depends on more than one T2R receptor function. Polymorphism 

of TAS2R16 (especially K172N, rs846664) is reported to be associated with sensitivity to bitter 

plant compounds and alcohol intake (Hinrichs et al., 2006). A SNP in TAS2R19 (C299R, 

rs10772420) has been associated with sensitivity to bitterness in grapefruit (Hayes et al., 2011). 

Polymorphism in TAS2R31 has been found to be associated with sensitivity to bitterness of 

sweeteners such as saccharin and acesulfame K (Bobowski et al., 2016). Gustin (CA6) gene is 

the salivary isoform of carbonic anhydrase. A study by Padiglia et al. showed that polymorphism 

in the gustin gene is able to influence the sensitivity to PROP. The presence of zinc at the active 

site is an essential factor in the functionality of the gustin protein. The polymorphism rs2274333 

(A/G) influenced the binding of zinc to gustin and thus altered taste perception. T2R7 has also 

been shown to act as a metal cation receptor, responding to zinc, calcium, copper, magnesium, 

and aluminum (Y. Wang et al., 2019). A study showed that individuals with a fully functional 

gustin protein were often supertasters for PROP, while individuals carrying two copies of the 

gustin polymorphism were more frequently non-tasters for bitter compounds (Padiglia et al., 

2010). Carbonic anhydrases are also involved in amelogenesis. They are highly expressed in 

ameloblasts and may be essential for tooth formation by providing local buffering. Mutations in 

carbonic anhydrase genes have been linked to dental defects (Awad et al., 2002).  

Studies examining the association between genetic polymorphisms and salt taste 

preference are limited. A study examining the sensitivity to salt taste and allelic variations in the 

TRPV1 and SCNN1B reported that the CC genotypic homozygotes of TRPV1 (rs8065080) were 

less sensitive to saltiness in foods. Similar results were observed for the AA genotype (rs239345) 

and the TT genotype (rs3785368) of SCNN1B (Dias et al., 2013). 

The difference in individual sensitivities to monosodium glutamate (MSG), an umami 

substance, is largely attributed to genetic variations. A study in French participants identified that 

the non-synonymous SNPs in TAS1R1 (C329T) and TAS1R3 (C2269T) were significantly higher 

in non-tasters for MSG. Tasters for MSG were associated with G1114A in the T1R1 (Raliou et 

al., 2009). Polymorphisms in TAS1R3 (T allele of R757C and A allele of R247H) resulted in 
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higher sensitivity to glutamate (Q.-Y. Chen et al., 2009). A study examining the mechanism of 

umami taste perception using molecular modelling further identified that amino acid 

substitutions at the N-terminal ligand-binding domain of T1R1 (A110V and R507Q) and the 

transmembrane domain of T1R3 (F749S and R757C) significantly reduced the sensitivity to 

MSG (Raliou et al., 2011). 

Changing food habits have attracted interest in the field of fat taste sensation. A study in 

Tunisian women showed that those homozygous for GG genotype of the fatty acid receptor 

CD36 (rs1761667) showed much lower detection thresholds for oleic acid than those with the 

AA genotype (Mrizak et al., 2015). A study in Algerian children showed that the A allele of 

CD36 was associated with a higher lipid taste perception threshold than in the control group 

(Sayed et al., 2015). Another study identified that a non-synonymous mutation (R270H) in 

FFAR4 increases the risk of obesity in European populations (Ichimura et al., 2012).  

Taste perception is complex and deeply intertwined with genetic influences. A total of 

151 non-synonymous SNP combinations have been identified within the members of the TAS2R 

family alone, greater than with most other genes. However, it is unclear if they are all linked to a 

variation in bitter sensitivity and further studies are needed to understand taste perception and 

genetics in depth. 

 

1.3.4 Taste receptor mediated host-microbial interactions 

Besides the variation in the chemosensory function, polymorphisms in TAS2Rs have been 

associated with extra-oral functions. Studies have shown that in the upper airway T2R38 is 

activated by gram-negative quorum-sense molecules (QSM), acyl-homoserine lactones (AHLs), 

responsible for the expression of genes that are essential for bacterial survival (R. J. Lee et al., 

2012; Tizzano et al., 2010). When the bacterial population density grows the concentration of 

QSM increases and, once a threshold is reached, downstream signaling cascades in the bacterial 

cell are activated, leading to the development of virulence factors (Tizzano et al., 2010). The 

identification of the T2R’s ability to be activated by QSM in the upper airway was the first step 

towards the understanding of the role of T2Rs in the host innate defense. 
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1.3.5 Role of taste receptors in the innate immunity in the upper airways 

The innate immune system is the first line of defense against foreign invaders (Ooi et al., 

2010). It is the immunity that is present since birth and is characterized by the recognition of 

pathogen-associated molecular patterns (PAMPs) expressed by germline-encoded receptors, also 

known as pathogen recognition receptors (PRRs). There are many classes of PRRs, including 

Toll-like receptors (TLRs), DNA receptors (cytosolic sensors for DNA), and NOD-like receptors 

(NLRs). The activation of the above receptors triggers a sequence of reactions that aim to 

ultimately kill or eliminate the pathogens from the body (H. Kumar et al., 2011; Medzhitov & 

Janeway, 1997). The anti-microbial immune responses generated by the activation of PRRs 

induce the release of an array of inflammatory chemokines, cytokines, and type I interferons (H. 

Kumar et al., 2011). The cellular components of the innate immune system comprise phagocytic 

macrophages, granulocytes, antigen-presenting dendritic cells, and cytotoxic natural killer 

(Mogensen, 2009).  

On the other hand, the acquired or adaptive immune response occurs via the production 

and amplification of antigen-specific B and T lymphocytes. It involves antigen receptors that are 

generated in each individual based on their previous exposure to pathogens. Therefore, in this 

case the response will be highly specific (Hoebe et al., 2004; H. Kumar et al., 2011). The 

adaptive immune system is dependent, however, on the innate immune cells that are responsible 

for the antigen presentation. The activation of the innate and adaptive immune systems enables 

pathogen clearance and impairments of those immune systems and failure to restore homeostasis 

may result in chronic inflammation (Ooi et al., 2010).  

The mucociliary clearance (MCC) process protects the upper airway from inhaled 

pathogens and debris. In the presence of pathogens or debris the MCC increases and the mucus is 

transferred to the oropharynx or nasopharynx to be swallowed. Besides, products from the innate 

immune response such as nitric oxide (NO) are released on the airway surface through a Ca2+ 

dependent pathway in order to kill the pathogens (Workman et al., 2015). NO causes bacterial 

cell death by rapidly penetrating the cell. It can also speed up the ciliary beat frequency in the 

airway surface by acting as a second messenger activating guanylyl cyclase and protein kinase G 

which leads to the phosphorylation of proteins in the cilia (Workman et al., 2015). Respiratory 

diseases have been linked to decreased levels of NO, which indicates the importance of NO 
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activity in the innate immune response against infections (Lee & Cohen, 2015). When T2R38 is 

activated by AHLs from gram-negative bacteria such as Pseudomonas aeruginosa, the above 

mentioned nitric-oxide-dependent innate host response is triggered, which leads to the killing 

and removal of the bacteria from the airway by MCC (Adappa et al., 2014; R. J. Lee et al., 2012; 

Shaik et al., 2016). 

The solitary chemo-sensory cells (SCCs) of rodent and human nose express T2Rs and 

T1Rs. Other components of the downstream taste signalling pathway, such as PLCb2 and 

Gagustducin, have also been detected in SCCs (R. J. Lee et al., 2014; R. J. Lee & Cohen, 2014; 

Tizzano et al., 2010). SCCs have been shown to use taste receptors to regulate the innate immune 

system in the upper airway, and T1Rs were found to play an antagonistic role toward the 

activation of T2Rs. Low concentrations of glucose are normally available in the airway surface 

liquid due to leaks through the epithelium. According to Lee and Cohen, the activation of 

T1R2/T1R3 sweet receptors by glucose typically reduces the antimicrobial release mediated by 

T2Rs (R. J. Lee & Cohen, 2014). Nonetheless, when the density of bacteria in the airway surface 

increases due to an infection, the concentration of glucose decreases as it is consumed by the 

bacteria. This results in the T2R-mediated stimulation of antimicrobial peptide secretion by 

surrounding sinonasal epithelial cells (R. J. Lee & Cohen, 2014).  

Since the validation of the role of T2R38 in the upper airway innate mucosal defense, 

studies have suggested that people with the PAV/PAV (functional receptor) and with AVI/AVI 

(non-functional receptor) genotypes are less and more likely to develop upper airway infections, 

respectively (Adappa et al., 2014; Cohen, 2017). Heterozygous individual, on the other hand, 

may behave more like AVI or PAV homozygous regarding the innate immune defense, 

depending on their level of expression of functional (PAV) mRNA. According to Cohen (2017), 

heterozygous people who express little functional T2R38 mRNA, which is known as allele 

specific expression, are phenotypically more comparable to those with a non-functional genotype 

(Cohen, 2017). Addapa et al. (2013) analysed sinonasal tissues from 28 patients who had 

undergone sinus surgery and only one super-taster (PAV/PAV genotype) was identified among 

that group, demonstrating that PAV homozygous individuals are less likely to require surgical 

intervention for chronic rhinosinusitis (Adappa et al., 2013). 

 



 35 

1.3.6 Role of taste receptors in the oral innate immunity 

Polymorphisms in bitter and sweet taste receptors have been associated with dental caries 

risk and protection (Haznedaroʇlu et al., 2015; Wendell et al., 2010). However, it was believed 

that this association between taste receptors and caries risk was related to their influence on 

dietary choice (Shetty, B.l., et al., 2014). Nevertheless, after the elucidation of the role of taste 

receptors in the innate immune response to gram-negative bacteria in the upper airway, it became 

essential to understand whether an analogous taste receptor-mediated immune response can be 

found in the oral cavity (Figure 1.4).  

GECs express a variety of cell surface and cytoplasmic receptors that are involved in 

innate immune responses against different microbes. Gil et al. evaluated the effect of cariogenic 

(S. mutans) and periodontal (P. gingivalis and Fusobacterium nucleatum) bacterial stimulation in 

GECs from donors with different TAS2R38 genotypes (AVI/AVI, PAV/PAV, PAV/AVI). They 

showed that, after stimulation with S. mutans, PAV/PAV cell lines had a 4.3-fold increase in 

expression of T2R38 mRNA compared to unstimulated control cell line, but only small change 

was observed in the AVI/AVI cell lines (Gil et al., 2015a). The authors suggested that S. mutans 

infection regulates the expression of T2R38 and that the PAV/PAV genotype, compared to 

AVI/AVI, shows a more remarkable ability to induce T2R38 mRNA expression. 

On the other hand, when GECs were stimulated with P. gingivalis and F. nucleatum, the 

AVI/AVI cell lines were the ones that showed a significant increase (4.4-fold) in expression of 

T2R38 above the control cell lines, while the PAV/PAV cell lines did not show any significant 

change. This means that the genotype-dependent T2R38 expression also differs according to the 

type of oral pathogenic bacteria that is present in the infectious process (Gil et al., 2015a).  

The innate immune system is crucial to protect the host against pathogenic colonization. 

In the oral cavity, it is one of the mechanisms used to protect the host against the formation of 

pathogenic biofilms. Among many factors that are currently known, human-defensins (hBDs) 

(Joly et al., 2004) and interleukines play important roles (Groeger & Meyle, 2015). hBDs are 

small cationic peptides that are secreted by epithelial cells such as the GECs. They are also found 

in the saliva and gingival crevicular fluid, which makes them rapidly available defense 

mechanisms. They show antimicrobial and chemotactic functions and it is assumed that they are 

part of both the adaptive and innate immune systems (Joly et al., 2004).  
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Figure 1.4. Proposed model in which T2Rs mediate innate immune responses in gingival 

epithelial cells (GECs). Oral bacteria such as S. mutans secrete quorum sensing molecules 

(competence stimulating peptides, CSPs) that can activate T2Rs and induce increase in 

intracellular Ca2+ levels leading to host cell innate immune responses, including bactericidal 

effects caused by generation of antimicrobial peptides (AMPs) and nitric oxide (NO). This may 

provide protective effects against the overgrowth of cariogenic bacteria, which might be 

abolished in the presence of mutations that causes loss of function in T2Rs. Created with 

BioRender.com. 
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GECs also express a variety of pro-inflammatory cytokines and chemokines, such as 

interleukin-1, 8, and 6 and tumor necrosis factor-alpha, that are imperative in the development of 

inflammatory responses to bacterial colonization. The presence of IL-8 in the oral cavity, for 

instance, is important due to its role directing neutrophil migration (Groeger & Meyle, 2015).  

Gil et al. also evaluated the secretion levels of IL-8, IL-1a, and hBD-2 after bacterial 

stimulation and tested whether T2R38 has any role in this secretion (Gil et al., 2015a). They 

found that when T2R38 was post-transcriptionally silenced, PAV/PAV cell lines showed a 77% 

decrease in the secretion levels of hBD-2 after stimulation with S. mutans, while AVI/AVI and 

PAV/AVI cell lines only showed a 13% and 15% decrease, respectively. It suggests that the 

secretion of the innate immune protein hBD-2 is regulated by T2R38 and that this genotype-

dependent regulation may be involved in the caries protective effect shown by PAV/PAV 

carriers in a previous study (Wendell et al., 2010). Different patterns of secretion of IL-1a and 

IL-8 in response to all three bacteria was observed in a genotype-dependent manner after T2R38 

was silenced (Gil et al., 2015a).  

Moreover, our group has recently reported high expression of T2R14 in oral epithelial 

cells and its role in mediating key physiological mechanisms involved in oral host-microbial 

interactions. Interestingly, T2R14 is activated by CSPs, which are quorum sensing molecules 

secreted by S. mutans. This newly discovered interaction between T2R14 and CSPs was also 

shown to mediate innate immune responses in GECs and affect the growth of Gram-positive 

bacteria. T2R14 is involved in the internalization of Staphylococcus aureus and infection of 

GECs with S. aureus and S. mutans can induce a T2R14-dependent secretion of hBD-2 and IL-8, 

respectively (Medapati, Bhagirath, et al., 2021; Medapati, Singh, et al., 2021). More research is 

needed to understand how the oral microbiota and its metabolites modulate GPCR signaling in 

the oral cavity. 

In a recent cross-sectional study (N = 65), Kaur et al. investigated the association between 

six TAS2R polymorphisms (TAS2R4-rs2233998, TAS2R4-rs2234001, TAS2R5-rs2227264, 

TAS2R9-rs3741845, TAS2R38-rs713598, TAS2R50-rs1376251), inflammatory markers (IL-1β, 

IL-6, and TNF-α), and oral health (Kaur et al., 2021). Their results showed that the TAS2R4-

rs2234001 and TAS2R5-rs2227264 SNPs were significantly associated with lower or higher 
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concentrations of TNF-α and IL-1𝛽, indicating a potential role of these taste genes in the 

modulation of the oral innate immunity. TAS2R4-rs2234001 SNP was also associated with lower 

DMFT index (Kaur et al., 2021).  

T2R-mediated antimicrobial responses are important to maintaining oral health 

(Medapati, Bhagirath, et al., 2021; Medapati, Singh, et al., 2021; Zheng et al., 2019). However, 

dysregulated oral innate immunity can lead to dysbiosis and may contribute to oral and systemic 

diseases and to autoimmunity. For instance, there is evidence of an association between the 

presence of the periodontal pathogen P. gingivalis, the development of autoantibodies, and the 

onset of RA (Hitchon et al., 2010). RA and periodontal disease, a leading cause of tooth loss, 

share similar phenotypes of inflammation causing the loss of adjacent calcified bone. RA is a 

chronic autoimmune disease characterized by joint inflammation that damages articular 

structures (bone and cartilage) leading to functional impairment. While the cause or trigger to 

develop RA remains unknown, genetic and environmental risks factors, including smoking and 

periodontal disease, are believed to play important roles (Fuggle et al., 2016; Rodríguez-Lozano 

et al., 2019; X. Zhang et al., 2015). The molecular links between RA and oral diseases remain 

unclear but may involve oral microbial dysbiosis and altered host mucosal immunity (Corrêa et 

al., 2019; Potempa et al., 2017). It has been hypothesized that T2R-mediated antimicrobial 

immune responses could be associated with the development of autoimmune diseases. We 

recently reported a possible association between TAS2R38 polymorphisms and changes in the 

oral microbial composition of patients with RA (de Jesus et al., 2021). Yet, the mechanisms 

involved in the T2R-mediated immune targeting of oral pathogens that could contribute to the 

development of RA and other autoimmune diseases remain unexplored. 

Other GPCRs, such as FFARs, have also been proposed to play a role in host-pathogen 

interactions (Le Poul et al., 2003). FFAR2 and FFAR3 are activated by SCFAs and a strong 

correlation between the SCFA levels in saliva and the oral bacterial load has been previously 

reported (Gardner et al., 2019; Priyadarshini et al., 2018). Remarkably, in the gut, FFAR2 and 

FFAR3 regulate immune cell functions, hormone secretion, intestinal motility, and maintenance 

of the epithelial barrier (Priyadarshini et al., 2018). Activation of FFAR2, on immune cells, such 

as neutrophils, eosinophils, and monocytes, and intestinal epithelial cells can impact the 

secretion of immunomodulatory cytokines and regulatory T cells (M. H. Kim et al., 2013; Le 

Poul et al., 2003). Recent studies have suggested an association between these receptors with 
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inflammation and metabolic diseases such as diabetes and obesity (Dragano et al., 2017; D. Liu 

et al., 2016; Miyamoto et al., 2016). In the oral cavity, FFARs are known to be expressed in 

fungiform papillae but little is known about their role in oral health (Liu 2018). Gram-negative 

pathogenic oral bacteria can produce SCFAs that may have a harmful effect on epithelial barrier 

integrity (D. Liu et al., 2018; Lu et al., 2014; Magrin et al., 2020). Furthermore, studies have 

shown that free fatty acids have antimicrobial effects against S. mutans and SCFA produced by 

resident oral bacteria is critical in preventing oral Candida infections (Bhaskaran et al., 2018; 

Sun et al., 2017). Therefore, more studies are required to understand the role of fatty acids and 

FFARs in the maintenance of oral health or development of illnesses.  

In summary, early childhood caries is a complex disease involving multiple factors that 

need to be considered during the treatment and prevention. Emerging evidence suggests that 

besides the effect of environmental factors such as lifestyle and diet, host genetic variations can 

significantly contribute to the interindividual variability observed in the oral microbiome. 

Furthermore, host-microbial interactions involving taste-related genes play a critical role in the 

oral health by modulating immunity and oral microbial composition. Therefore, more studies 

directed at characterizing the variations in host genes that modulate the composition of the oral 

microbiome and how they affect ECC risk and/or protection are needed.   
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CHAPTER 2: HYPOTHESIS AND OBJECTIVES  

 

2.1 Study rationale 

ECC is a polymicrobial disease that is influenced by multiple factors, including sex, diet, 

microbiota, and genetics. The role of inter-kingdom interactions involving fungi and cariogenic 

bacteria in microbial dysbiosis and subsequent onset of dental caries has been demonstrated. 

Majority of microbial studies, however, have focused only on S. mutans and C. albicans, and 

little is known about the role of other fungal and bacterial species in dental caries onset and 

progress. Further, how sex-specific and oral site-specific differences in children influence their 

oral microbiome and susceptibility to ECC is poorly understood. The role of host genetics in the 

composition of the oral microbiome also requires further investigation.  

Exciting recent studies have also shown that genetic variations in TAS2Rs are associated 

with risk of, or protection against, dental caries development in young children. This has been 

attributed to their modulatory effect on taste preferences and innate immune responses in the oral 

cavity. In fact, recently, T2R14 has been shown to play an important role in the host-pathogen 

interaction involving the cariogenic bacterium S. mutans. Furthermore, it has been shown that 

variants in taste-related genes and downstream cell signaling components are associated with 

bone defects. Therefore, they may directly or indirectly be linked to tooth defects, and 

consequently ECC, as both bone and dentin formation processes share similar characteristics. In 

summary, increasing body of evidence suggests a key role of taste genetics in the etiology of 

ECC. However, to date, a very limited number of taste signaling associated genes have been 

assessed. 

 

2.2 Hypothesis 

Taste genetics in association with the oral microbiota play a role in severe early childhood caries 

(Figure 2.1). 
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Figure 2.1. Association between taste genetics, oral microbiome, and dental caries. Taste 

sensing proteins are chemosensory receptors or channels. These proteins can be activated by 

bacteria or products of the metabolism of cariogenic bacteria and may play an important role in 

innate immune responses against oral infections. Studies have also suggested that taste genetics 

plays a role in taste preferences that are linked to dental caries risk or protection. These studies 

focused exclusively on select bitter and sweet taste receptors, with minimal or no attention on the 

other taste signal transducing proteins. The figure shows some of the major studies associated 

with each arm.  
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2.3 Objectives 

To test the above global hypothesis, the following objectives were pursued using a 

combination of approaches that include next generation sequencing and various bioinformatics 

tools such as machine learning.  

 

2.3.1 Objective 1: Characterize the oral microbiome of young children with S-ECC and 

caries-free controls.  

 

2.3.1.1 Specific objective 1.1: To identify sex-specific differences in the oral microbiome of 

children with S-ECC and those caries-free. 

The goal of this objective is to characterize the association of the plaque microbial composition 

of young male and female children with severe early childhood caries and caries-free controls. 

 

2.3.1.2 Specific objective 1.2:  To identify site-specific differences in the oral microbiome of 

children with S-ECC and those caries-free. 

The primary focus of this objective is to characterize the differences between the dental plaque 

and oral swab bacterial and fungal microbiota in children with S-ECC and those caries-free. The 

second focus is to analyze which of those commonly used sample types (dental plaque or oral 

swab) would provide a better model for the classification of S-ECC vs. caries-free. The third 

focus is to evaluate whether the observed differences between the microbial profiles of the 

samples could be used to differentiate between dental plaque versus oral swabs. 

 

2.3.2 Objective 2: To evaluate the interplay between host taste genetics, oral microbiome, 

and S-ECC. 

In this objective, variants (SNPs and indels) in 39 taste protein encoding genes in 176 children 

were evaluated to investigate their possible association with oral bacteriome and mycobiome and 

S-ECC risk and/or protection. 
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2.3.3 Objective 3: Analyze the association among genes encoding downstream taste signal 

transducing proteins, oral microbiome, and S-ECC. 

The focus of this objective is to assess the association between S-ECC risk or protection, oral 

microbiome, and variants in genes encoding seven downstream taste signaling proteins including 

those involved in Ca2+ signaling, and that may play a role in tooth defects.  
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CHAPTER 3: GENERAL METHODS 

 

3.1 Materials 

QIAamp DNA mini and DNeasy PowerSoil kits and RNAprotect reagents were purchased from 

Qiagen (Hilden, Germany, Cat.# 51304, Cat.# 12888-100, Cat.# 76506, Cat.# 74324). 

 

3.2 Methods 

3.2.1 Study Population 

In this cross-sectional study, children < 72 months of age were recruited between 2017 

and 2020 in Winnipeg-MB, Canada. Children diagnosed with S-ECC, according to the American 

Academy of Pediatric Dentistry definition (AAPD, 2017),  were recruited at the Misericordia 

Health Centre (MHC), Winnipeg-MB, Canada, on the day of their full-mouth rehabilitative 

dental surgery under general anesthesia. Caries-free children were recruited from the community. 

Caries-free children had a dmft (cumulative score of the number of decayed, missing, or filled 

primary teeth) index equal to zero and had no incipient lesions.  To confirm the caries-free status, 

a dental examination was performed by a dentist at the Children’s Hospital Research Institute of 

Manitoba by means of visual/tactile examination using artificial light and no radiographs. 

Inclusion criteria: children less than 72 months of age who were caries-free (dmft = 0) or have 

been diagnosed with S-ECC (based on the American Academy of Pediatric Dentistry definition). 

Exclusion criteria: children older than 72 months of age, use of antibiotics, and children who did 

not satisfy the case definition of S-ECC. This study protocol was approved by the University of 

Manitoba`s Health Research Ethics Board (HREB HS23754-H2020:150) and by the MHC, 

Winnipeg, MB, Canada. Written informed consent was provided by the parents or legal 

caregivers.  

 

3.2.2 Sample Collection and DNA Extraction 

Samples were collected at least 30 minutes after eating or drinking and before the 

children with S-ECC underwent surgery, to avoid contamination of the samples with food or 
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blood. Supragingival plaque samples were collected from all available tooth surfaces with a 

sterile interdental brush. They were dislodged into the RNAprotect Reagent (Qiagen) and stored 

at -80°C until further analysis. Here supragingival plaque samples are also referred to as dental 

plaque. Due to the young age of the participants and their inability to spit saliva, oral swab 

samples were collected with a sterile polyester-tipped applicator (Fisher Scientific) by swabbing 

the buccal mucosa and anterior floor of the mouth under the tongue. The oral swabs were stored 

in RNAprotect Reagent (Qiagen) at -80°C until further analysis. 

Total DNA was extracted from oral swabs and dental plaque samples using QIAamp 

DNA mini kit (Qiagen) or DNeasy PowerSoil Kit (Qiagen) following manufacturer`s protocol. 

An additional enzymatic digestion step with lysozyme treatment (20 μg/ml lysozyme in a buffer 

containing 20 mM Tris HCl, pH 8; 1.2% Triton X 100; and 2mM EDTA, at 37 °C for 30 

minutes) was performed before plaque DNA extraction with QIAamp DNA mini kit (Qiagen). 

 

3.2.3 16S and ITS rRNA amplicon sequencing 

The total DNA extracted from dental plaque was sent on dry ice to Génome Québec 

Innovation Center (Montreal, Canada) for library preparation and paired-end Illumina MiSeq 

PE250 sequencing of the V4 hypervariable region of the bacterial 16S rRNA gene and Internal 

Transcribed Spacer 1 (ITS1) of the fungal rRNA gene. The 515F/806R primer pair (515F: 5’-

GTGCCAGCMGCCGCG GTAA-3’ and 806R: 5’-GGACTACHVGGGTWTCTAAT-3’) was 

used for the 16S and the ITS1-30/IT1-217 primer pair (ITS1-30: 5’-

GTCCCTGCCCTTTGTACACA-3’ and ITS1-217: 5’-TTTCGCTGCGTTCTTCATCG-3’) was 

used for ITS1 rRNA amplicon sequencing. We performed both 16S and ITS1 rRNA gene 

sequencing to be able to study the bacterial and fungal composition of the children’s oral 

microbiome and to investigate possible correlations between bacteria and fungi. 
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4.1 Abstract 

  

Severe early childhood caries (S-ECC) is a multifactorial disease that can lead to suffering and 

reduced oral health–related quality of life in young children. The bacterial and fungal 

composition of dental plaque and how children’s sex is associated with S-ECC are largely 

unknown. In this study, V4-16S rRNA and ITS1 rRNA gene amplicon sequencing was used to 

compare the plaque bacteriome and mycobiome of children <72 mo of age: 40 with S-ECC (15 

males, 25 females) and 40 caries-free (19 males, 21 females). Health and nutrition-related 

questionnaire data were also investigated. This study aimed to analyze potential sex-based 

differences in the supragingival plaque microbiota of young children with S-ECC and those 

caries-free. Behavioral and nutritional habit differences were observed between children with S-

ECC and those caries-free and between male and female children. Overall, higher levels of 

Veillonella dispar, Streptococcus mutans, and other bacterial species were found in the S-ECC 

group as compared with caries-free controls (P < 0.05). A significant difference in the abundance 

of Neisseria was observed between males and females with S-ECC (P < 0.05). Fungal taxonomic 

analysis showed significantly higher levels of Candida dubliniensis in the plaque of children 

with S-ECC as compared with those caries-free (P < 0.05), but no differences were observed 

with Candida albicans (P > 0.05). Significant differences in the relative abundance of 

Mycosphaerella, Cyberlindnera, and Trichosporon fungal species were also observed between 

the caries-free and S-ECC groups (P < 0.05). Machine learning analysis revealed the most 

important bacterial and fungal species for classifying S-ECC versus caries-free. Different 

patterns of crosstalk between microbial species were observed between male and female 

children. Our work demonstrates that plaque microbiota and sex may be important determinants 

for S-ECC and could be factors to consider for inclusion in caries risk assessment tools. 
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4.2 Introduction 

The oral cavity is composed of unique niches colonized by a variety of microorganisms, 

including bacteria, fungi, and viruses. More than 700 species of bacteria and 100 species of fungi 

have been identified (Dewhirst et al., 2010a; Peters et al., 2017). Oral microbial communities are 

highly dynamic and often exist in a homeostatic equilibrium with the host. Under certain 

conditions, this equilibrium is disturbed. A dysbiotic interaction between oral polymicrobial 

communities, including bacteria and fungi, and the host immune system, involving multiple 

mechanisms not yet fully characterized, is crucial for oral disease onset and progression (Lamont 

et al., 2018). Recent studies based on a rodent model or in vitro analyses have shown that 

interkingdom interactions involving Candida albicans and cariogenic bacteria were associated 

with dysbiosis and subsequent onset of oral diseases (Falsetta et al., 2014; J. Xiao et al., 2018). 

However, little is known about the role of other fungal species in oral infections. Thus, it is 

imperative to include mycobiome analysis when studying oral diseases.  

Early childhood caries (ECC) is a common pediatric disease defined as any caries 

experience comprising the primary dentition in children <72 months of age. Severe ECC (S-

ECC) is a more aggressive presentation of ECC (AAPD, 2017). It affects >530 million children 

worldwide, with higher prevalence rates in developing countries (GBD Disease and Injury 

Incidence and Prevalence Collaborators et al., 2018; Johansson et al., 2016). Risk factors for S-

ECC include poor oral hygiene, inadequate fluoride exposure, limited access to care, high 

abundance of cariogenic microbes, and high-sugar diet, among others. S-ECC can lead to long-

term complications and can negatively affect childhood health and quality of life (Grant et al., 

2019; Kirthiga et al., 2019; Schroth et al., 2009). Due to the extent of the lesions and dental 

treatment required, children frequently have to undergo rehabilitative dental surgery under 

general anesthesia, which is not free of risks (H. Lee et al., 2013). This surgical approach does 

not address causative factors and is a huge burden to the health care systems (Schroth et al., 

2016). There is an imperative need to identify how risk factors for S-ECC, such as sex and 

plaque microbiome, interact to comprehend why some children are at greater risk. Currently, few 

studies have investigated the role of sex in ECC (Ribeiro et al., 2017; Watson et al., 1999). Also, 

whether the bacterial and fungal composition of the plaque samples from young male children 

differs from females and how these different factors interact to determine S-ECC susceptibility 

remain to be characterized. The purpose of this study was to analyze potential sex-based 
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differences in the plaque microbiota (including the mycobiota) of young children with S-ECC 

and those who were caries-free. 

 

4.3 Materials and Methods 

4.3.1 Study population and questionnaire data analysis 

Forty children with S-ECC and 40 caries-free controls (dmft index equal to 0; no 

decayed, missing, or filled primary tooth surface) were recruited. Methods used for recruitment, 

sample collection, DNA extraction, and 16S and ITS1 rRNA amplicon sequencing are described 

in chapter 3 (Materials and Methods). Children’s parents or legal caregivers completed an 

interview questionnaire on the child’s general and oral health, feeding practices, and oral hygiene 

habits. Questionnaire data were analyzed with Number Cruncher Statistical Software 9 (NCSS, 

LLC). Chi-square, Fisher’s exact, and t tests were performed when appropriate. 

 

4.3.2 16S and ITS1 rRNA amplicon data analysis 

Barcode sequences were removed during de-multiplexing and the results were received 

as paired ends fastq format. Sequencing data were analyzed using QIIME2 2018.11 (Quantitative 

Insights into Microbial Ecology) (Bolyen et al., 2019). The sequences were denoised and filtered 

with DADA2. Chimeric artifacts identified by DADA2 were also removed (Callahan et al., 

2016). The amplicon sequence variants (ASVs) were aligned with mafft (Katoh et al., 2002). 

Fasttree2 was used to make a phylogeny from ASVs (Price et al., 2010). The taxonomic 

assignment of ASVs was performed with classify-sklearn naïve Bayes taxonomy classifier 

against the Human Oral Microbiome Database (HOMD, version 15.1) (Agnello et al., 2017; 

Dewhirst et al., 2010a) as reference for the 16S rRNA gene sequences, and the UNITE database 

(version 8.0; QIIME developer release) (Peters et al., 2017) as reference for the ITS1 rRNA gene 

sequences. After filtering, only taxa with non-zero counts in at least 5% of the samples were 

retained for further analysis. The plaque microbial composition was compared according to S-

ECC status (S-ECC versus caries-free), overall and stratified by sex (males vs. females).  

Alpha diversity metrics (Pielou evenness and Shannon Simpson diversity indexes) were 

estimated using q2-diversity and visualized in the R “ggplot2” package. Kruskal-Wallis test and 
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Dunn`s test with FDR correction for multiple comparisons were used to compare the alpha 

diversity measures among the samples from male and female children stratified by disease status 

(S-ECC or Caries-free) and among children with S-ECC and those caries-free, regardless of their 

sex. The structure of the bacterial and fungal microbial communities (beta diversity analysis) was 

tested using the permutational analysis of variance (PERMANOVA) test with 999 permutations 

(M. J. Anderson, 2001) implemented using adonis2 function in the R “vegan” package (version 

2.5-6) and visualized using principle coordinate analysis (PCoA) with Bray-Curtis dissimilarity 

index (Beals, 1984) using R “ggplot2” (version 3.2.1) (Wickham, 2016). 

The linear discriminant analysis (LDA) effect size (LEfSe) method is commonly used in 

microbiome studies to determine the taxa that are most likely to explain the differences between 

biological conditions (e.g. healthy vs disease) (Segata et al., 2011). Therefore, LEfSe 

(http://huttenhower.sph.harvard.edu/galaxy, Galaxy version 1.0) was used in the differential 

abundance analyses. We compared the relative abundances of the bacterial and fungal species 

between the caries-free and S-ECC groups as well as between males and females within those 

groups (caries-free males vs caries-free females and males with S-ECC vs females with S-ECC), 

with an LDA score > 2. To account for the uneven distribution of children by place of residence 

in the caries-free and S-ECC groups, we performed the additional differential abundance 

analyses between those groups using place of residence as a subclass. 

DESeq2 is a differential abundance method that uses negative binomial generalized 

linear model to obtain maximum likelihood estimates for an ASV (Love et al., 2014). It provides 

a more sensitive statistical test than the standard nonparametric tests (e.g., Wilcoxon rank-sum 

test and Kruskal-Wallis test) while allowing the inclusion of additional variables of interest in the 

model.  DESeq2 negative binomial Wald test was used to compare the differential abundance 

between caries-free and S-ECC groups while adjusting for place of residence, and oral hygiene 

& dietary habits (use of toothpaste, frequency of tooth brushing, snacking before bedtime, 

breastfeeding and bottle-feeding habits), using “DESeq2” v.1.26.0 R package (Love et al., 2014). 

 

4.3.3 Classification of caries status using machine learning approaches 

LASSO (least absolute shrinkage and selection operator model) (Tibshirani, 1996), a type 

of linear regression where data values are shrunk towards a central point by adding L1 
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regularization, was used for the classification of S-ECC and caries-free groups, since the model 

can automatically select important features (bacteria or fungi) for the classification. LASSO 

provides a simpler model by eliminating the less important features having lower absolute 

coefficients. “Logistic Regression” method from “Python” library “sklearn” (Pedregosa et al., 

2011) was used for this analysis. We did the classification using the bacterial and the fungal 

species separately. The groups were further divided according to the sex of the child (males and 

females). The regularization parameter C in the model was tuned using a grid search method 

using a parameter grid of 2000 points from 0.0000001 to 50.0. Afterward, the classification was 

evaluated using 10-fold cross-validation by stratified sampling of the individuals in each sample 

groups. Using this method, 10 train/test groups were created, with each group having a train data 

consisting of 90% of the samples and test data consisting of 10% of the samples. The average 

value of this 10 train/test groups was used for the final evaluation. The coefficient of the features 

in the learned regression model was used to measure the importance of features (bacterial or 

fungal species). We used the average coefficient values from the 10 folds to calculate the relative 

feature importance score, where the features with maximum coefficient value are assigned to a 

score of 1.0 and other features are assigned to a relative score of 0.0 to 1.0.  

The coefficient values of bacterial and fungal specific features in the LASSO-based 

regression models were used to show their relative importance. Cut-off values for absolute 

values of coefficients were used to keep the top important features only. The number of unique 

important bacterial features from all the groups (males, females, and all children) is limited to 25. 

Cut-offs for the bacterial specific coefficients were 0.25 for males, 0.15 for females, and 0.002 

for both. For the fungi, the cut-off values were 0 for all the groups. Only features having a 

coefficient greater than the cut-off value in at least 8 of the 10-folds were shown in the heatmaps. 

The area under the curve (AUC) was used to measure the performance of the learned 

classifiers. Both feature importance and AUC were averaged for 10 folds. The R “Ggplot2” 

package (Wickham, 2016) was used to visualize the feature importance and the AUCs. We also 

used Support Vector Machine (SVM) (Schölkopf & Smola, 2018), Random Forest (RF) (Ho, 

1995), and logistic regression with ridge penalty for the classification, but we did not show their 

classification performance here since they showed similar or worse classification performance in 

terms of AUC values. Furthermore, LASSO-based model has better capability to select important 

features (bacterial or fungal species). 
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4.3.4 Analysis of the communication between bacteria and fungi 

To investigate how the bacteria and the fungi associate with each other, we calculated the 

correlation scores between bacteria and fungi in different groups (males with S-ECC, caries-free 

males, females with S-ECC, caries-free females). Due to the sparse nature of the data, “Kendall” 

correlation was used instead of the “Pearson” correlation. “cor” method and “corrplot” (Wei & 

Simko, 2017) of R were used for correlation calculation and visualization. Only the important 

species (selected from the classification step) of bacteria and fungi were used in this analysis. 

Afterward, p-values were calculated to measure the significance of the correlations. The 

significant correlations were further visualized in a circular network using R “igraph” package 

(Csárd & Nepusz, 2014) to illustrate the connections among different groups. All the calculations 

were done using R version 3.5.1 and python 3.6.5. 

 

4.4 Results 

Eighty children with a mean ± SD age of 45.9 ± 12.8 months participated. Among 

children with S-ECC (N = 40), 25 (62.5%) were females, whereas 21 (52.5%) of the caries-free 

children (N = 40) were females. Overall, children with S-ECC were more likely to be from rural 

areas, be bottle-fed, go to bed with a bottle, frequently snack before bedtime, and prefer to eat 

sweet food as compared with caries-free controls (P < 0.05). Additionally, they were less likely 

than caries-free children to be breast-fed, have their teeth brushed twice a day, and use toothpaste 

(P < 0.05; Table 4.1). When the groups were stratified by sex, caries-free females were 

significantly less likely than caries-free males to snack frequently (P = 0.05), whereas male 

children with S-ECC had the first dental visit at an earlier age and had their mouths being 

cleaned at home at a younger age than females with S-ECC (P < 0.01). 

 

4.4.1 Supragingival plaque bacterial community analysis  

The Illumina sequencing generated 8,035,685 16S rRNA sequences for 80 samples, with 

a mean 100,446 sequences per sample. After trimming and filtering, 4,367 amplicon sequence 

variants were assigned to 11 bacterial phyla, 99 genera, and 233 species. A total of 61 genera and 

135 species had nonzero counts in at least 5% of the samples, and the sequences had a mean 295 
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bp. The alpha diversity analysis (within samples) showed higher Pielou’s evenness (P = 0.02) in 

the caries-free group as compared with the S-ECC group. No differences were observed when 

the groups were stratified by sex (P > 0.05; Figure 4.1A.I) nor when diversity was compared 

with the Shannon index (Figure 4.2). The beta diversity analysis showed significant bacterial 

community differences for S-ECC status (pseudo-F = 2.12, R2 = 0.025, P = 0.004, permutational 

multivariate analysis of variance [PERMANOVA]) but not for place of residence (pseudo-F = 

0.67, R2 = 0.008, P = 0.87, PERMANOVA). Principal coordinate analysis of bacterial species 

also showed a separation of the S-ECC samples from the caries-free samples when the data from 

females were analyzed separately, adjusting for place of residence (Figure 4.1B.I; pseudo-F = 

2.22, R2 = 0.045, P = 0.004, PERMANOVA).  

Taxonomic assignment showed that Veillonella, Neisseria, and Streptococcus were the 

most abundant genera in the S-ECC group. Actinomyces was the most abundant genus in the 

caries-free group, followed by Neisseria and Corynebacterium. Among the 20% most abundant 

bacterial genera detected, higher relative abundance of Streptococcus, Veillonella, Prevotella, 

and Selenomonas and lower relative abundance of Actinomyces and Leptotrichia were observed 

in the S-ECC group as compared with the caries-free group (P < 0.05, LEfSe; Figure 4.1C.I). 

Among the 20% most abundant species, significantly higher levels of Veillonella sp. oral taxon 

780, V. dispar, Streptococcus mutans, and others were identified in the S-ECC group as 

compared with caries-free control (P < 0.05). However, higher levels of Corynebacterium durum 

and Lautropia mirabilis were found in caries-free children (P < 0.05, LEfSe; Figure 4.1D.I). 

Within the S-ECC group, Neisseria was identified as significantly more abundant in males than 

in females (P < 0.05, LEfSe; Figure 4.1C.I). 
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Table 4.1. Demographics and behavioral characteristics of study participants. 
 Caries Status  Caries Status and Sex 

 Caries-Free S-ECC  Caries-Free              S-ECC 

Variable 
 

(N = 40) 
 

(N = 40) 
 

Females 
(N = 21) 

Males 
(N = 19) 

Females 
(N = 25) 

Males 
(N = 15) 

Age (months) 46.2 ±	14.2 45.6 ±	11.4a  47.9±15.1 44.3±13.2a 45.7±	11.5 45.4±11.6a 
Place of residence 
    Urban 
    Rural 

 
39 (97.5) 
1 (2.5) 

 
8 (20.0)b** 
32 (80.0) 

  
20 (95.2) 
1 (4.8) 

 
19 (100.0)b 

0 (0.0) 

 
4 (16.0) 
21 (84.0) 

 
4 (26.7)b 
11 (73.3) 

Overall health 
    Very good 
    Good/Fair 

 
32 (80.0) 

8 (20) 

 
24 (60.0)c* 
16 (40.0) 

  
16 (76.2) 
5 (23.8) 

 
16 (84.2)b 
3 (15.8) 

 
14 (56.0) 
11 (44.0) 

 
10 (66.7)c 
5 (33.3) 

Ever breast-fed 
    Yes 
    No 

 
33 (82.5) 
7 (17.5) 

 
21 (52.5)c** 
19 (47.5) 

  
18 (85.7) 
3 (14.3) 

 
15 (79.0)b 
4 (21.0) 

 
14 (56.0) 
11 (44.0) 

 
7 (46.7)c 
8 (53.3) 

Ever bottle-fed 
    Yes 
    No 

 
30 (75.0) 
10 (25.0) 

 
40 (100.0)b** 

0 (0.0) 

  
14 (66.7) 
7 (33.3) 

 
16 (84.2)b 
3 (15.8) 

 
25 (100.0) 

0 (0.0) 

 
15 (100)b 

0 (0.0) 
Put to bed with bottle 
    Yes 
    No 

 
7 (17.5) 
33 (82.5) 

 
25 (62.5)c** 
15 (37.5) 

  
2 (9.5) 

19 (90.5) 

 
5 (26.3)b 
14 (73.7) 

 
17 (68.0) 
8 (32.0) 

 
8 (53.3)c 
7 (46.7) 

Snacks before bedtime 
    Yes 
    No 

 
16 (40.0) 
24 (60.0) 

 
30 (75.0)c** 
10 (10.0) 

  
8 (38.1) 
13 (61.9) 

 
8 (42.1)c 
11 (57.9) 

 
17 (68.0) 
8 (32.0) 

 
13 (86.7)b 
2 (13.3) 

Sweet preference        

Do not prefer  12 (30.0) 3 (7.5)b*  5 (23.8) 7 (36.8)b 2 (8.0) 1 (6.7)b 
Prefers occasionally1    24 (60.0) 28 (70.0)  14 (41.7) 10 (52.6) 18 (72.0) 10 (66.7) 
Prefers frequently2  4 (10.0) 9 (22.5)  2 (9.52) 2 (10.5) 5 (20.0) 4 (26.7) 

Snacking frequency  
(times per day) 3.3 ±	1.9 3.9 ±	1.9a  3.05 ± 1.4 4.11 ± 1.8a* 3.99 ± 1.9 3.53 ± 2.4a 
Uses toothpaste 

    Yes 
    No 

 
39 (97.5) 
1 (2.5) 

 
32 (80.0)b* 

8 (20.0) 

  
21 (100.0) 

0 (0.0) 

 
18 (94.7)b 

1 (5.3) 

 
21 (84.0) 
4 (16.0) 

 
11 (73.3)b 
4 (26.7) 

Oral health 
    Very good/Good 
    Fair/Poor/Very poor 

 
39 (97.5) 
1 (2.5) 

 
10 (25.0)b** 
30 (75.0) 

  
20 (95.2) 
1 (4.8) 

 
19 (100)b 

0 (0.0) 

 
6 (24.0) 
19 (76.0) 

 
4 (26.7)b 
11 (73.3) 

Use of fluoridated 
toothpaste 
    Yes 
    No 

 
 

30 (75.0) 
10 (25.0) 

 
 

31 (77.5)c 
9 (22.5) 

  
 

17 (81.0) 
4 (19.0) 

 
 

13 (68.4)b 
6 (31.6) 

 
 

21 (84.0) 
4 (16.0) 

 
 

10 (66.7)b 
5 (33.3) 

Tooth brushing 
frequency 
    ³ twice/day 
    < twice/day 

 
 

27 (67.5) 
13 (32.5) 

 
 

11 (27.5)c** 
29 (72.5) 

  
 

14 (66.7) 
7 (33.3) 

 
 

11 (57.9)c 
8 (42.1) 

 
 

7 (28.0) 
18 (72.0) 

 
 

4 (26.7)b 
11 (73.3) 

Age at the first dental 
visit3 20.5 ± 10.4 21.4 ± 13.2a  21.8 ± 

11.7 19 ± 8.8a 26.3 ± 14.4 13.5 ± 
4.9a** 

Age when mouth 
started to be cleaned3 10.7 ± 9.9 13.3 ± 7.2a  12.7 ± 

8.17 10.7 ± 5.4a 13.26 ± 7.3 6.86 ± 
3.7a** 

Values are presented as mean ± SD or n (%). S-ECC, severe early childhood caries. 
aT-test; b Fisher’s exact test; cChi-square analysis; *p ≤ 0.05; **p ≤ 0.01; 1Weekly; 2Daily; 3In months. 
Reproduced with permission from SAGE Publications. 
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4.4.2 Supragingival plaque fungal community analysis 

The Illumina sequencing generated 7,053,886 ITS1 rRNA sequences for 80 plaque 

samples, with a mean of 88,174 sequences per sample. After filtering and trimming 1,091 

amplicon sequence variants were classified into 4 fungal phyla, 27 genera, and 30 species. 

Eleven genera and 10 species were present in at least 5% of the samples. Significant differences 

in alpha diversity were observed between the S-ECC and caries-free groups (P < 0.01; Figure 

4.1A.II and Figure 4.2B).  

Beta diversity analysis revealed that plaque fungal communities between children with S-

ECC and those who were caries-free significantly differed (pseudo-F = 4.84, R2 = 0.055, P = 

0.002, PERMANOVA). The same was not true for rural versus urban (pseudo-F = 0.62, R2 = 

0.007, P = 0.62, PERMANOVA). A separation of samples from caries-free and S-ECC groups 

were observed in the principal coordinate analysis plot when only data from males were analyzed 

(Figure 4.1B.II; pseudo-F = 3.53, R2 = 0.09, P = 0.02, PERMANOVA). No sex-based 

differences were observed with alpha and beta diversity analyses (P > 0.05; Figure 1A.II–B.II, 

Figure 4.2B).  

Candida was the most abundant fungal genus in the S-ECC group, regardless of sex. 

However, in the caries-free group, Malassezia was the most abundant genus identified in 

females, with 6.5-fold higher counts as compared with males (Figure 4.1C.II). They also had 

4.5-fold lower counts of Candida than males. Interestingly, C. dubliniensis was significantly 

more abundant in the dental plaque of children with S-ECC as compared with those who were 

caries-free (P < 0.05, LEfSe; Figure 4.1D.II), whereas no significant differences in the 

abundance of C. albicans were observed between the S-ECC and caries-free groups. Within the 

S-ECC group, C. dubliniensis and C. albicans had a mean 30,088 and 4,091 counts per sample, 

respectively. Mycosphaerella, Cyberlindnera, and Trichosporon species were differentially 

abundant between the caries-free and S-ECC groups (P < 0.05, LEfSe; Figure 4.1C.II-D.II). To 

evaluate whether place of residence and other variables described in the Table were responsible 

for all the differences observed between the plaque microbiota of caries-free and S-ECC groups, 

we performed additional tests using the LEfSe and DESeq2 methods. The results confirmed that 

the composition of the plaque microbiota differed between the caries-free and S-ECC groups 

(Figure 4.3 and 4.4).  
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Figure 4.1. Bacterial and fungal diversity and taxonomic profile of supragingival plaque of 
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children with S-ECC and those caries-free. Alpha diversity analysis. Boxplot of (A.I) Pielou’s 

evenness index for bacterial taxa and (A.II) Shannon index for fungal taxa in S-ECC and caries-

free groups and subgroup analysis by sex. The line inside the box represents the median. Whiskers 

represent the lowest and highest values within the 1.5 interquartile range. Beta diversity analysis. 

Principal coordinate analysis (PCoA) plots of Bray-Curtis dissimilarities for (B.I) bacterial and 

(B.II) fungal species, according to caries status and sex. A separation of samples by caries status 

was observed among the female 16S data and male ITS1 data when stratified by sex (P < 0.05, 

permutational multivariate analysis of variance). Taxonomic profiles of children`s dental plaque 

according to caries status and sex at bacterial (C.I) genus and (D.I) species levels and fungal (C.II) 

genus and (D.II) species levels. (C.I and D.I) Colors were assigned only to the 20% most abundant 

taxa. Taxonomic profiles include only taxa assigned up to genus or species level. S-ECC, severe 

early childhood caries. *P < 0.05 between caries-free and S-ECC. #P < 0.05 between males and 

females with S-ECC, according to linear discriminant analysis effect size analysis. Reproduced 

with permission from SAGE Publications. 
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Figure 4.2. Alpha diversity analysis by Shannon diversity index. Alpha diversity in the (A) 

bacterial and (B) fungal data was compared according to S-ECC status and sex or S-ECC status 

only. The line inside the box represents the median. Whiskers represent the lowest and highest 

values within the 1.5 interquartile range. S-ECC, severe early childhood caries. Reproduced with 

permission from SAGE Publications. 
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Figure 4.3. Differential abundance of bacterial species in supragingival plaque, according to S-

ECC status. (A) Species identified as discriminating features for S-ECC versus caries-free when 

accounting for the differences in their place of residence using LEfSe analysis. (B) DESeq2 

analysis adjusting for place of residence, use of toothpaste, frequency of tooth brushing, snacking 

before bedtime, breastfeeding, and bottle-feeding habits. Both results confirmed that the 

composition of the plaque microbiota differed between caries-free and S-ECC groups. All species 

listed have an adjusted P < 0.05. S-ECC, severe early childhood caries. Reproduced with 

permission from SAGE Publications.   
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Figure 4.4. Differential abundance of fungal species in supragingival plaque, according to S-ECC 

status. (A) Species identified as discriminating features for S-ECC versus caries-free when 

accounting for the differences in their place of residence using LEfSe analysis. (B) DESeq2 

analysis adjusting for place of residence, use of toothpaste, frequency of tooth brushing, snacking 

before bedtime, breastfeeding and bottle-feeding habits. Both results confirmed that the 

composition of the plaque mycobiota differed between caries-free and S-ECC groups. All species 

listed have an adjusted p-value < 0.05. S-ECC, severe early childhood caries. S-ECC, severe early 

childhood caries. Reproduced with permission from SAGE Publications. 
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4.4.3 Classification of S-ECC status with machine learning approaches  

To evaluate the performance of the plaque bacterial and fungal species in the classification 

of S-ECC status, the LASSO-based classification models were used. Data from males and females 

were used separately to understand whether there were any sex-based differences. A 10-fold cross-

validation strategy was used to measure the performances of the LASSO models. Figure 4.5A and 

B illustrates the area under the receiver operating characteristic curves of the classification model 

performance with bacterial and fungal microbiome data, respectively. 

From the AUC values, it was observed that females were better classified (AUC, 0.94) 

with bacterial data, whereas males were better classified (AUC, 0.91) with fungal data. 

Combining data from males and females resulted in relatively poorer classification performances 

(AUC for bacterial species, 0.88; AUC for fungal species, 0.77) than treating them separately. 

Among bacterial species, Rothia aeria, L. mirabilis, Kingella oralis, and C. durum were found to 

be the most important features for classification in females, whereas Treponema socranskii and 

S. mutans were the most important in males. When all children were considered, Veillonella sp., 

S. mutans, Prevotella melaninogenica, and K. oralis were the most important species. 

Classifying per the fungal species information showed C. dubliniensis to be the most important 

feature in all 3 groups (males, females, and both). Malassezia restricta was also found to be 

important when males and females were considered together (Figure 4.5C, D).  

 

4.4.4 Potential crosstalk between bacteria and fungi in the supragingival plaque  

Following the identification of the important species of bacteria and fungi based on the 

LASSO model, we analyzed how they were correlated with each other. Figure 4.6 shows the 

correlations in the four subgroups. The results demonstrate noticeable differences in the 

correlation between fungal and bacterial species among the subgroups. For example, the fungus 

C. dubliniensis showed a negative correlation with Prevotella histicola only in the “males with 

S-ECC” subgroup (Figure 4.6A). Next, we analyzed the significant correlations from all groups. 

Interesting correlations were observed among fungal and bacterial species and are shown in 

Figure 4.7.  
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Figure 4.5. Classification performance and relative feature importance of bacteria and fungi. (A) 

Receiver operating characteristic (ROC) curves of classification with bacterial data only. (B) ROC 

curves of classification with fungal data only. Lines of different colors represent ROC curves of 

different groups: males, females, and both (all children). The area under the curve (AUC) values 

are shown in the legend. The x-axis represents the false-positive rate, and the y-axis represents the 

true-positive rate. (C) Heat map of relative feature importance of the top most important bacteria 

for the 3 groups (all children, males, and females) while classifying S-ECC and caries-free groups. 

(D) Heat map of relative feature importance of the top-most important fungi for the 3 groups (all 

children, males, and females) while classifying S-ECC and caries-free groups. The color with the 

highest intensity represents the most important bacteria or fungi. Bacterial and fungal species that 

are important in at least 1 of the 3 groups have been included in the figures. S-ECC, severe early 

childhood caries. Reproduced with permission from SAGE Publications. 
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Figure 4.6. Correlation plots of the most important bacteria and fungi in different groups. A prefix 

“B_” denotes bacterium, whereas a prefix “F_” denotes fungus. Blue and red color shades 

represent positive and negative correlations, respectively. Color intensity and area of the circles 

are proportionate to the absolute value of the correlations. White color represents that there is no 

correlation. (A) Males with S-ECC. (B) Caries-free males. (C) Females with S-ECC. (D) Caries-

free females. S-ECC, severe early childhood caries. Reproduced with permission from SAGE 

Publications. 
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Figure 4.7. Correlation network of the significantly correlated bacterial and fungal species among 

different groups. Different colors represent different groups (males with S-ECC, caries-free males, 

females with S-ECC, and caries-free females). Groups are also shaded with the same color for 

visual clarity. Solid and dashed lines denote positive and negative correlations, respectively. The 

thickness of the lines is proportional to the absolute values of the correlations, which range from 

0.31 to 0.77. S-ECC, severe early childhood caries. Reproduced with permission from SAGE 

Publications.  
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4.5 Discussion 

To our knowledge, this is the first study to investigate, with current molecular techniques, 

the differences between the fungal composition of the supragingival plaque mycobiome of 

preschool male and female children with S-ECC and those caries-free. Using machine learning 

approaches, we also evaluated whether sex associates with the plaque microbiome to influence 

caries risk in young children. The significant differences in dietary and oral hygiene habits 

observed between children with S-ECC and those caries-free have been reported in previous 

studies (Agnello et al., 2017). Within these 2 groups, sex-based differences were also observed. 

Our findings indicate no differences in toothbrushing frequency between the sexes. However, 

males with S-ECC had their first dental visit at a younger age and were younger when their teeth 

started to be cleaned. These findings could indicate that parents may give more attention to the 

oral health of males than females. Nonetheless, a cross-sectional study from China reported the 

opposite: female children possibly receive more attention from caregivers than males, which 

suggests that in addition to other factors, such as gender, cultural differences might play a role in 

oral health-related behavioral differences between males and females (Qiu et al., 2016). Other 

possible factors might include genetic variations, social factors, chronology of tooth eruption, 

and hormonal differences, which could affect the composition of their plaque microbiome, 

explaining the differences observed in our study (Ferraro & Vieira, 2010; Shaffer et al., 2015). 

Alpha diversity analyses of the bacterial and fungal data showed significant differences 

between S-ECC and caries-free groups but not between males and females. Higher alpha 

diversity in the caries-free group has been reported in previous studies, demonstrating that higher 

alpha diversity is related to health (Gross et al., 2012; C. Xiao et al., 2016). Overall, the beta 

diversity analysis showed that the plaque bacterial and fungal communities significantly differed 

between S-ECC and caries-free children. Interestingly, when the data were stratified by sex, a 

statistically significant separation of the bacterial and fungal microbiomes by S-ECC status was 

observed only in females and males, respectively. This agrees with the machine learning results, 

as the LASSO models with data from females performed better with 16S data for the 

classification of caries-free versus S-ECC, whereas the models with data from males performed 

better with ITS data.  
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We observed higher relative abundance of Veillonella species and S. mutans in the S-

ECC group as compared with the caries-free controls. A possible explanation is the mutual 

relationship that has been proposed between Veillonella species and acidogenic Streptococcus. 

The former facilitates the growth of the latter, while benefiting from its production of lactate 

(Becker et al., 2002; Distler & Kröncke, 1980). For example, V. parvula has been shown to 

stimulate glucose fermentation by Streptococcus salivarius by decreasing the external 

concentrations of lactate, which is an inhibitor of glycolysis. However, the consumption of 

lactate by Veillonella may lead to a less acidic or noncariogenic environment, suggesting its dual 

nature (Hamilton & Ng, 1983; Kara et al., 2006). Our machine learning analysis suggested that 

Veillonella species was important for S-ECC classification.  

Bacteria found to be more abundant in caries-free groups as compared with S-ECC 

groups, such as Leptotrichia, Actinomyces, and Corynebacterium species, have been reported as 

positively associated with oral health (C. Xiao et al., 2016; H. Xu et al., 2014). Similar findings 

were described in our previous study with Canadian First Nations children (Agnello et al., 2017). 

Significant differences were also observed in the plaque microbiota of males and females within 

the S-ECC group, demonstrating that sex may also influence the composition of the plaque 

microbiota. C. dubliniensis was surprisingly the most abundant fungal species detected in the S-

ECC group.  

Previously, C. dubliniensis has been detected in plaque samples of children with caries 

from culture-based approaches (Al-Ahmad et al., 2016). Another study also showed isolation of 

C. dubliniensis in carious dentine samples (Kneist et al., 2015). The high similarity between C. 

albicans and C. dubliniensis, the dearth of efficient techniques for distinguishing them, and the 

few studies with next-generation sequencing of the oral mycobiome may be the reasons for the 

poor characterization of C. dubliniensis until now (Al-Ahmad et al., 2016). Among oral fungal 

species, C. albicans is the most studied and well characterized. Other Candida species, however, 

are consistently isolated in oral samples (Peters et al., 2017). Malassezia, which was mostly 

identified in our caries-free group, has been reported to be a prominent commensal in the oral 

cavity (P. I. Diaz et al., 2017; Dupuy et al., 2014; Ward et al., 2018). Further studies are required 

to elucidate whether the detected fungal species are resident or transient members of the oral 

mycobiota.  
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The use of machine learning methods for biological data analysis is an emerging field and 

has the advantage of extracting important features in a high-dimensional and sparse setting. One 

of these methods is the LASSO-based model, which offers feature selection with higher 

prediction accuracy and simpler interpretation (Ma & Huang, 2008). Our results showed unique 

characteristics for each subgroup (males with S-ECC, caries-free males, females with S-ECC, 

and caries-free females), demonstrating that sex-related factors may play a role in microbial 

interactions.  

The strength of this study is that it provides a holistic view of S-ECC with a 

transdisciplinary approach. It has, however, some limitations. The presence of retrospective 

questions in the questionnaire might have introduced recall bias, and response bias is also 

possible on the part of parents. It also lacked the individual dmft/dmfs scores for the S-ECC 

group. Convenient sampling was used for recruitment, meaning that the groups were not 

matched by sex, age, and socioeconomic status during recruitment. Other confounding factors 

for the association between S-ECC and the plaque microbiota could be place of residence, oral 

hygiene, and feeding habits (Agnello et al., 2017; Willis et al., 2018). However, these variables 

were evenly distributed among the subgroups (P > 0.05, males vs. females within S-ECC and 

caries-free groups). We also demonstrated that after adjusting for possible confounding effects, 

the composition of the plaque microbiota of S-ECC children still differed from those caries-free. 

Future studies with larger cohorts should be performed to confirm these findings. 

Overall, our findings indicate that sex may be a differentiating factor in the microbial 

composition of the supragingival plaque of caries-free children and those with S-ECC. This 

supports the idea that there are biomarkers for S-ECC that are unique for male and female 

children. We are, however, still far from fully understanding the role of sex and microbiota in S-

ECC risk. Our results could guide further transdisciplinary studies aiming to create better tools 

for determining S-ECC risk, which will allow a more personalized dental diagnosis, treatment, 

and prognosis for young males and females. Oral microbiome and sex may be important 

determinants for S-ECC and could be factors to consider for inclusion in caries risk assessment 

tools.  
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Bridge to Chapter 5: 

 

As each oral niche has very specific microenvironments, they contain distinct microbial 

communities. Xiao et al. (2018), for instance, showed that the bacterial composition of saliva 

samples from children significantly differed from supragingival dental plaque samples, 

regardless of caries status (J. Xiao et al., 2018). O’Connell et al. (2020), on the other hand, 

showed differences in the fungal composition of plaque samples collected from caries-free tooth 

surfaces, enamel lesions, and dentin lesions of children with different caries-status (O’Connell et 

al., 2020). Therefore, to properly characterize the association between oral diseases and oral 

microbiome it is important to take site-specific differences in the oral microbiome into 

consideration. It is also important to select the most appropriate site of sampling for the study 

and/or diagnosis of each infectious disease. For instance, recent studies have shown that the 

SARS-CoV-2 virus, which causes the coronavirus disease 19 (COVID-19), can be detected in 

saliva (Fernandes et al., 2020).  

It has been reported that salivary glands can be important reservoir of the SARS-CoV-2 

virus (Xu et al. 2020). Consequently, the presence of high SARS-CoV-2 viral load in saliva 

could make it a suitable and less invasive diagnostic tool for COVID-19. Therefore, this 

validates the importance of exploring different sampling options for diagnosis of infectious 

diseases (Fernandes et al. 2020; J. Xu et al. 2020; Sapkota et al. 2020). The establishment of the 

Human Microbiome Project (HMP) by the National Institutes of Health was an important step 

towards the characterization of the diverse microbial communities present in different parts of 

the human body (The Human Microbiome Project Consortium, 2012). It showed that the human 

oral cavity harbors one of the most diverse microbial communities in the human body.  

This study builds on the findings described in the chapter 4 about the significant 

differences between the dental plaque microbiome of children with S-ECC and those caries-free. 

In chapter 5, my objective is to determine which of two commonly used sampling sites (dental 

plaque vs. oral swab) would provide a better prediction model for caries-free vs. S-ECC using 

next generation sequencing and machine learning approaches.  
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5.1 Abstract 

 

The human oral cavity harbors one of the most diverse microbial communities with 

different oral microenvironments allowing the colonization of unique microbial species. This 

study aimed to determine which of two commonly used sampling sites (dental plaque vs. oral 

swab) would provide a better prediction model for caries-free vs. S-ECC using next generation 

sequencing and machine learning (ML). In this cross-sectional study, a total of 80 children (40 S-

ECC and 40 caries-free) < 72 months of age were recruited. Supragingival plaque and oral swab 

samples were used for the amplicon sequencing of the V4-16S rRNA and ITS1 rRNA genes. The 

results showed significant differences in alpha and beta diversity between dental plaque and oral 

swab bacterial and fungal microbiomes. Differential abundance analyses showed that, among 

others, the cariogenic species Streptococcus mutans was enriched in the dental plaque, compared 

to oral swabs, of children with S-ECC. The fungal species Candida dubliniensis and C. tropicalis 

were more abundant in the oral swab samples of children with S-ECC compared to caries-free 

controls. They were also among the top 20 most important features for the classification of S-

ECC vs. caries-free in oral swabs and for the classification of dental plaque vs. oral swab in the 

S-ECC group. ML approaches revealed the possibility of classifying samples according to both 

caries status and sampling sites. The tested site of sample collection did not change the 

predictability of the disease. However, the species considered to be important for the 

classification of disease in each sampling site were slightly different. Being able to determine the 

origin of the samples could be very useful during the design of oral microbiome studies. This 

study provides important insights into the differences between the dental plaque and oral swab 

bacteriome and mycobiome of children with S-ECC and those caries-free.  
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5.2 Introduction 

The oral cavity harbors one of the most diverse microbial communities within the human 

body (Stearns et al. 2011). A variety of oral niches (non-shedding tooth surfaces, tongue, cheek, 

hard and soft palates, and gingival sulcus) provide different levels of oxygen, nutrients, salivary 

flow, and masticatory forces (Hall et al., 2017). Each of these different microenvironments allow 

the colonization of unique and adapted microbial communities. Therefore, it is expected that the 

microbial composition of each oral site differs significantly from each other.    

Usually, the oral microbiota exists in a homeostatic balance with the host and contributes 

to the development of the immune system. However, once this balance is disturbed, some 

microbial species can overgrow and diseases associated with site-specific microbes such as 

periodontitis (subgingival microbiota), dental caries (supragingival microbiota), and oral 

candidiasis (oral mucosal and salivary microbiota) may occur (Lamont, Koo, and Hajishengallis 

2018; Vila et al. 2020).  

Since the 19th century, it is known that the oral microbes play a crucial role in the 

development of dental caries (Russell 2009). However, the establishment of new technologies, 

such as next generation sequencing (NGS) and machine learning algorithms, has provided a 

unique opportunity to an enhanced understanding of the role of oral microbes (bacteria, fungi, 

and viruses) on caries development and progression.  

As dental caries continues to be one of the most prevalent chronic diseases among 

children worldwide, there is a clear need for a deeper understanding of how oral microbial 

communities and their interactions could impact children’s oral health. The terms early 

childhood caries (ECC) and severe ECC (S-ECC) were first introduced in the 1990s (Ismail and 

Sohn 1999). S-ECC has an important effect on children’s development and well-being (Pierce et 

al. 2019; Folayan et al. 2020).  

We hypothesized that the microbial (bacterial and fungal) profile of dental plaque 

significantly differs from that of oral swabs, and because the dental biofilm is in closer contact 

with the tooth surface, it would provide a better prediction model for caries onset. To test this 

hypothesis, first we characterized the differences between the dental plaque and oral swab 

bacterial and fungal microbiota in children with S-ECC and those caries-free. Second, we 

analyzed which of those commonly used sampling sites (dental plaque and oral swab) would 



 72 

provide a better model for the classification of S-ECC versus caries-free, using machine learning 

approaches. Third, we further evaluated whether the observed differences between the microbial 

profiles of the samples could be used for the differentiation between the sampling sites (dental 

plaque versus oral swab) to assist researchers during the design of oral microbiome studies. This 

is one of the first studies to explore the oral microbiome profiles to classify oral sites.  

 

5.3 Materials and Methods 

5.3.1 Study Population 

In this cross-sectional study, 80 children < 72 months of age were recruited between 

December 2017 and August 2018. Among those, 40 had S-ECC, according to the American 

Academy of Pediatric Dentistry definition (AAPD, 2017), and 40 were caries-free. Details about 

the methods used for recruitment, sample collection, DNA extraction, and 16S and ITS1 rRNA 

amplicon sequencing are described in chapter 3 (Materials and Methods). This work follows the 

STROBE guidelines checklist for cross-sectional studies. 

 

5.3.2 16S and ITS1 rRNA amplicon data analysis 

The sequences were received as demultiplexed, barcode removed, paired ends fastq files. 

The quality control analysis was performed with FastqC v0.11.8 (Andrews, 2010). The 

sequences were then imported and analyzed with QIIME2 2018.11 (Bolyen et al. 2019). The 16S 

pair-end sequences were quality trimmed, filtered to remove ambiguous and chimeric sequences, 

and merged using DADA2 implemented in QIIME2, resulting in the amplicon sequence variant 

(ASVs) table (Callahan et al. 2016). The ITS1 pair-end sequences were trimmed using the Q2-

ITSxpress QIIME2 plugin prior to the DADA2 step, with default parameters (Rivers et al. 2018). 

The taxonomic assignment of ASVs was performed using HOMD (version 15.1) for 

bacteria and the UNITE database (version 8.2; QIIME developer release) for fungi (Abarenkov 

et al., 2020b; Agnello et al., 2017; de Jesus et al., 2020; Dewhirst et al., 2010a). Due to the 

presence of many fungal ASVs that were assigned only at kingdom level, further fungal ASV 

curation was performed with the R package LULU (Frøslev et al., 2017). The remaining ASVs 

assigned as Fungi at kingdom level only, or with unidentified phylum were manually assessed 
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using the program BLASTN in NCBI (Z. Zhang et al., 2000). The ASVs with non-fungal 

BLASTN results were discarded and the remaining were repeatedly assigned to new taxonomic 

assignments using different UNITE databases threshold levels (Abarenkov et al., 2020b, 2020c, 

2020a) and taxonomy classification methods (q2-feature-classifier classify-sklearn and classify-

consensus-blast) in QIIME2, as described previously (Martinsen et al., 2021). The data was 

imported into R using the R package “qiime2R” (version 0.99.13) and additional filtering was 

performed using “phyloseq” (version 1.30.0) to remove singletons and samples with less than 

1,000 reads (Depner et al. 2020; Bisanz 2018; McMurdie and Holmes 2013). The ASV counts 

were then normalized using the cumulative-sum scaling (CSS) approach from the R package 

“metagenomeSeq” version 1.28.2 (Paulson et al., 2013).  

The alpha diversity analyses (within-samples) were performed using the Chao1 and 

Shannon indices to estimate richness and diversity, respectively, using raw ASV count data from 

QIIME2 in “phyloseq”. Pairwise comparisons of alpha diversity were done by the paired 

Wilcoxon signed rank test. Beta diversity measures were calculated on CSS normalized ASV 

data. This analysis was performed to compare the structure of the bacterial and fungal microbial 

communities between samples, using the permutational analysis of variance (PERMANOVA) 

test with 999 permutations in the R package “vegan” (adonis function; version 2.5.6) (Anderson 

2001). It was visualized using principle coordinate analysis (PCoA) with Bray-Curtis 

dissimilarity index in the R package “ggplot2” (version 3.3.3) (Beals 1984; Wickham 2016).  

Differentially abundant species were identified using the DESeq2 negative binomial 

Wald test using the “DESeq2” v.1.26.0 R package, controlling the false discovery rate (FDR) for 

multiple comparison (Love, Huber, and Anders 2014). For this, the raw ASV counts were 

collapsed to the species level. For comparisons between dental plaque vs. oral swab, a paired 

DESeq2 analysis was performed. FDR adjusted P < 0.05 was considered significant.  

 

5.3.3 Machine learning analysis of microbiome data 

Machine learning methods were used to train multivariable classification models to 

identify the caries status, S-ECC and caries-free. To generate the machine learning models, 

taxonomic features were used in the form of ASV tables collapsed to species-level. For the 

classification, we used the workflow provided in “Siamcat”, which provides a machine learning 
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toolbox for metagenome analysis through state-of-the-art machine learning methods (Wirbel et 

al. 2019; Wirbel et al. 2021). The data were separately processed for fungi and bacteria and 

sample-wise relative abundance for the microbiome quantitative profiles was used as input data 

to maintain the uniformity. 

To process the data in “Siamcat”, features with a prevalence of less than five percent 

across samples were removed and the remaining features were normalized by centered log-ratio 

(CLR) transformation. The data was then prepared for cross-validation with 8-fold and 5 repeats. 

After this, the models were trained using Lasso, Ridge, Elastic Net (Enet), and RandomForest 

classification methods in Siamcat, which uses the “mlr” package for machine learning based 

classification (Bischl et al. 2016).  The models’ performance for cross validation was evaluated 

using the area under the receiver operating characteristic (AUROC) value. To show the 

importance of the model features, the model feature weights were converted to relative weights 

and up to the top 20 features were selected, based on their median values, to generate a heatmap 

using the R package “ggplot2” (Wickham 2016).  

For the machine-learning based classification of plaque and swab samples, a pairwise 

sample analysis was performed using a boosting conditional logistic regression from R package 

‘clogitboost’, which takes the paired nature of the dental plaque and oral swab samples into 

account (H. Shi & Yin, 2015). The model was fitted using component-wise smoothing spline. 

The caries-free and S-ECC samples were divided into training and test sets using three-quarters 

of the data for training and the remaining for test in a way that paired samples for plaque and 

swab should be together in either training or test sets. For the features (species) selection in 

training dataset, we obtained the p-values from the differential abundance analysis described 

above. The top features selected by the p-values were used to train the classification models. 

Since we have only 30 independent samples in the training set, we considered only top 5, 10,15, 

20 and 25 features to build the model, respectively. The models’ performance was evaluated 

using AUROC. Each of the trained models were then tested on the test set. The training-test 

strategy/process was repeated for 30 iterations and the classification performance between 

caries-free and S-ECC samples were compared by the average of AUROC values from the 30 

repeats. 
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5.4 Results 

Eighty children who fit the study criteria were recruited and 160 samples (80 dental 

plaque and 80 oral swabs) were collected. Table 5.1 shows some characteristics of the study 

participants. Additional information about the participants are shown in chapter 4.  

 

Table 5.1. Characteristics of study participants. 

  Caries status 

 
 S-ECC 

(N=40) 

 Caries-free 

(N=40) 

Age (months), mean ± SD  45.6 ± 11.4  46.2 ± 14.2 

Sex, n(%)  

  Female 

  Male 

  

25 (62.5) 

15 (37.5) 

  

21 (52.5) 

19 (47.5) 

Reproduced with permission from Frontiers. 

 

5.4.1 Bacterial community analysis  

After filtering out low quality and chimeric sequences, a total of 8,664,777 16S rRNA 

reads were obtained, with an average number of 54,154.9 reads per sample (160 samples). A 

total of 5,421 ASVs were assigned to 141 genera and 320 species. Overall, the most abundant 

phyla were Firmicutes (41.08%) and Proteobacteria (27.37%). In oral swabs, Streptococcus 

(overall: 21.81%; S-ECC: 19.22%; Caries-free: 24.41%) was the most abundant genus followed 

by Veillonella (overall: 17.03%; S-ECC: 21.65%; Caries-free: 12.40%) and Haemophilus 

(overall: 13.28%; S-ECC: 13.62%; Caries-free: 12.94%). In dental plaque, Neisseria (overall: 

16.06%, S-ECC: 15.93%; Caries-free: 16.13%), Veillonella (overall: 13.66%; S-ECC: 19.54%; 

Caries-free: 7.73%), and Streptococcus (overall: 11.35%; S-ECC: 12.77%; Caries-free: 9.92%) 

were the most abundant genera. The taxonomic profile of the dental plaque and oral swab 

samples are shown in Figure 5.1A-B. 
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Figure 5.1. Bacterial taxonomic profiles of dental plaque and oral swab. Relative abundance of 

the top 20 bacterial taxa in dental plaque and oral swab samples from (A) children with S-ECC 

and (B) caries-free children. “Other” indicates the taxa not individually shown. Reproduced with 

permission from Frontiers.  
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Bacterial alpha diversity (within samples) analysis showed a significant difference 

between oral swab and dental plaque alpha diversity (Shannon index, S-ECC: P = 0.0034; 

Caries-free: P = 0.015) and richness (Chao1 index, S-ECC: P < 0.001; Caries-free: P = 0.025) in 

both caries-free and S-ECC groups (Figure 5.2A). Bacterial beta (between-sample) diversity 

analysis showed a clear separation of samples according to sampling site, oral swab and dental 

plaque (pseudo-F = 42.71, R2 = 0.2, P = 0.001, PERMANOVA accounting for the children’s S-

ECC status and the paired samples; Figure 5.2B). A significant difference in bacterial 

community was also observed between the S-ECC and caries-free groups (pseudo-F = 2.85, 

R2=0.014, P = 0.001). 

 

Figure 5.2. Bacterial diversity of dental plaque and oral swab samples from children with S-ECC 

and those caries-free. (A) For alpha diversity (within-sample) the Shannon and Chao1 diversity 

and richness measures were calculated according to sample type in both caries-free and S-ECC 

groups. A significant difference between oral swab and dental plaque alpha diversity and richness 

was observed in both caries-free and S-ECC groups (P < 0.05, paired Wilcoxon test). (B) For beta 

(between-sample) diversity, Bray-Curtis distances were calculated, followed by principal 

coordinate analysis (PCoA). The plot shows the separation of samples according to sample type 

(pseudo-F = 40.4, R2 = 0.2, P = 0.001, PERMANOVA accounting for the children’s caries-status). 

The ellipses represent a 95% confidence level. Reproduced with permission from Frontiers. 
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Figure 5.3A shows the relative abundance of the top 20 bacterial species across the 

subgroups. The differential abundance analysis revealed numerous species that were 

overabundant in dental plaque or oral swab samples within the S-ECC and caries-free groups 

(Figure 5.3B-C, adjusted P < 0.05, DESeq2). Interestingly, many species were significantly 

more abundant in dental plaque or oral swab in both S-ECC and caries-free groups. For instance, 

Capnocytophaga sp. oral taxon 326 (S-ECC: -10.83 log2fold change; Caries-free: -4.72 

log2fold), Kingella sp. oral taxon 012 (S-ECC: -9.52 log2fold change; Caries-free: -8.57 

log2fold change), Corynebacterium durum (S-ECC: -4.71 log2fold change; Caries-free: -4.81 

log2fold change), Rothia aeria (S-ECC: -3.93 log2fold change; Caries-free: -3.56 log2fold 

change), Corynebacterium matruchotii (S-ECC: -3.54 log2fold change; Caries-free: -3.90 

log2fold) , among others, were more abundant in dental plaque than oral swabs in both caries-

free children and those with S-ECC. On the other hand, Porphyromonas sp. oral taxon 930 (S-

ECC: 5.57 log2fold change; Caries-free: 5.01 log2fold change), Alloprevotella sp. oral taxon 473 

(S-ECC: 4.35 log2fold change; Caries-free: 2.66 log2fold change), Veillonella sp. oral taxon 780 

(S-ECC: 4.12 log2fold change; Caries-free: 3.79 log2fold change), Sneathia amnii (S-ECC: 3.86 

log2fold change; Caries-free: 3.76 log2fold change) Granulicatella elegans (S-ECC: 3.26 

log2fold change; Caries-free: 3.93 log 2fold change), and Haemophilus parainfluenzae (S-ECC: 

1.26 log2fold change; Caries-free: 1.39 log2fold change) were more abundant in oral swabs in 

both caries-free and S-ECC groups. In children with S-ECC, the well-known cariogenic 

bacterium S. mutans was more abundant in dental plaque samples (-3.45 log2fold change, 

adjusted P < 0.05).  

Within the oral swab samples, three species were more abundant in S-ECC compared to 

caries-free: Veillonella dispar (2.09 log2fold change), Prevotella veroralis (23.33 log2fold 

change), and Neisseria bacilliformis (24.58 log2fold change, adjusted P < 0.05, DESeq2). While 

Lautropia mirabilis (-1.41 log2fold change) was significantly more abundant in caries-free 

children’s oral swabs (adjusted P < 0.05, DESeq2). The differences between the dental plaque 

microbial composition between children with S-ECC and those caries-free have been described 

in chapter 4.   
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Figure 5.3. Differential abundance of bacterial species. (A) Heatmap showing the relative 

abundance of the top 20 bacterial species identified in dental plaque and oral swab samples. (B 

and C) Relative fold change in the abundance of bacterial species in (B) samples from children 

with S-ECC, and (C) samples from caries-free children, according to sample type. The differential 

abundance of the bacterial species was tested using the DESeq2 negative binomial Wald test. (B 

and C) All species listed have an FDR adjusted P < 0.05. Reproduced with permission from 

Frontiers.   
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5.4.2 Fungal community analysis 

A total of 8,000,067 filtered ITS1 rRNA reads were obtained, with an average number of 

reads per sample of 50,000 (160 samples).  The 622 ASVs where assigned to 63 genera and at 

least 59 species. After filtering, ten samples had low reads (<1,000) and were removed from the 

fungal analysis as well as their respective oral swab or dental plaque pairs, resulting in a total 

sample size of 140. Differential abundance analysis showed that among the top 20 most 

abundant fungal taxa, within the S-ECC group, Stereum rugosum (-29.03 log2fold change), 

Fusarium sp. (-29.14 log2fold change), Trichoderma sp. (-24.79 log2fold change), Candida 

albicans (-10.42 log2fold change), C. dubliniensis (-6.04 log2fold change) and others were 

enriched in dental plaque. While Trichosporon asahii (23.97 log2fold change), Malassezia 

globosa (20.36 log2fold change), M. restricta (14.9 log2fold change) and others were more 

abundant in oral swabs. Within the caries-free group, the class Agaricomycetes (13.63 log2 fold 

change) was more abundant in oral swab, while Blumeria sp. (-29.94 log2fold change), 

Fusarium sp. (-23.26 log2fold change), Wallemia tropicalis (-22.68 log2fold change), 

Malassezia restricta (-16.44 log2fold change) and others were more abundant in dental plaque. 

Within the oral swab samples, Candida dubliniensis (12.92 log2fold change), Candida tropicalis 

(24.99 log2fold change), and Malassezia restricta (24.14 log2fold change) were more abundant 

in children with S-ECC compared to caries-free controls (Table 5.2, adjusted P < 0.05, 

DESeq2). The results of the differential abundance analysis according to caries status in dental 

plaque (caries-free vs. S-ECC) are described in chapter 4.  

The fungal alpha diversity analysis showed a significant difference in Chao 1 diversity (P 

< 0.001, paired Wilcoxon test) in the caries-free group (Figure 5.4A). Fungal community (β-

diversity) analysis also showed a significant difference between dental plaque and oral swab 

microbiomes (pseudo-F = 5.58, R2 = 0.04, P = 0.001, PERMANOVA, Figure 5.4B). The fungal 

communities of samples from caries-free children and those with S-ECC also showed a 

significant difference (pseudo-F = 4.17, R2 = 0.03, P = 0.001). 

  



 81 

Table 5.2. Mean relative abundance of the top 20 most abundant fungal taxa. 

 
 S-ECC  Caries-free 

Species  Plaque Swab  Plaque Swab 

Candida dubliniensis* #  47.76 ± 44.28 13.09 ± 25.16  0.01 ± 0.03 0.00 ± 0.002 

Class Agaricomycetes* §  2.52 ± 12.30 11.06 ± 25.85  1.98 ± 6.94 7.21 ± 18.82 

Candida albicans*  9.51 ± 24.79 3.59 ± 14.27  5.16 ± 18.28 1.58 ± 6.65 

Blumeria sp. §  3.1 ± 16.65 0.00 ± 0.00  15.08 ± 30.59 0.00 ± 0.00 

Family Thelephoraceae* #  2.165 ± 5.35 0.001 ± 0.01  12.85 ± 26.20 1.14 ± 4.07 

Malassezia restricta* § #  0.29 ± 1.03 5.45 ± 18.25  5.55 ± 19.88 0.07 ± 0.38 

Candida tropicalis #  3.90 ± 14.90 2.90 ± 9.77   0.00 ± 0.00 0.01 ± 0.04 

Trichosporon asahii* §  0.00 ± 0.00 1.34 ± 8.06  2.99 ± 17.14 0.09 ± 0.56  

Ramicandelaber taiwanensi * §  0.52 ± 1.64  0.09 ± 0.52  3.58 ± 7.00 0.05 ± 0.21 

Fusarium sp.* §  0.58 ± 2.46 0.00 ± 0.00  3.01 ± 17.14  0.00 ± 0.00 

Meyerozyma guilliermondii §  0.10 ± 0.59 0.00 ± 0.00  3.00 ± 17.14 0.00 ± 0.00 

Exophiala radices  0.00 ± 0.00 0.00 ± 0.00  2.65 ± 15.46  0.00 ± 0.00 

Candida parapsilosis  0.36 ± 2.16 0.02 ± 0.11   2.204 ± 12.75 0.00 ± 0.00 

Malassezia globosa*  0.00 ± 0.00 2.23 ± 13.41  0.03 ± 0.15 0.00 ± 0.00 

Order Malasseziales§  0.27 ± 1.63 0.00 ± 0.00  2.06 ± 11.99 0.00 ± 0.00 

Stereum rugosum*  2.03 ± 12.17 0.00 ± 0.00  0.00 ± 0.00 0.00 ± 0.00 

Phylum Rozellomycota§  0.17 ± 0.61 0.10 ± 0.58  1.65 ± 8.99 0.04 ± 0.08 

Phylum Chytridiomycota§  0.26 ± 0.93 0.08 ± 0.34  1.24 ± 5.69 0.37 ± 0.71 

Phylum Ascomycota§  0.01 ± 0.05 0.03 ± 0.13  0.55 ± 2.19 1.17 ± 5.02 

Wallemia tropicalis* §  0.01 ± 0.07 0.00 ± 0.001  0.001 ± 0.01 0.00 ± 0.00 

* adjusted P < 0.05 (DESeq2), dental plaque vs. oral swab in children with S-ECC. 

§ adjusted P < 0.05 (DESeq2), dental plaque vs. oral swab in caries-free children. 

# adjusted P < 0.05 (DESeq2), S-ECC vs. caries-free in oral swab samples. 

Reproduced with permission from Frontiers.  
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Figure 5.4. Fungal diversity of dental plaque and oral swab samples. (A) For alpha diversity 

(within-sample) the Shannon and Chao1 diversity and richness measures were calculated 

according to sample type in both caries-free and S-ECC groups. A significant difference in richness 

was observed between the sampling sites in the caries-free group (P < 0.001, Chao1 index, paired 

Wilcoxon test). (B) For beta (between-sample) diversity, Bray-Curtis distances were calculated, 

followed by principal coordinate analysis (PCoA, pseudo-F = 11.58, R2 = 0.04, P = 0.001, 

PERMANOVA). The ellipses represent a 95% confidence level. Reproduced with permission from 

Frontiers. 
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5.4.3 Machine learning analysis 

We first evaluated the model performance using Lasso, Ridge, Elastic Net (Enet), and 

RandomForest methods to classify S-ECC vs. caries-free. Overall, the Ridge approach with 

default parameters provided the best classification accuracy while the other three methods 

provided similar AUROC values. Hence, Ridge was the model of choice for further 

classification. 

To evaluate which sampling site, dental plaque or oral swabs, would provide a better 

classification model for S-ECC vs. caries-free, the samples were grouped according to sampling 

site. The AUROC values obtained by the Ridge model with bacterial species were 0.92 and 0.91 

for dental plaque and oral swab samples, respectively (Figure 5.5A). While, for fungal taxa, the 

AUROC values were 0.85 and 0.835, respectively (Figure 5.5B). The median relative feature 

weights used to predict the corresponding models and their ranks are shown in Figures 5.5C-D. 

Among the most important bacterial features for the S-ECC vs. caries-free classification model 

are Gemella morbilorum, Lautropia mirabilis, Actinomyces oral taxon 525 and Capnocytophaga 

oral taxon 336. While for fungi, Mycosphaerella tassiana, Betamyces americae meridionalis, 

Wickerhamiella sp. and Cyberlindnera jadinii were among the most important discriminatory 

fungal species (Figures 5.5C-D).  

To evaluate if it is possible to differentiate dental plaque samples from oral swab samples 

based on their bacterial and fungal profiles, both in caries-free and S-ECC groups, the samples 

were grouped according to caries status. The AUROC values were compared for the models built 

based on the top 5,10,15,20, and 25 species selected through differential abundance analysis in 

the training set. For bacteria, in caries-free samples, the maximum AUROC value was 0.80 using 

10 species while for S-ECC, the maximum AUROC value was 0.73 with 25 species. For fungi, 

the maximum AUROC was obtained by 10 species in caries-free samples and 5 in S-ECC 

samples (Table 5.3). The performance of paired analysis for different number of species is 

summarized in Table 5.3. It was notable that in site-based classification, in bacteria low number 

of species provide better classification in caries-free samples. While, for S-ECC samples high 

number of species are required for improving prediction. For fungi the classification was better 

with low number of species in both caries-free and S-ECC groups. 
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Figure 5.5. Classification of S-ECC vs. caries-free. (A and B) Receiver operating characteristic 

(ROC) curve representing the cross-validation performance as for the classification of S-ECC 

and carries-free in (A) bacteria and (B) fungi using “Ridge” model in Siamcat. The area under 

the receiver operating characteristic curve (AUROC) represents the sample taken from dental 
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plaques and oral swabs, by red and blue colors, respectively. AUROC values are shown in the 

bottom-right of the plot. (C and D) The relative feature weights used to predict the corresponding 

model. A maximum of 20 weights in each category were selected to plot on the heatmap and are 

marked with the ranking of the weights in the heatmap for bacterial (C) bacterial and (D) fungal 

taxa. The green color represents the features important in caries-free and brown is for S-ECC. 

Reproduced with permission from Frontiers. 

 

 

Table 5.3. Mean AUROC value for plaque vs swab classification through conditional logistic 
regression.  
 Bacteria  Fungi 

Species Caries-free S-ECC  Caries-free S-ECC 

5 0.77 ± 0.14 0.67 ± 0.12  0.62 ± 0.17 0.73 ± 0.15 

10 0.80 ± 0.13 0.69 ± 0.15  0.63 ± 0.18 0.73 ± 0.16 

15 0.73 ± 0.16 0.71 ± 0.17  0.62 ± 0.17 0.69 ± 0.16 

20 0.71 ± 0.17 0.72 ± 0.17  0.63 ± 0.19 0.65 ± 0.18 

25 0.72 ± 0.16 0.73 ± 0.17  0.62 ± 0.17 0.69 ± 0.18 

The species column shows the number of species used in the classification and the mean AUROC values are 

provided with the standard deviation of 30 iterations of the training-test based prediction. The highest AUROC value 

of each group is bolded. Reproduced with permission from Frontiers. 
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5.5 Discussion 

In this study, first we confirmed that the bacterial and fungal community composition of 

dental plaque differed significantly from that obtained from oral swabs. Second, we investigated, 

using machine learning approaches, which sampling site would be the most appropriate to 

differentiate the oral microbial profile of children with S-ECC and those caries-free. Identifying 

the appropriate type of sample to be used is important to guide future caries association studies. 

Third, we evaluated whether it could be possible to predict the sampling site (dental plaque vs. 

oral swab) based on the microbial profile of the samples. Being able to determine the origin of 

the samples could be useful for the design of future microbiome studies. For instance, if 

researchers want to collect supragingival plaque, it would be useful to have a way of detecting if 

during sample collection the supragingival plaque got contaminated with subgingival plaque, as 

each of those should have unique microbial profiles.  

The oral microbiome is considered highly diverse, compared to other body sites. 

Although dental plaque, saliva and the buccal mucosa are in close contact, they have diverse 

microbial communities. The HMP, for instance, compared the diversity of microbes among five 

major body areas of 242 healthy individuals and showed that supragingival plaque has higher 

bacterial alpha diversity compared to the oral mucosa, which agrees with the results reported in 

the present study (The Human Microbiome Project Consortium, 2012). Hall et al. identified a 

significant difference between the microbial communities of supragingival plaque, saliva, and 

tongue samples from health subjects, demonstrating the existence of site-specific oral 

microbiomes (Hall et al., 2017).  

Interestingly, while dental plaque showed increased bacterial alpha diversity compared to 

oral swabs the fungal alpha diversity showed an opposite pattern, with oral swabs displaying 

increased fungal alpha diversity. The higher fungal diversity observed in the oral swab may be 

associated with more fungal DNA of transient colonizers from the environment through mouth 

breathing and food intake (P. I. Diaz & Dongari-Bagtzoglou, 2021; H. Xu & Dongari-

Bagtzoglou, 2015). Furthermore, most oral fungi are present at low biomass and may be difficult 

to detect in oral samples (P. I. Diaz & Dongari-Bagtzoglou, 2021). The above factor may explain 

why the number of observed fungal ASVs was lower than that of bacteria.  
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Streptococci was the most abundant bacterial genera in oral swabs, similar to what has 

been previously reported (Caselli et al. 2020). Neisseria, Haemophilus and Veillonella, found to 

be the most abundant in dental plaque or oral swab samples, have also been reported as highly 

abundant in different oral sites by previous studies (Caselli et al. 2020; Huse et al. 2012). 

Streptococcus, Fusobacterium, Gemella, and Veillonella have all been considered core OTUs in 

different oral sites (Hall et al., 2017; Huse et al., 2012). Here we showed site-specific differences 

in the abundance of certain species from these genera, with some being significantly more 

abundant in dental plaque compared to oral swabs or vice-versa. Among children with S-ECC, 

the known cariogenic bacterium S. mutans was significantly enriched in dental plaque samples 

compared to oral swabs. It also showed to be among the top 10 most important feature for the 

classification of S-ECC vs. caries-free in both dental plaque and oral swab samples. Other caries 

associated bacteria such as Leptotrichia spp. and Selenomonas spp. (Kalpana et al., 2020) were 

more abundant in dental plaque than oral swab samples from children with S-ECC. 

Fungal species from the genera Candida, Malassezia, Meyerozima, and Trichosporon, 

were among the most abundant in dental plaque and oral swab, similarly to what has been 

reported in other studies (P. I. Diaz and Dongari-Bagtzoglou 2021; Robinson et al. 2020; 

Baraniya et al. 2020; Shelburne et al. 2015). The differential abundance analysis showed a 

significant difference between C. dubliniensis and C. tropicalis in the oral swab of caries-free 

children and children with S-ECC. Those fungal species were also among the top 20 most 

important features for the classification of S-ECC vs. caries-free in oral swabs. Candida spp. are 

among the most abundant fungal species in the oral cavity and they are associated with different 

oral diseases (Diaz et al. 2019; Peters et al. 2017). C. dubliniensis has only recently been 

associated with dental caries in children (de Jesus et al. 2020; O’Connell et al. 2020; Al-Ahmad 

et al. 2016). Here we show that this fungus is not only highly abundant in the dental plaque of 

children with S-ECC, as previously reported, but it is also enriched in the oral swabs obtained 

from children with S-ECC compared to those caries-free. 

In recent years, machine learning has become a commonly applied approach to early 

childhood oral health research (Peng et al. 2021). One of the challenges in microbiome data 

analysis is that the differential analysis methods generally lack the information about 

predictability. Thus, we used machine learning methods to identify site-specific taxonomic 

features in dental plaque and oral swabs. The results suggested that both dental plaque and oral 
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swab samples provide a good model for S-ECC vs. caries-free classification. They also suggest 

that it is possible to differentiate dental plaque from oral swab samples using their microbial 

profiles. However, site-based classification through fungal species was not optimum in caries-

free samples. This could be due to the small number of fungal species that significantly differed 

in abundance between dental plaque and oral swabs, as observed in the differential abundance 

analysis.  

From our classification results for caries status, it appears that the models using the 

microbial composition of dental plaque or oral swabs were both able to discriminate between 

caries-free and S-ECC samples. However, it is important to notice that the species considered to 

be important for the classification of disease for each sampling site are slightly different. 

The limitations of this study include, but are not limited to, the lack of information about 

the socio-economic status of the participants and the convenient sampling used for recruitment, 

which means that during recruitment the groups were only matched by caries status. As many 

factors may influence the oral microbial composition, the results of this study may not be 

generalizable to other populations with different age groups and geographic locations. In this 

study, an additional enzymatic lysis step was used during DNA extraction from dental plaque 

samples to disrupt the dental plaque biofilm. Rosenbaum et al. compared the impact of using 

different DNA extraction methods, including the use of QIAamp DNA Mini Kit (Qiagen) with 

and without additional enzymatic lysis step, in the oral bacterial (16S rRNA) and fungal (ITS1 

rRNA) microbiota. They showed that all tested DNA extraction methods were able to lyse Gram-

positive bacterial species. They also reported no significant differences in bacterial and fungal 

diversity among DNA extraction methods (Rosenbaum et al. 2019). Other studies also found no 

significant effect of DNA extraction methods in the microbial composition of oral samples (Lim 

et al. 2017). Therefore, while we do not expect that the additional enzymatic lysis step 

significantly contributed to the differences observed between the dental plaque and oral swab 

microbiota, we cannot completely rule out the possible bias associated with the sample 

preparation on the analyses comparing dental plaque and oral swab microbiomes.  

Currently, UNITE is the most commonly used database for taxonomic classification in 

mycobiome studies of different environments. However, there is an increased concern regarding 

the lack of taxonomic coverage on the available databases, which creates limitations to studies 
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trying to characterize the human mycobiome (Nilsson 2016). Here, a high proportion of fungal 

ASVs (37.14%) could not be classified to a meaningful taxonomic level beyond kingdom. As the 

reads passed through the quality control process, the observed high number of unclassified ASVs 

could be a limitation of the database used. Therefore, the construction of a curated ITS database 

specific for the oral mycobiome, as exists for the oral bacteriome, is urgently needed. 

This is a cross-sectional study. Thus, based on our results it is not possible to determine 

when a significant oral microbial shift from a healthy to a diseased state occurs. Xu et al. 

performed a longitudinal study where they did a 1-year follow-up of caries-free 3-year-old 

children (H. Xu et al., 2018). The authors suggested that prior to any clinical sign of caries, there 

is a microbial shift that could potentially be used for the diagnosis and prevention of dental caries 

in young children. Therefore, future longitudinal studies aiming to further characterize the 

microbial shifts that precede the first clinical signs of dental caries are needed.  

In conclusion, this study characterized the differences in microbial profiles of dental 

plaque and oral swab samples from children with S-ECC and those caries-free. Importantly, our 

machine learning results were able to predict the caries-status (S-ECC vs. caries-free) and 

sampling site (dental plaque versus oral swab) based on the microbial profile of the samples. In 

the future, when data from related studies distinguishing oral sampling sites using microbiome 

profiles are available, we will perform the replication studies to validate our results.  
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Bridge to chapter 6: 

 

ECC is a multifactorial disease that is believed to result from interactions between 

environmental and genetic components. It has been estimated, based on twin studies, that the 

heritability of dental caries, or the proportion of variation that is due to genes, can reach over 

50% (Haworth et al., 2020; X. Wang et al., 2010).  

Genetics may influence multiple factors implicated in dental caries etiology and variants 

of taste genes have been associated with some of those factors. For instance, TAS2Rs and 

TAS1Rs have been linked to sweet taste preference and high consumption of carbohydrates 

(Furquim et al., 2010; Han et al., 2017; Verma et al., 2006). CA6 has been associated with 

salivary buffering capacity (R. C. R. Peres et al., 2010; Yildiz et al., 2016). There is also 

evidence that taste receptors are implicated in the modulation of host-microbial interactions and 

innate immune responses against oral bacteria (Gil et al., 2015b; Medapati, Bhagirath, et al., 

2021; Medapati, Singh, et al., 2021). In a study using knockout mice, it was shown that defects 

in taste signaling components affect bacterial load and diversity in a periodontitis model (Zheng 

et al., 2019).  

Significant progress has been achieved in understanding taste receptor physiology, but 

much work still needs to be done in the areas of taste genetics, host-microbial interactions and 

oral innate immune responses. A recent study suggests that T2Rs expressed in gingival cells are 

promising targets for treating periodontitis by mediating the oral innate immunity to regulate the 

oral microbiome (Zheng et al., 2019). Few studies also explored the association between taste 

receptor genes and caries risk in children (Haznedaroğlu et al., 2015; Kaur et al., 2021; Wendell 

et al., 2010; Yildiz et al., 2016). However, there are no studies investigating the association of 

human taste genes and the dental plaque microbiome (bacteriome and mycobiome) in S-ECC.  

Given the strong evidence of a genetic contribution to dental caries and the link among 

variants in taste genes, taste preferences, and oral innate immunity, it was hypothesized that 

variants in taste genes are associated with S-ECC and may partially explain the differences 

between the dental plaque microbiome in healthy and S-ECC states.  
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To test this hypothesis, the interplay between variants (single nucleotide polymorphisms 

or SNPs and short insertions and deletions or indels) in genes associated with taste (sweet, 

umami, bitter, salt, sour, carbonation, and fat), the plaque microbiome, and S-ECC was 

evaluated. This is one of the first studies to use multi-disciplinary approaches to investigate the 

role of taste genetics and oral bacteriome and mycobiome in severe dental caries risk in young 

preschool children. 
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CHAPTER 6: Genetic variants in taste genes play a role in oral microbial composition and 

early childhood caries 
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6.1 Abstract 

Severe early childhood caries (S-ECC) is a multifactorial disease with strong evidence of 

genetic inheritance. Previous studies suggest that variants in taste genes are associated with 

dental caries due to the role of taste proteins in mediating taste preferences, oral innate 

immunity, and important host-microbial interactions. Yet only few taste genes have been 

investigated in ECC studies. In this cross-sectional study, we evaluated associations of genetic 

variants in sweet, bitter, umami, salt, sour, carbonation, and fat taste genes with S-ECC status, 

and the oral microbial composition. A total of 176 preschool children (88 with S-ECC, and 88 

caries-free, <6 years of age) were recruited. Supragingival plaque microbiome (16S and ITS 

rRNA gene sequencing) and deep target sequencing of 39 taste genes were pursued using next 

generation sequencing (NGS). Regression analyses were applied to assess the associations 

among genetic variants, S-ECC status, and plaque microbial composition. Sixteen genetic 

variants in seven taste genes (SCNN1D, CA6, TAS2R3, OTOP1, TAS2R5, TAS2R60, and 

TAS2R4) were associated with S-ECC (adjusted P < 0.001). Twenty-one variants were correlated 

with the relative abundance of bacteria or fungi (adjusted P < 0.05). These results suggest that S-

ECC development and composition of the plaque microbiome can be partially influenced by 

genetic variants in genes related to taste sensation.  
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6.2 Introduction 

Early childhood caries (ECC), and its more severe form S-ECC, is a complex disease and 

many factors have been associated with its onset. Those include diet, oral hygiene, tooth defects, 

oral microbiota, and saliva buffering capacity and flow rate (Pierce et al., 2019; Schroth et al., 

2021). In recent years, evidence suggests that there is a plausible relationship between genetic 

variants in taste genes and enhanced ECC risk or protection (Lakshmi et al., 2016; Shetty, B.L., 

et al., 2014; Wendell et al., 2010; Yildiz et al., 2016). Dietary choices are influenced by taste and 

studies have shown that children who prefer sweets tend to consume more sugar and be more 

prone to dental caries (Furquim et al., 2010; Hedge & Sharma, 2008; Lakshmi et al., 2016).  

Several studies have shown that genetic variants in sweet and umami taste receptors 

(TAS1Rs or T1Rs) and bitter taste receptors (TAS2Rs or T2Rs) affect individuals’ food 

preferences (Eny et al., 2010; Fushan et al., 2009; U. Kim et al., 2003; Lakshmi et al., 2016; 

Shetty, B.L., et al., 2014). Beyond taste sensation, taste receptors have been implicated in innate 

immune responses. T2Rs are expressed in immune cells, such as macrophages, and are activated 

by bacterial molecules leading to increased intracellular Ca2+ and decreased cAMP levels. There 

is evidence that this Ca2+ signal stimulates the production of nitric oxide (NO) by epithelial cells, 

which besides having a direct antibacterial effect, also enhances macrophage phagocytosis. The 

decrease in cAMP level after activation of T2Rs may also contribute to phagocytosis (Gopallawa 

et al., 2021; Xi et al., 2022). Taken together, these taste receptor-mediated effects on taste 

preferences and innate immune responses suggest that they may play a key role in dental caries 

development. Studies have already highlighted the link between variants in bitter and sweet taste 

receptor genes and dental caries in children (Haznedaroğlu et al., 2015; Wendell et al., 2010). 

However, to date, only a very limited number of taste genes were investigated.  

Salt taste sensation involves epithelial sodium channels (ENaCs α, β, γ and δ) coded by 

SCNN1A, SCNN1B, SCNN1G and SCNN1D genes (Lyall et al., 2004). Sour (acidic) taste is 

mediated by H+-permeable channel otopetrin1 or OTOP1 (B. Teng et al., 2019; Y. H. Tu et al., 

2018). The candidate fat taste receptors include the free fatty acid receptors FFAR1 (GPR40), 

FFAR2 (GPR43), FFAR3 (GPR41), and FFAR4 (GPR120) (Hanselman et al., 2021). The taste 

of carbonation is linked to carbonic anhydrase genes (CAs) (Chandrashekar et al., 2009). Studies 

have shown that fatty acids that activate FFARs are associated with antimicrobial effects against 
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Streptococcus mutans and Candida albicans oral infections (Bhaskaran et al., 2018; Huang et al., 

2011). An association between the level of perception of salt taste and presence of dental caries 

lesions has also been previously suggested (Egil & Menteş, 2020). Mutations in CA have been 

linked to tooth defects and prevalence of dental caries and S. mutans in adolescents (Awad et al., 

2002; Esberg et al., 2019). However, there is a need of studies investigating the role of sour, salt, 

fat, and carbonation sensing taste genes in S-ECC development and the oral microbial 

composition. 

The hypothesis for this study was that genetic variants in taste genes play an important 

role in the oral microbial composition and are associated with S-ECC. Therefore, the interplay 

between human taste (sweet, umami, bitter, salt, sour, carbonation, and fat) genetics, oral 

microbiome, and dental caries in pre-school children was evaluated. The focus of the oral 

microbiome is the supragingival plaque bacteriome and mycobiome. The findings suggest that S-

ECC development and composition of the plaque microbiome could be partially influenced by 

genetic variants in taste genes. 

 

6.3 Materials and Methods 

6.3.1 Study population and design 

One hundred and seventy-six children younger than 72 months of age were recruited 

between 2017 and 2020 in Winnipeg-MB, Canada. For this cross-sectional study, eighty-eight 

children with severe early childhood caries were recruited at the day of their scheduled dental 

rehabilitative surgery under general anesthesia at the Misericordia Health Centre. The caries-free 

children (N = 88) were recruited from the community and were included in the study after a 

clinical examination by a dentist confirmed their caries-free status (dmft index = 0, i.e., no 

decayed, missing, or filled primary tooth surface; no incipient lesions). The parents or legal 

caregivers provided written informed consent and the study protocol was approved by the 

University of Manitoba’s Health Research Ethics Board (HREB HS23754-H2020:150) and the 

Misericordia Health Centre. Details about sample collection, and DNA extraction are described 

in chapter 3 (Materials and Methods). The overall study design is shown in Figure 6.1. 
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6.3.2 16S and ITS rRNA amplicon data analysis 

The DNA extracted from supragingival plaque was used for microbiome sequencing, as 

described in chapter 3. The library preparation and sequencing were performed by Génome 

Québec Innovation Center (Montréal, Canada).  

 

 

 Figure 6.1. Flowchart of the study design.  

 

The demultiplexed paired-end reads were analyzed using QIIME2 v.2018.11 pipeline 

(Bolyen et al., 2019). DADA2 was used for quality trimming, filtering, and merging of 

sequences, resulting in the amplicon sequence variant (ASVs) tables (Callahan et al. 2016). 

Before DADA2,  ITS1 sequences were trimmed using the Q2-ITSxpress QIIME2 plugin, with 

default parameters (Rivers et al. 2018). Taxonomic assignment were performed using HOMD 
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(version 15.1) and UNITE (version 8.2; QIIME developer release) databases  for bacteria and 

fungi, respectively (Abarenkov et al., 2020b; Dewhirst et al., 2010a). The data was imported into 

R using the R package “qiime2R” (version 0.99.13) and additional filtering was performed using 

“phyloseq” (version 1.30.0) (Bisanz, 2018; McMurdie & Holmes, 2013). ASVs present only in 

one sample were removed. A negative binomial Wald test implemented in “DESeq2” R package 

(Love, Huber, and Anders 2014) was used to detect differentially abundant species between the 

caries-free and S-ECC groups, controlling the false discovery rate (FDR) for multiple 

comparison. The model was adjusted for sex and batch effect and was done with species level 

taxa. Batch effect in the microbiome data refers to possible differences between batches due to 

library preparation and sequencing runs performed in different dates and DNA extraction 

methods. Each batch had equal numbers of cases and controls. 

 

6.3.3 Analysis of genetic variants in candidate genes using targeted sequencing 

The DNA extracted from oral swab was used for sequencing of the taste genes. The 

targeted sequencing of 39 genes (Table 6.1) was performed by Génome Québec Innovation 

Center (Montréal, Canada). The primers used are listed in Table 6.2. Paired-end sequencing was 

performed on the NovaSeq6000 SP PE250 (Illumina Inc., San Diego, CA, USA) platform after 

library preparation was carried out with Fluidigm Access Array technology (Fluidigm, South San 

Francisco, CA, USA). 

The sequence data were processed using the Genome Analysis Toolkit (GATK v.4.2.0, 

Broad Institute) best practices pipeline (Van der Auwera et al., 2020). A total of 2,095 genetic 

variants (SNPs and INDELS) were called. Additional filtering and quality control was performed 

in PLINK (v.1.9) (C. A. Anderson et al., 2010; Purcell et al., 2007). Variants with significantly 

different (P < 0.00001) missing data rate between cases and controls, > 5% missing genotype 

call rate, MAF < 0.01, mean sequencing depth < 10x, and Hardy–Weinberg equilibrium (HWE) 

P < 0.05 in controls were removed. Samples with a genotype failure rate > 0.2 were also 

removed. All samples and 215 variants passed quality control. The filtered variants were 

annotated using SnpEff 5.0e (Cingolani et al., 2012). More details about the data analysis are 

described in Figure 6.2. 
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A case-control association analysis was performed using PLINK. The allele frequency in 

cases (S-ECC) and controls (caries-free) for each variant was evaluated to determine whether 

there was a statistical association between the genetic variants and S-ECC status. The differences 

in allele frequencies were determined using allelic chi-squared (χ2) test. Logistic regression with 

additive genetic model was also used to identify associations between the variants (predictors) 

and disease status (response), while adjusting for sex and age, in PLINK. Adjusted P-values less 

than 0.05 (corrected for multiple testing by Bonferroni adjustment test) were considered 

statistically significant. 

 

Table 6.1. Genes sequenced. 
Symbol Gene name RefSeq ID Chr Location 

(Start-End) 
Taste 

modality 

TAS2R1 Taste 2 receptor member 1 NM_019599 5 9627347-
9903876 Bitter 

TAS2R3 Taste 2 receptor member 3 NM_016943 7 141764097-
141765197 Bitter 

TAS2R4 Taste 2 receptor member 4 NM_016944 7 141776674-
141781691 Bitter 

TAS2R5 Taste 2 receptor member 5 NM_018980 7 141790217-
141791367 Bitter 

TAS2R7 Taste 2 receptor member 7 NM_023919 12 10801532-
10802627 Bitter 

TAS2R8 Taste 2 receptor member 8 NM_023918 12 10806051-
10807286 Bitter 

TAS2R9 Taste 2 receptor member 9 NM_023917 12 10809094-
10810168 Bitter 

TAS2R10 Taste 2 receptor member 10 NM_023921 12 10825219-
10826358 Bitter 

TAS2R13 Taste 2 receptor member 13 NM_023920 12 10907926-
10909562 Bitter 

TAS2R14 Taste 2 receptor member 14 NM_023922 12 10937410-
10939263 Bitter 

TAS2R16 Taste 2 receptor member 16 NM_016945 7 122994704-
122995700 Bitter 

TAS2R19 Taste 2 receptor member 19 NM_176888 12 11021619-
11022620 Bitter 

TAS2R20 Taste 2 receptor member 20 NM_176889 12 10995961-
10998304 Bitter 

TAS2R30 Taste 2 receptor member 30 NM_001097643 12 11132958-
11134644 Bitter 

TAS2R31 Taste 2 receptor member 31 NM_176885 12 11030387-
11031407 Bitter 

TAS2R38 Taste 2 receptor member 38 NM_176817 7 141972631-
141973773 Bitter 
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Note: The starting and ending nucleotide positions are from the human December 2013 (GRCh38/hg38) 
assembly (http://genome.ucsc.edu). Chr, Chromosome. 

  

TAS2R39 Taste 2 receptor member 39 NM_176881 7 143183419-
143184435 Bitter 

TAS2R40 Taste 2 receptor member 40 NM_176882 7 143222037-
143223079 Bitter 

TAS2R41 Taste 2 receptor member 41 NM_176883 7 143477873-
143478796 Bitter 

TAS2R42 Taste 2 receptor member 42 NM_181429 12 11185993-
11186937 Bitter 

TAS2R43 Taste 2 receptor member 43 NM_176884 12 11091287-
11092313 Bitter 

TAS2R45 Taste 2 receptor member 45 NM_176886 12 291887-
292786 Bitter 

TAS2R46 Taste 2 receptor member 46 NM_176887 12 11061365-
11062294 Bitter 

TAS2R50 Taste 2 receptor member 50 NM_176890 12 10985913-
10986912 Bitter 

TAS2R60 Taste 2 receptor member 60 NM_177437 7 143443453-
143444409 Bitter 

TAS1R1 Taste 1 receptor member 1 NM_138697 1 6555307-
6579755 Umami 

TAS1R2 Taste 1 receptor member 2 NM_152232 1 18839599-
18859660 Sweet 

TAS1R3 Taste 1 receptor member 3 NM_152228 1 1331280-
1335320 

Umami, 
Sweet 

CA6 Carbonic anhydrase 6 NM_001215.4 1 8,945,868-
8,975,092 Carbonation 

CA7 Carbonic anhydrase 7 NM_005182.3 16 66,844,414-
66,854,147 Carbonation 

FFAR1 (GPR40) Free fatty acid receptor 1 NM_005303.3 19 35,351,552-
35,353,862 Fat 

FFAR2 (GPR43) Free fatty acid receptor 2 NM_005306.3 19 35,448,257-
35,451,767 Fat 

FFAR3 (GPR41) Free fatty acid receptor 3 NM_005304.5 19 35,358,460-
35,360,489 Fat 

FFAR4 (GPR120) Free fatty acid receptor 4 NM_181745.4 10 93,566,665-
93,590,072 Fat 

OTOP1 Otopetrin 1 NM_177998.3 4 4,188,726-
4,226,929 Sour 

SCNN1A Sodium channel epithelial 1 
subunit alpha NM_001159576 12 6,346,843-

6,375,224 Salt 

SCNN1B Sodium channel epithelial 1 
subunit beta NM_000336.3 16 23,302,302-

23,381,294 Salt 

SCNN1G Sodium channel epithelial 1 
subunit gamma NM_001039.4 16 23,182,745-

23,216,883 Salt 

SCNN1D Sodium channel epithelial 1 
subunit delta 

NM_001130413
.4 1 1,280,436-

1,292,025 Salt 
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Table 6.2. List of primers used. 
Gene Forward Reverse Amplicon 

length 
CA6_1 ATTGTTATTTACAGTTTCTGAGCC ACTTGTCCTGTTGTAAGGGTG 216 

CA6_2 GCCAGGCAGCCCCTTG CTCTTACCTGTGTGGCCATTGTT 225 

CA6_3 GTCGCCTATCAACCTACAGAG CTCTGTGTCTCTGTGCAAGC 222 

CA6_4 TTCACCTACTCTGCTCTCA GACTATGGGGTTCAAAGGAAAGA 236 

CA6_5 TCTTCCTCCTTCCCTGGAAATCT CACACCTTGTTTGGACATCAACC 236 

CA6_6 CTCTCCTTACTCTCTAGGCTCGG CACACTCACACTCATTCCCCTTC 239 

CA6_7 TGGTCCCTGACATTCTGTTACCT AGTGATACCATACATTACCTGTGTCC 216 

CA6_8 TCCAGCACTACTACACCTACCAT TAGCCCTGCACACAGAAAATACT 230 

CA6_9 CCAGTGACTCTTCCCCTCCATAA CCTAGAGGAAGGAGCAAAACAGG 222 

CA6_10 GTTTTTGTGAGGACTGTACAAGGT TGGTTTCTTAGACAAGGTAGGGTG 240 

CA7_1 CCGCAGCCCGAACGAG CCTGGAGTGTGGGAGCTTTC 216 

CA7_2 AAGGATGCTGAAGAGACCATTCC CTCATAGGAAAGCTCCAGTGGTT 218 

CA7_3 TCGCCAATCACCCATCAATATCA GAGACTGCCCAACACAAGGTTAG 229 

CA7_4 CTGTCGGTCCTCTCCTACTCATT CGTTCCTTCCCATGTAGCAGA 216 

CA7_5 CTTGACAGCTTCCCCTTCCTG CAGGCCCCAGCAAACCA 240 

CA7_6 TTTTTGGAGGTGAGTGGTGGTTT CCTCTTCCTCTCTCCCCATCG 228 

CA7_7 CTGATTCCTGGGTTCCTCCAC ATGTCCCTCCATCTGGTCCTC 221 

CA7_8 ATGCATCTGGGGTCATAGAGGA CCTTGAGAAGATGGTGCCCTAGT 238 

FFAR1_1 AAGATCTGAGGACAGGGAGCC GAGAGACTGTCAGCAGCAGGT 237 

FFAR1_2 TTCCCGCTCAACGTCCT CATAGAGTGGGAAGAAGTGGG 217 

FFAR1_3 GACAGTCTCTCTGCCCCTGAAG AGGACGAGGGCCCAGATG 240 

FFAR1_4 CCGGAGGCCGTGCTATTC AAAAAAGAGCAGGAGAGAGAGGC 226 

FFAR1_5 GCATCAACACACCGGTCAAC GTCCTACGCAGAGCAGCAG 240 

FFAR1_6 ATCACAGCCTTCTGCTACGTG AGCGGATTAAGCACCACACTC 233 

FFAR1_7 CCAGCTTCCTGTACCCCAATC AGGGGCCTGGAGAAGCA 227 

FFAR2_1 CGGGCTGTGAGTGAGACCT GAGGTCGGCCAGCGTCA 220 

FFAR2_2 CTGCGGGCCTTTGTGGG TAGCGCTCGATGCTGATGC 239 

FFAR2_3 GCCCTCACGAGTTTTGGCTT CATTGCCACTTCTGACCTGCT 235 

FFAR2_4 CTGTATGGAGTGATTGCAGCTCT CACAAAACGCCAGTAGCAGAAG 240 

FFAR2_5 TGCGGCTGGAGCTGTG CAGGGGCTTTTTCTCTGGTGATA 223 

FFAR2_6 GTGGTGACGCTGCTCAATTTC ACAGGGAGGAGCCCTGATT 223 

FFAR2_7 ACCCCCTGCTCTTCTATTTCTCT CTTCCCAGCTCCTGTGTAACC 239 

FFAR3_1 TAGTGACCTCGTGCCCTTTTAG TGCAGCTTGCCCACGA 232 

FFAR3_2 TTCGTCTTCTCGGTGTACCT GAAGATGAATCCAGAGAGTGGG 240 

FFAR3_3 TGCTGTTCCTGCCTTTCC CAGGCCACACTCACCAG 223 

FFAR3_4 GGCAGCTGTGAGCATTGAAC ATGGCTAGCTGGTCCTTCCG 222 
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FFAR3_5 GCAGCGTGGTCTACGTCA CCGCCACCCTCCTCTG 234 

FFAR3_6 TGTGGTCCTCTTTGTGGTC GAGTTCAGGGTGCTGAGAAG 240 

FFAR3_7 GGGCTATATCTGCGGTGAAAG TTTCTTTCAGCTGGTCGGT 240 

FFAR3_8 CAAGCCGACTTTCATGAGC GCCAGCTACACCCTCCT 221 

FFAR4_1 CTCAGTCGCCTCCCAGATGAG GACACTGCAAAGATGAGCACCA 220 

FFAR4_2 GACGTCAAGGGCGACCAC AGCAGCCAGGCCTCAGT 230 

FFAR4_3 GCGGACCTGCTCTTCATCA GATGAGCGCCAGCAGCA 237 

FFAR4_4 GCAGCGTCACCATCCTCAC CACCTGCCCGGCACAC 235 

FFAR4_5 TAAGACTGAGCCAGAGGCCAATA CAGTGGCAGCACTTGCAGAAAA 223 

FFAR4_6 GCTGTCCTTTTAGCCACCCA CTTAAGGTGAGGGTGGTGATG 218 

FFAR4_7 ACTCAAAATCCCCAACAACCCT AGTTCTGGATCAGGATGAGGAG 240 

FFAR4_8 CGTGTCCCAGCAGGACTTC TTTCTTCCACTCATTCCTGCACA 235 

FFAR4_9 GTGGTGGCCTTCACATTTGCTA TGTTTAAAAGCATGCCACAGCTC 227 

OTOP1_1 GACAAAAGGTGGCCCTTCTCATA TGGAGGAGATTGTCTTTGGCTTT 236 

OTOP1_2 GGTCTCTTGTGGACCCAGACTAT GGAAGCTGCTCCCCACC 233 

OTOP1_3 ATGTGTACCCCTTGAACCGAAAA TGAGAGAAAGCCATGACAAGGAG 229 

OTOP1_4 CTTGGGCTCCCTCCCCAG ATTCACCGAGAGCCTGAAAAACT 239 

OTOP1_5 CTTGGGGCAGGAAGAAGCAAG CTCAATCTTGGCCATCCTCTGTG 220 

OTOP1_6 TCAAAGATGAAGAGGTTCTGGATG TCCGGATTTACAGGATAGACGAGA 229 

OTOP1_7 CAGTGCCCACCAAGAGGTC CCATTGCTGTGGTGGTGGTA 219 

OTOP1_8 CCGACTCGCTCTTGGTCTTG ACCTCTACCCCTTCAACATAGAGT 231 

OTOP1_9 CTTGAACTGCATCTTCTGGTGCT TAATCGCCCTCCTGTGTGATCTA 228 

OTOP1_10 ACTCTGTGGACTCTGCAGGTTT GCTTGAGAACTGAGTCCTTGTGTT 234 

OTOP1_11 CAAAGCAAGATGGCAGTGATGAG ATAGCTTCTCAAGTTTGCAAGTG 217 

OTOP1_12 ACACAACCTGGGATACACTTCAT CAATGTGTGTGTTTCCACTTCCC 238 

OTOP1_13 GGCAGCGGTAGGAAGGG GCGGGCGTGAGCAAGA 239 

OTOP1_14 GAGCGCCGTCAGGAAGC TGCTCGCCTCCCTCGTC 216 

OTOP1_15 GAACACGATCAGCCCATACT AGACTTGGCGCGGGTG 234 

SCNN1A_1 CTGCACATCCTTCAATCTTGCC CATGTCTCTGTCCTTGTCCCAG 232 

SCNN1A_2 GGCCCAGGGTGGCATAG CTGCTGGTCATCATGTTCCTCAT 220 

SCNN1A_3 CTACCTCCTGAGCACCCCTG GTCCCATCGTCAATGTACCTCTC 219 

SCNN1A_4 CCACAGAGACAACCTTTTGGTTT AGGAAGGTCCAGGAAATTCATCC 226 

SCNN1A_5 CCTGGACCTTCCTCTAATCAACC GTGTTTGACACAACCCTATCCCT 232 

SCNN1A_6 AGGGTTGTGTCAAACACACTCATA GGTAGAATACAGGTTACCGAGCC 232 

SCNN1A_7 CTTGGCTCGGTAACCTGTATTCT CAGGGATCTTGGGAGACCTCTTG 218 

SCNN1A_8 CAGAAGTCATCCCCACAAACAGG CCTCTCCACCCTCCTCCC 238 

SCNN1A_9 CTCTCTCACATACACAACCCCTC ACTTGCTCTGTCCTCTGATCTCT 231 

SCNN1A_10 CAATCTGAGGCGCTCCTTCC CTCTGCCAACTCTGCTCTCTCT 240 

SCNN1A_11 GAGCTCAAGGTAAGTACAGGTG CCTACACTTTCCTCTCTGACCCTA 216 
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SCNN1A_12 TTAGTCAACAAGCATTTCCTGGG GGTACCGCTTCCACTACATCAAC 226 

SCNN1A_13 GATGAAGTTGCCCAGCGTGTC GATCACTCATTCTTTGCCCTTGG 236 

SCNN1A_14 GAAGCCGATCTTCCAGTCCTTC GAGCAGACGCTCTTTGACCTG 216 

SCNN1A_15 CTGGAGGCCACGCTACG CCTGACCCTCTTCCCCTCG 238 

SCNN1A_16 CCCTGGACCACCCTTCCA GCACAACCGCATGAAGACG 240 

SCNN1A_17 GAAAAGCAGGCCGAATTGCC AGGAGCAGGGGCTGGG 239 

SCNN1A_18 GTGTTGTTGCAGAAGAACTCGAA CTAGACCTCTGCAGCCCATACC 226 

SCNN1B_1 GACGTGACTGGGACATCCTC AGGAACCACATGGCTTTCTTCTT 240 

SCNN1B_2 CCGGCTACACGTACAAGG ATGGTCTTGAAGCCTACGGA 217 

SCNN1B_3 GCCCAAGAAGAAAGCCATGTG GAAAGAGAACCGCCTGTCTGC 230 

SCNN1B_4 GGAGTGGGTCCCAGATTTCATTT GGGTTCCGTTCATCAATAAGGAC 240 

SCNN1B_5 CCAGGAACCTGAACTTCTCCATC GAAACACCCATCAGCCTCACT 239 

SCNN1B_6 CAGAAAGGTGGCTGGCAAAG CTCCTGCTGTGGCACCTG 231 

SCNN1B_7 GGAACTTCACCAGTGCTACCC GTAACATGCCACTGTCTCTCGGT 221 

SCNN1B_8 CCAAGGAGGAAATGAAAGGTGGA GGTTAAAGCCTCATGGCTCTGG 240 

SCNN1B_9 TCTGCCTCAGGAGAAAGT GACTGCCCTTGGGCTC 238 

SCNN1B_10 GGAGGTGCAGAAAGGGCTTC GAGGCCTTGGCCCCATAAAC 236 

SCNN1B_11 CCATGCCTGTGTTCTCTCCTTAT CTCTGCCTCCTCCTCTATGGTC 238 

SCNN1B_12 GCACCTAAAAAGCCCCCTTAAAC CTGGGTGTCACTGAAAGAGAAGG 227 

SCNN1B_13 CAAGGAGTCCTGCAAGTGAGT AATAGCCCACATCTTATGCCCAG 237 

SCNN1B_14 GATGCTGCAGATGGCAACTTTT GGTCTGACCCATGTGAGAATGTG 219 

SCNN1B_15 TGTGTGTGTCTGTCTGTTTGGAA TCCTAATTCCTTCATAGGGCTCA 240 

SCNN1B_16 GGCTAGAGGCAAGAATGTGTGG CGTAGCTGGCTTGGGCTC 227 

SCNN1B_17 CCTCATCGAGTTTGGGGAGATCA CCTGCTCACTGGGGTAGGG 218 

SCNN1B_18 CACACCAACTTTGGCTTCCAG CAACAGTCTTGGCTGCTCAGT 226 

SCNN1D_1 GATGAAGCCACCAGGTCACAA ATAAGCCCTGAACTGTCTGGATG 222 

SCNN1D_2 ATAGGAGGTCCTGGCTGGG GCCTGAATGAGAGAAGGGAC 239 

SCNN1D_3 CACAGCCATGCTCGGTCAA CTGGTGAATCCACATGGTCCTC 238 

SCNN1D_4 ACCCCACCCCCTGCAC GGCCTCAGTCAGAGCACATC 238 

SCNN1D_5 GAGCTTGGAGAGGCACCC GTCCAGCAGCAGAGCCAT 229 

SCNN1D_6 CCTGCAGCACAGTCCCAC CCCACCCCCCTCACTCAA 237 

SCNN1D_7 GCAAGTCTTCCCCTGAGCC CTGAGTTTGAGTTTGGGCTGCT 227 

SCNN1D_8 GGTGGCTGACAGACATGA ATTGGTGCAGAAGAAGGTGAG 216 

SCNN1D_9 ACCACCACCCAAGGAGGG CCAGTGACGCTCAAAGAGGAG 220 

SCNN1D_10 CGGGAACCGCCTCAAG CACAGGGGCAAGGAGCTG 239 

SCNN1D_11 CGACAGCACACACTGGGAT CTCCCGGTCCAGGTGGAAG 229 

SCNN1D_12 ACATTGACTCCCTGTACAACGTC CTCCCCACTCGAGGTACCAG 239 

SCNN1D_13 CTGGTACCTCGAGTGGGGAG GTAACTGCAGGAGAGGACGAAG 237 

SCNN1D_14 GACTGCTTTTACCGAGGCTACAC CACGCTCTGTGGGGTGG 224 
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SCNN1D_15 AGGAACTTTCCGCAGACACAG CCACCTGACCTGCACCC 240 

SCNN1D_16 CTTCCACCACCCCACCTACG GTGAACCATGACCCTGATGCC 236 

SCNN1D_17 TGGTCCTCAGGGTTGAGCAG CCCCCAAAGCCCAGGT 217 

SCNN1D_18 CTGCCCAACCTGGGCTTT GTTCCACCCGCCCACAC 234 

SCNN1D_19 CCCGTCCCCCATGTCTC CGGCTAATGGCTGACAGAGT 218 

SCNN1D_20 CCACTCTGTCAGCCATTAGCC GAATGCAGACTCCCTGGAAGAG 240 

SCNN1D_21 AGGGATCATTGCCCCAGGTAG GGCATAGGCTGGGTCAGTTC 221 

SCNN1D_22 CAGGGCCGGAACTGACC GGAGAGGGGCTGTGATGC 222 

SCNN1D_23 GAGGCATCACAGCCCCTC CCCGTGCCCCTTCTGTG 237 

SCNN1D_24 CCTCACACCCGCACCC TCTGGCTTGATGCTGGAC 225 

SCNN1D_25 AGCTGCTGCTCGATGCTT CTGAGACTCCCGCCAGAAC 225 

SCNN1D_26 GTCCAGCATCAAGCCAGAGG CAAGGACCAGGCCAAGAGAT 218 

SCNN1G_1 CAGCTCACCTGCTTCTCTTCTTT CGCGGGACACCACGATG 222 

SCNN1G_2 AATCAAGAAGAATCTGCCCGTGA CGGAAGTGGACTTTGATGGAAAC 240 

SCNN1G_3 GCCTCCTCTGGATCGGGTTC CACTTTCGGGAGGGGCTTT 234 

SCNN1G_4 GCCTCCCCTCTCCCTGAC GCCTTGCCCTTCTCATCCTG 234 

SCNN1G_5 CCGTCTCAGAGGGAAAGCA ATGCCCCTAAGCAGTGAAAGAAT 226 

SCNN1G_6 TCCTTCTGAAGAGTAGCGATAGGA CACTCCATCAAAGAAGCAGGTCA 238 

SCNN1G_7 TGCCATTCAGGAGTGGTATAAGC ATCATCAAGGCTGTAGGTTCCTG 225 

SCNN1G_8 CCCAAAGAGAGTTGGCTCCATTA AAGATCTCCTTGGCACAGGTTTC 227 

SCNN1G_9 GCTAGAAATACCTGGTCTTGGGT ATCTCTGTTCCCACATCTTCGAC 240 

SCNN1G_10 AGGAATACAACCCATTCCTCGTG ATAAGCTGCACCCCATTGGTTAT 216 

SCNN1G_11 AAAGTCCCCTGTCTGGTGCTC CTGGGTCCGGGCCATAAAC 235 

SCNN1G_12 ACATCCCTGAGCAAAGACATGAA CCTATTGCCAGGACTAGGCTGA 233 

SCNN1G_13 CCTGTGGCTCCAAAGCTCAT GCTTGTGGTTAGTGTCCACTCTT 231 

SCNN1G_14 GTTGGGCTGCCTACACTCAT CCAGCCTCCACAAGGTAATTCTT 221 

SCNN1G_15 GGGGAAAAGAATTACCTTGTGGA AAGCAAGTGAGAAGGCTGGG 240 

SCNN1G_16 GTAGGATGCCAAGGCTCTTGATT CTCCTAGAGTAGGCTGGAACC 228 

SCNN1G_17 GAATCAGGGTTCCTGTGTGAGG CCACCACTCCTTGGCTTTCTG 223 

SCNN1G_18 CGAGATCATCGAGGTCTTCTTCA CCGGGCACTTGGGTTCCTA 222 

SCNN1G_19 GCCCTGGATATAGACGATGACCT GCACCCGATCCATGTCCTTAGA 234 

TAS1R1_1 GCTGCCTTCTATTTAAGCAACTGG CTATAGCCAGGGGTCCCACTAA 315 

TAS1R1_2 TTGAGAGCCCTTGTTGAAGTTGT CCTTGGAGCTCTATGTGGTGTTG 350 

TAS1R1_3 GGGTACCAGCTGTATGATGTGTG CCCCTGACTTGTGACTAAAGAGC 348 

TAS1R1_4 CCCACACCCAGCACAG ATCCTCTCATCGCCCACC 345 

TAS1R1_5 TCTGCATTGCTTTCAAGGACATC CCGGGCATAGGCTTCTTCAAAC 320 

TAS1R1_6 GTGGCCATCCAGAAGAGGG CATCTCAGGATTGGCTGTTCTCC 346 

TAS1R1_7 GTGGGTCTGTGCTGTCTGTG CAGGCTCTAGGTTGCCCATAAG 317 

TAS1R1_8 ACATGTGAGCTGTCCTTTGACTT AATTCTGTCTGGTAGCAGGTGTC 342 
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TAS1R1_9 CTTGCAGGCCCCTATTTCCTATT GGCTGCCACTACCTGCTG 334 

TAS1R1_10 TAGACACCCCTGTGGTGAGGT CCACCAGCCAAGTTAGACAGATA 324 

TAS1R1_11 CATCTTCAAGTTTTCCACCAAGGTA CGATCCAGGACACGAAGTTGAAG 350 

TAS1R1_12 TAAGGACTTGCCAGAGAACTAC GACCCTCAGGGCAGAGAA 328 

TAS1R2_1 TTCCCTGCTTCCATCTGGAGTT GAGGCCAAGTTCATCACCCT 350 

TAS1R2_2 TAGGCAGACATGAAGGTGCAGAG GCCCTACGTCTCTATGGCATTT 318 

TAS1R2_3 CCAGCATGCCAATTACCACAAT CTGGTGATATTCTGGAGGCACTT 346 

TAS1R2_4 TACACCGGGACCACCATGTAT CTTGGAAGATGGGCTTGGCTAAT 317 

TAS1R2_5 CCCTGCCAAGGAGGACAAG TCTACAGTTTCCACCCCAAAACC 348 

TAS1R2_6 GATAAAGCATCTCCAGGCTCTGT CTCCACTTCCCTTCCCTCTGAC 348 

TAS1R2_7 CCATTTGCCCAGAACCCCAG CATCCAGAGCGTGCCCATC 350 

TAS1R2_8 CTGGTCCTGCTGAGGGGTG GAGACGCTGCCCACACT 350 

TAS1R2_9 CTGGCGCTCCTCTGAC CGGGGCACTCGCTCAT 320 

TAS1R2_10 TCTCAAGATTTGGGCTGATGTCC GGATGTGTGCTACATCTCCAACA 334 

TAS1R2_11 ACTGTAGTCCTCTTGGATGGGAA GAGTCTTCTGGAGTGGCTCTTCT 340 

TAS1R2_12 AATGAATGGGGAGGAGTGCTTTA GACTACCTCCTGAGACCATCACT 335 

TAS1R3_1 CATGTGAGGCCCCAGTCG CCACACAGAACCGCAGATGG 344 

TAS1R3_2 GTGCACCAGGTACAGAGG TGCGTGTAGTTGCAGTAGG 317 

TAS1R3_3 CTACGACCTCTTTGATACGTGCT GAAGAAGGAGGGGAAGGTCTC 350 

TAS1R3_4 CAGGAGATGCCTCTTGGC CACGCTGCTCTGGTTCA 338 

TAS1R3_5 CACGCGGCATCTGCAT CCAGGTGCGTCTTCACG 333 

TAS1R3_6 GCTTCCTCCAGAGGGGTG ACATGCAGAGGACAGCACA 347 

TAS1R3_7 GTGCTGTCCTCTGCATGT ACACCCACCCTCACCTC 316 

TAS1R3_8 CCAGTCTCCCGTGGGCAT CCGGGGACCACTCATCCT 349 

TAS1R3_9 GACTCTGAGACCAGAGCCCAC GCCAGGGAACAGGAGGAC 342 

TAS1R3_10 CCATCGGGACAGCCCAC GCGGGAAGGCCACCAG 338 

TAS1R3_11 GCAGACCGGCTGAGTGG CCAGGAGGGGCACAAAGG 343 

TAS1R3_12 GGCCTCACCTTTGCCAT AGACACGGGTCATTGCTG 349 

TAS2R1_1 TATGAACAGGCTGCTTTGTCTGG GGTTCCTGGCAGGGGTG 346 

TAS2R1_2 ATGCAGTGGGAGAAGTAGAGGAT GATGATCCTGGGGTCTCTGCTAT 342 

TAS2R1_3 ATTGTGGCATTTTGGGAGAAAAA TCTGCAGTTGTTCATCTTCTACG 327 

TAS2R1_4 ATTGCACAATTCGCAGAACACAT GAAGAGCGTGAACAACCCAAC 329 

TAS2R10_1 TCACTGGATTCCTTTCGTGGAAC GAGAGACTCCAACACAGAAGCTC 327 

TAS2R10_2 CTTGCTGTTTCCTAGAATTAAGAT TGCTAAATCTGGGAGTCATTTTC 320 

TAS2R10_3 TCATTGCCTTCACATGAGCTTCT TCTCTGGTTGAAGAGCAGAACAA 326 

TAS2R10_4 GAAAATGACTCCCAGATTTAGCA ATATGCCTCCGGTAACCTAATTG 331 

TAS2R10_5 TTTGTTCTGCTCTTCAACCAGAG GTGAGTCAGTGTTTGGGGTTTTG 334 

TAS2R10_6 TTCAATTAGGTTACCGGAGGCAT AAGAAAGTCACACTTCCGTCGAG 345 

TAS2R13_1 TGTAGACTCCTGTTTCTGTCTGC TGCAACTCAATTACAAAGGACAC 349 
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TAS2R13_2 TGAGAACACATAGAAAGAAACTAGCA ACTGCTAGGAACCTTGGTCTTC 350 

TAS2R13_3 ACTGAAATTCCAAGTTGTGTTTCTT CAGAATTGGGCTGATCTGGGAAA 343 

TAS2R13_4 TTGTAGCAAGCCAGAGATTGAAG ACCAGCAGTGACATTAGACATTGA 345 

TAS2R14_1 TTTGGATGGTGTTGATTCCAAGC ACCTCTGAAAGGTTGGAGGAAAAT 329 

TAS2R14_2 TCCCATCACCTGGGAAAGAATAA ACAGAAGAAACAAGACTTGCAGTT 332 

TAS2R14_3 AACACAGTGCTGGTTAATACAATAAG TTTTCCCAGCTTTATTTGCCACT 346 

TAS2R14_4 GCCTGTAGCTAACCAGACACTAA TAGACATTGGGGCATGCTCTTAC 334 

TAS2R16_1 TTGCTCGGGAGTCTTTTATCCTG TCTTTCTCATGGCATCACTGACC 331 

TAS2R16_2 TAAATAAGACGGCAAGGGACCTC TGTTTCCCTGGATATTACTGGGT 327 

TAS2R16_3 TCAGTTACAGTGCTGTTTCTTGGT TTCTGTCTACAGTGGGCATCAAT 335 

TAS2R16_4 TTCCCAGGTGATTGTTAAGTTGC TGGTGGAATCAGGAACCCATTCT 344 

TAS2R19_1 ATGCTCCCCTTGTGAATCTATGG GAAGATGCGGCTCCATAGCAAAG 327 

TAS2R19_2 AGTAAATGGCAAATAACATGAGGAAG AGAGTGTTGTTCTGGTGATACTGTT 348 

TAS2R19_3 GCTTGAAAGGTGTATTGCATTCCT TCCTTTGGTATGCAACTGTGTTT 338 

TAS2R19_4 CAAGCCACATGCTGAAATGGTTC ACAAGTGTTACTAAGCCTGCATT 335 

TAS2R20_1 ACTACGGAAAAACTTGTGGGAAAT TAAAAGCTCTGCAAACTGTGACC 347 

TAS2R20_2 AAAACTGAAAGAAAGGTCTGCTT TCTGACCCTGATATCTTTTCTGC 315 

TAS2R20_3 AGGTCACAGTTTGCAGAGCTTTT AGGCTAAGAGTGTAGTTCTGGTG 327 

TAS2R20_4 GCATTCCTCAGTTTGATCTTCCA AGAGTTGGTTTGCTCTGGGTAAT 350 

TAS2R20_5 GCCAGATGCTGAAATGATTGGTT AGGAGTCACCATCAGTGACATTA 349 

TAS2R3_1 CAGTGAAGCAACAGGTAGAGGAG CCTGAATCATGTGTGTTGGGAGA 345 

TAS2R3_2 TCTTGAGGATCATTCTGCTGTGT CACATTCCTGGTGGCCTCAATTC 344 

TAS2R3_3 ACCGCATCTCTGATCAATGAGTTT TTGGTAGGAAATTACCAAATGATGC 349 

TAS2R3_4 GGACAAGCTCCAGAGATCCAAC CAAAAGGCTCAAGGGCTCCA 338 

TAS2R30_1 TGTTTCATACACCACCAGTTTGTT TGCAAACTGTGACCTCCTTTCTT 307 

TAS2R30_2 ACATGAAGACAGGTTGCTTTTCC AACATGGATGAGACTGTATGGAC 346 

TAS2R30_3 AATGGTACATTGCACTCCTCAAT GCTCTGGGTGTTATTACTACATTGGT 350 

TAS2R30_4 GGTTGGTTACTGCCCAGACATT ACAACCAGTGATATTACACCAGCA 331 

TAS2R31_1 ATAAAATGTTTCATACACCACCAGT TTGCAAACTGTGATCTTTTTCCT 315 

TAS2R31_2 AGTCTGCTTTAGCTTCTTGTTTCC GCTAGGAAACTTAGTGCCCTTCA 325 

TAS2R31_3 ACACAGAGAACAGATTAACAGCA TAACCGGCCATTTCAGCAACT 341 

TAS2R31_4 TGACACTCTTAACTCTCCTCTTT GGTAGTGGTTCTATTTGTTATTGG 350 

TAS2R31_5 TTGCTGAAATGGCCGGTTACT CGGACACAACACCAGCATTAAAA 334 

TAS2R38_1 TTTATGAAGACTCACAGGCGTAT AAAGCCCTCAAGTCTCTTGTCTC 324 

TAS2R38_2 GAATCAGTAGGGGCACAGAGATG GGTGCTTTTTTAGCAGACCTCAC 336 

TAS2R38_3 TTAATCTGCCAGTTGAGCCTTGT TATCCAGCTTACCCACTTCCAGA 336 

TAS2R38_4 ATGATGATGGCTTGGTAGCTGTG AGCCAACTAGAGAAGAGAAGTAGA 338 

TAS2R39_1 TCCTCCTATGACATCAATACTGGG AGGGAGGTTGAGCTGATGGTAAT 350 

TAS2R39_2 CAGTTTCCACAAGTGGCAGGA ATACACAGTGCAGATGTTGATGC 347 
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TAS2R39_3 CTGGATTGATACCCTGGCTTCTG TGAGAAAGTAGCTGATAGCTTTGATG 342 

TAS2R39_4 TCTCAAGAGACACACCCTACACA TAAGGCCAGGTCCTGTGGTC 350 

TAS2R4_1 TTTCTTCTGCCTCCACTATCAGC ACTGCTCGAGTCCAAAAACATGA 339 

TAS2R4_2 CACCAGGTTTCTTATGCTGGGAC CAAGTTCAGGAAAAGGTGATGCC 320 

TAS2R4_3 CCTGTGTGCTGATTTCTGCTTTC ACCAGGGTAGCAACTGAATATGG 340 

TAS2R4_4 GATGCAGAAAAATGCCACTGGTT CCCCCAAACCATCAGGTAAATCT 320 

TAS2R40_1 TTGCAGAGCAGTTACCCATTCTT AGAGGATATACACTGAGTTTTGGTT 345 

TAS2R40_2 TTCCAGGCTCTTGCTACAGATTT AGGAATGGAGCTATTCACATACACA 328 

TAS2R40_3 GGCTGTCAGTGTTGGTTTCCTTA GATGAGAAAGTAGCTGGTGGCTT 323 

TAS2R40_4 TCTCAAGAGACACACCCTACACA CCAGGTCCCGCAGAACTC 346 

TAS2R41_1 CAGGGACCAAGGCACTCAA GTTCAGGAAGTGCCAGTGTAGAT 322 

TAS2R41_2 TCTGCCTGCAGTTGGTTGG CCACTTGTAGGTCATGTTCCCAG 350 

TAS2R41_3 CTCCTTCATCATAACCCTGCTGT AGGGACAGAAAGGACAGAGCATA 330 

TAS2R41_4 TACTCAGAGAATGCAGCACAACG CTCTGCCATCCTCACCTTTCTTT 349 

TAS2R42_1 TGTTCCAAAATACTTAGAGAAACCCA TCTTTCCTTTTCCTCTTCATAGTTCA 348 

TAS2R42_2 TGTATAGTTCCTAAGATGCCACAGTA TTTTTTATTTCTGTCCTTGGTGAGAC 316 

TAS2R42_3 AAGAGGAAAAGGAAAGACATCAC TGTTCTTACTGATTTTTGACAGTT 316 

TAS2R42_4 TCTAGTATGTCTCACCAAGGACA GCCACCTGCCTAAGCATTTTCTA 339 

TAS2R42_5 AGAAGCATAACAATCATTCCGTTC TGGACTGGTAAACTGCTCTGAAG 321 

TAS2R42_6 AGTCATGTGCCAAAGCATAATAACA TCTTCTGCAATGGTTTGATTGTAAA 350 

TAS2R43_1 TTCTAGACTGCCATTGGGTCAAA ACAAACCTGTCTTCATGTTCTGC 316 

TAS2R43_2 AATGCCCCTCTCGTGAATCTAT TTGCAAACTGTGATCTCCTTC 267 

TAS2R43_3 TCATTATGGACAGAAAGTAAATGG TGCTATTTTTGGCTTGTCATCTT 330 

TAS2R43_4 TCTTCCAAGTCATGTTTCCTTCA CAGAGTTGGTTTGCTCTGGGT 335 

TAS2R43_5 GTAGTAGCAAGCCAGTTGCTGAA CCGGACACAACACCAGCATTTA 350 

TAS2R45_1 GATGCAGCTCCATGGCAAAG ACCTCATTTGCCACAAAACTGA 272 

TAS2R45_2 TGTCATTCTGGTGGTGCTGT TGTGGACCTTGGTACTGGGA 293 

TAS2R45_3 TCAACTGTGTTGAATCCAGCT AGGTACATTGCACGCCTCAA 320 

TAS2R45_4 ACTTTTCTGCCCATCATATTTTCCA TGCTGAAATGGCCGGTTACT 280 

TAS2R46_1 AGACTTTTCTAGGTACATGCTTGA GTGCCATTTACTTTCTGTCCATA 349 

TAS2R46_2 TAGCTTCGCAGAACATGAAGACA TGAAGGAAACATGACTTGGAAGA 326 

TAS2R46_3 AGCTGCATCTTTTTGAGATGTTT TGCTACTAGCCTCAGCATATTTT 339 

TAS2R46_4 TCTTCCAAGTCATGTTTCCTTCA CAGAGTTGGTTTACTCTGGGTATT 335 

TAS2R46_5 GCCAGTTGCTGAAATGGTTGATT ACAACCAGTGATATTACACCAGCA 346 

TAS2R5_1 TTGTGGTGTGAAAATTTACCCTG TACTAAGATAGCGAAGCCAACGG 335 

TAS2R5_2 GCTGGCTGCCGATTTCTCC CCAGCTTTCAAAGGGATACCGAA 342 

TAS2R5_3 CTGAAGCAGAGGGCCTATAACC AACCAGGTGAAGTAAGAGGAAGC 348 

TAS2R5_4 ATGAAGGTCCATTCAGCTGGTAG GAGTGTCCTGACCACACTTTTCT 327 

TAS2R50_1 AGAATACACACACAATGTCCCACT TGGAGAAGGATCGCAAGATCTCA 326 
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TAS2R50_2 ATGGCACATAACAAGAGGAAGGA TGGTGATACTGTTGGGGACTTTG 331 

TAS2R50_3 TCTTCCCAGTCATGTTTCCTTCA TCTCCAGAATTGGTTTGCTCTGG 339 

TAS2R50_4 GGTTGGTTACAACCCAGGCATTA CACAACCAGTGATATTAGGCTTGC 328 

TAS2R60_1 CCAGAGCAACCCAACAGAGATAG CAGTACAGGGTTGTATGGGAAGG 340 

TAS2R60_2 TGCCTTGTGATAAGTTATTGGTTAGC GTTCTGATACATTCTGTGGTTGCC 350 

TAS2R60_3 CTAAAGCACAAGTTGTCTGGGTG GAGCCAGCAGAGCCTTTATGTG 349 

TAS2R60_4 GGAAGAAGGCTCTCCTTACAACC ATGCCTTCTCCACAAGAATCTCC 334 

TAS2R7_1 TGTTTGTCCTAGAAAAGCATAGTTTC CAGAGACCCCAGCACAGAAG 321 

TAS2R7_2 CTCTGGCATAAAGTAGCTGGAGG ACGCTGATTTCAGGTTTTGTGTG 329 

TAS2R7_3 AGTTTTATTTACTCTGCAACTCCAAG GGTGCTATATCCAGATGTCTATGCC 325 

TAS2R7_4 TGGTTAGTGTCCAGAAGAAGTCA GTGGATGTCAAACTCCATCAGGT 328 

TAS2R8_1 TGAGATAACTGGGGAAAAATGAGAA GTTCATGTGAGAGCCATTAAAACT 343 

TAS2R8_2 TCCACAGCTAACTTGTATTTTGTCAT CTGAGTTGTGATTATAGGTTTCATGC 350 

TAS2R8_3 AAATGGGACAATTGCAAACAGGT CCTTCTGGACATTTGCCAACTAC 323 

TAS2R8_4 AGTGGATGAGAGGAACTGGCTAT TTCAGTCCTGCAGATAACATCTTT 350 

TAS2R8_5 ACAATGCCATTTACAACCATTACACT AACAACGTCGAAATAACAGCAGA 337 

TAS2R9_1 GAAGGGAGAATGCCTTTTGTTGA GGTTCAGAGACCCCAGTACAGA 350 

TAS2R9_2 CAGAGCGCTAGAGGTCATAACAA TGTTCCAAAGAATGATGATATGTGGT 334 

TAS2R9_3 TCAGGGTTAACTGTTTGAAAGTACC TGCTCTTTCCAGGTACATATGGC 342 

TAS2R9_4 GCAAATGTCCAGACAACATTCACA TACATTGTTCTTCACTGGTCAGC 350 
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Figure 6.2. Flow chart of targeted NGS data analysis and quality control. SNPs, single nucleotide 

polymorphisms. HWE, Hardy–Weinberg equilibrium. MAF, minor allele frequency. 

  

 

Map to reference human genome GRCh38 using BWA 
(0.7.17-r1188)

Pre-processing (Alignment cleanup) using the Genome 
Analysis Toolkit’s (GATK, v4.2.0.0) and Picardtools 

(v2.25.0)

Variant discovery with HaplotypeCaller per sample and
Combining GVCFs (with SNPs & INDELs) with 

GenomicsDBImport

Joint genotyping (GenotypeGVCFs) and filtering by 
variant (quality score) recalibration (VariantRecalibrator 

and ApplyVQSR, sensitivity threshold of 99.9%)

Additional filtering of variants and samples using 
PLINK (v1.9) and VCFtools (v0.1.15)

Variant annotation using SnpEff v5.0e

Analysis-ready variants

Merge BAM files 
 

Mark duplicates  

Before, duplicated records, 
paired reads with missing 
mates, and records with 
mismatches in length of bases 
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Resources used for variant 
(quality score) recalibration: 
1. HapMap3.3 SNPs 
2. 1000 Genomes (Omni 2.5 chip 
and Axiom Exome chip) 
3. 1000 Genomes Phase1 indels 
and high confidence SNPs 
4. dbSNP build 155 SNPs 
5. Mills and 1000G gold standard 
indels  

Base quality score 
recalibration  

Variants with significantly 
different missing data rate 
between cases and controls, > 
5% missing genotype call rate, 
MAF < 0.01, mean sequencing 
depth < 10x, and HWE 
P < 0.05, and samples with a 
genotype failure rate > 0.2 
were removed 
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6.3.4 T2R4 molecular modeling and ligand docking 

To visualize the location of amino acid variants in TAS2R4 that were significantly 

associated with S-ECC, we used our previous molecular models of T2R4 wild-type and docked 

with a quorum sensing molecule N-(3-oxododecanoyl) homoserine lactone (3-oxo-C12-AHL) 

(Jaggupilli et al., 2018, 2019). Previously, both the T2R4 models were validated by extensive 

site-directed mutagenesis studies and the ligand 3-oxo-C12-AHL which is secreted by Gram-

negative bacteria, affects Candida albicans morphology, and activates multiple T2Rs (Hogan et 

al., 2004; Jaggupilli et al., 2018).  

 

6.3.5 Association between host variants and supragingival plaque microbiome  

The association between host genetic variants and the supragingival plaque microbiome 

was analyzed using linear regression in PLINK v1.9, in an additive genetic model. The relative 

abundances of bacteria and fungi were transformed by the natural logarithm and treated as 

quantitative trait. The alpha Shannon diversity index was calculated using the R package 

“phyloseq” (version 1.30.0) and was also used to identify associations between host genetics and 

microbial diversity. Age, sex, and microbiome sequencing batch were included as covariates. 

Bacterial and fungal data were analyzed separately.  

 

6.4 Results 

6.4.1 Demographic characteristics of the study participants 

The characteristics of the study participants are shown in Table 6.3. There was no 

difference between the caries-free and S-ECC groups with respect to age or sex.  

Table 6.3. Characteristics of study population.  

  
Caries-free 

(N=88) 
S-ECC 

(N=88) P 

Age (months, mean ± SD) 45.3 ± 14.7 44.9 ± 11.8 0.82 

Sex    
Female (n (%), N=94) 43 (48.9%) 51 (58%) 0.23 
Male (n (%), N=82) 45 (51.1%) 37 (42%)  

P-value derived from Student T-test or χ2 test. S-ECC, severe early childhood caries.  
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6.4.2 Association between taste genetics and S-ECC 

A total of 215 variants and 176 samples passed quality control. The case-control allelic 

association analysis showed that 43 variants in 15 genes (CA6/7, FFAR1/3, OTOP1, 

SCNN1A/B/D/G, TAS1R1/3, TAS2R3/4/5/60) were significantly associated with S-ECC (P < 

0.05). However, after correcting for multiple testing, 16 variants in seven genes remained 

significantly associated with S-ECC (adj. P < 0.05, Table 6.4). Logistic regression analysis 

showed that 15 of these 16 variants remained associated with S-ECC in the additive genetic 

model including sex and age as covariates (adj. P < 0.05, Table 6.5). An additional CA6 variant, 

rs2274330, was also identified as significant (Table 6.5). 

To understand how the genetic variants might be influencing protein structure and 

function, we analyzed the bitter taste receptor T2R4 as a test case. Two loci in the gene encoding 

T2R4 were significantly associated with S-ECC (Table 6.5). T2R4 has been previously 

characterized by site-directed mutational studies from our group (Jaggupilli et al., 2018, 2019). 

Therefore, we used the T2R4 molecular model from these studies to visualize the predicted 

location of the amino acids that are affected by the two S-ECC associated variants in TAS2R4 

(rs2234001 and rs2234002, Table 6.5). The location of V96 is on the transmembrane helix 3 

(TM3) and S171 is present in the extracellular loop 2 (ECL2) (Figure 6.4). 

 

6.4.3 Association between bacterial and fungal microbiota and S-ECC 

Nine phyla and at least 61 genera of bacteria were identified with Neisseria, Actinomyces, 

Streptococcus, and Veillonella being the most abundant. At least 161 bacterial species were 

identified. DESeq2 differential abundance analysis identified 34 bacterial taxa that were 

significantly enriched or depleted in the supragingival plaque of children with S-ECC or caries-

free controls (Figure 6.4). For ITS1 rRNA sequences, 10.8% of the samples did not pass quality 

control or had low number of reads and were removed from analyses that included fungal data. 

Overall, at least 67 genera and 79 fungal species were found in at least two samples. Ascomycota 

and Basidiomycota were the most abundant phyla and Candida was the most abundant genus 

identified. The abundance of 19 fungal taxa, including three Candida species, were significantly 

different between the caries-free and S-ECC groups (Figure 6.4).  
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Table 6.4. Allelic association of genetic variants with severe early childhood caries (S-ECC), 
ranked by adjusted P and gene names.  

Gene Variants Location 
(GRCh38) 

Effect 
Allele 

Frequency of effect 
allele 

χ2 P OR Adj. P* Type of 
variant Case 

(S-ECC) 

Controls 
(Caries-

free) 

SCNN1D 

rs111819661 chr1: 
1287578 T 0.29 0.02 50.4 1.26E-12 23.53 < 0.001 Missense 

p.Arg461Cys 

rs2273275 chr1: 
1290841 

A 0.31 0.60 29.77 4.86E-08 0.30 < 0.001 Intronic 

rs13306638 chr1: 
1290851 

A 0.31 0.09 25.75 3.89E-07 4.43 < 0.001 Intronic 

rs1570867 
chr1: 

1290579 C 0.34 0.61 25.66 4.06E-07 0.33 < 0.001 Intronic 

rs609805 chr1: 
1291509 A 0.35 0.16 16.38 5.19E-05 2.80 0.0112 Missense 

p.Gly770Arg 

rs910556 chr1: 
1287315 

C 0.42 0.22 15.97 6.45E-05 2.55 0.0139 Intronic 

rs586965 
chr1: 

1290968 G 0.56 0.35 15.67 7.54E-05 2.36 0.0162 Intronic 

TAS2R60 rs35195910 
chr7: 

143443837 G 0.20 0.03 22.86 1.74E-06 6.95 0.0004 

Disruptive 
inframe 
deletion 

392_394delTCT 
p.Phe131del 

TAS2R5 rs2227264 
chr7: 

141790438 G 0.23 0.46 21.42 3.68E-06 0.34 0.0008 
Missense 
p.Ser26Ile 

TAS2R3 

rs2270009 chr7: 
141764965 C 0.25 0.49 21.39 3.75E-06 0.35 0.0008 Synonymous 

rs765007 chr7: 
141764114 

T 0.25 0.46 16.57 4.69E-05 0.39 0.0101 5’-UTR 

OTOP1 

rs145781170 
chr4: 

4197180 A 0.14 0.01 20.1 7.35E-06 13.74 0.0016 
Missense 

p.Leu552Phe 

rs17697262 chr4: 
4198033 A 0.29 0.11 18.26 1.93E-05 3.37 0.0041 Synonymous 

TAS2R4 

rs2234001 chr7: 
141778774 

G 0.25 0.47 18.59 1.62E-05 0.37 0.0035 Missense 
p.Val96Leu 

rs2234002 
chr7: 

141779000 G 0.25 0.47 18.3 1.89E-05 0.38 0.0041 
Missense 

p.Ser171Asn 

CA6 rs2274329 chr1: 
8949392 C 0.04 0.17 15.98 6.41E-05 0.20 0.0138 Missense 

p.Gly70Ala 

*Adjusted P (corrected for multiple testing by Bonferroni adjustment test) less than 0.05 were considered 

statistically significant. Only significant associations are shown. χ2, basic allelic test Chi-square. The basic 

allelic test compares frequencies of alleles in cases versus controls. OR, odds ratio. 5′-UTR, 5’ untranslated 

region.  
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Table 6.5. Results of logistic regression model. 
GENE Variant Location 

(GRCh38) Allele OR 95% CI P Adj. P * 

SCNN1D 
 

rs111819661 chr1:1287578 T 35.06 10.22-120.3 < 0.001 <0.001 

rs2273275 chr1:1290841 A 0.30 0.1895-0.4898 < 0.001 0.0002 

rs13306638 chr1:1290851 A 4.82 2.5-9.29 < 0.001 0.0005 

rs1570867 chr1:1290579 C 0.32 0.1967-0.5195 < 0.001 0.001 

rs910556 chr1:1287315 C 3.25 1.877-5.638 < 0.001 0.005 

rs586965 chr1:1290968 G 2.87 1.713-4.822 < 0.001 0.013 

rs609805 chr1:1291509 A 3.12 1.769-5.498 < 0.001 0.017 

CA6 
rs2274329 chr1:8949392 C 0.15 0.06031-0.3735 < 0.001 0.009 

rs2274330 chr1:8949411 C 0.21 0.09-0.475 < 0.001 0.041 

TAS2R3 
rs2270009 chr7:141764965 C 0.34 0.2053-0.5493 < 0.001 0.003 

rs765007 chr7:141764114 T 0.36 0.2148-0.5928 < 0.001 0.014 

OTOP1 rs17697262 chr4:4198033 A 4.18 2.178-8.011 < 0.001 0.003 

TAS2R5 rs2227264 chr7:141790438 G 0.33 0.202-0.5537 < 0.001 0.004 

TAS2R60 rs35195910 chr7:143443837 G 6.88 2.727-17.34 < 0.001 0.009 

TAS2R4 
rs2234002 chr7:141779000 G 0.36 0.221-0.5892 < 0.001 0.009 

rs2234001 chr7:141778774 G 0.38 0.2369-0.6136 < 0.001 0.014 

Chr, chromosome. 95% CI, 95% confidence interval. OR, odds ratio. *Corrected for multiple testing by 

Bonferroni adjustment test. Adjusted P < 0.05 were considered statistically significant. Only significant 

associations are shown.  
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Figure 6.3. 2D and 3D representations of T2R4 showing the predicted location of V96 and S171. 

(A) 2D representation of the amino acid sequence of T2R4 containing 299 residues. T2R4 forms 

a short N terminus, 7 transmembrane (TM) helices, three extracellular loops (ECLs), three 

intracellular loops (ICLs), and an intracellular C terminus. The position of the amino acid affected 

by the S-ECC associated SNPs are highlighted in red. V96 is present in the TM3 and S171 is 

A 

B 
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located in ECL2. (B) Three-dimensional model of T2R4 docked with a quorum sensing molecule 

(3-oxo-C12-AHL) as described in Jaggupilli et al. (2018). [1] The S171 present in ECL2 is in close 

proximity to amino acids (N165 and T166) previously shown to be important for T2R4 ligand 

binding (Jaggupilli et al., 2018, 2019). [2] The V96 present in the central or core region of TM3 is 

next to the highly conserved amino acids W97 and L102. Previously, this region was shown to 

play an important structural role (helix packing) in T2R1 (Singh et al., 2011). [3]. Side view of the 

ligand binding pocket of T2R4 bound to 3-oxo-C12-AHL. The T2R4 models are from previous 

studies (Jaggupilli et al., 2018). 
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Figure 6.4. Differential abundance analysis of the S-ECC and caries-free groups using DESeq2 

negative binomial Wald test. The plots show the relative fold change in the abundance of bacterial 

and fungal taxa that were significantly more abundant in the caries-free (blue) or in the S-ECC 

(orange) groups. All species listed have an FDR adjusted P < 0.05. S-ECC, severe early childhood 

caries. 
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6.4.4 Associations between host genetic variants and the abundance of oral microbes 

Significant associations among 21 host variants in salt, bitter, sweet, umami, fat, and sour 

genes and the relative abundances of 16 bacterial or fungal taxa were identified (Table 6.6). No 

significant associations were observed between bacterial or fungal alpha diversity and genetic 

variants (Adj. P > 0.05). The strongest association was with rs63982 located in the SCNN1B 

gene, which negatively correlated with Neisseria sp. (Adj. P = 0.005, Table 6.6). The second 

strongest association was on SCNN1D rs111819661, which was also associated with increased 

odds of S-ECC (Table 6.5). The minor allele T of rs111819661 was negatively correlated with 

an unclassified Actinomyces species (Adj. P = 0.006, Table 6.6). Interestingly, TAS2R38 

rs1726866 was associated with Candida albicans, which has been implicated in dental caries 

development. To further explore this association, the relative abundance of the most abundant 

fungal and bacterial taxa according to S-ECC status and rs1726866 genotypes was investigated 

and is shown in Figures 6.5 and 6.6. Overall, TAS2R38 genotype appears to influence the 

composition of the oral mycobiome. Children with S-ECC that have the A/A genotype had 

decreased relative abundance of C. albicans (Figure 6.5). However, the relative abundance of C. 

dubliniensis in that group was increased compared to the G/G genotype. The opposite pattern 

was observed in children with the G/G genotype, who also showed lower relative abundances of 

the S-ECC associated bacteria S. mutans, Veillonella parvula, and V. dispar (Figure 6.6). Other 

significant associations among taste gene variants and oral microbial composition are shown in 

Table 6.6. 

 

6.5 Discussion 

Findings from this study showed that genetic variants in taste related genes are associated 

with S-ECC risk or resistance as well as with the abundance of oral bacteria and fungi. The 

influence of few taste-related genes in dental caries risk or protection has been proposed. Many 

studies have shown a link between taste receptor gene polymorphisms and dental caries risk 

(Haznedaroğlu et al., 2015; Kaur et al., 2021; Kulkarni et al., 2013; Wendell et al., 2010; Yildiz 

et al., 2016). However, the majority of these studies focused only on TAS2R38 and/or TAS1R2/3. 

Here, genes involved in basic taste modalities, carbonation, and candidate fat receptors were 
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assessed. Among them, at least one gene representing each of the taste modalities was associated 

with dental caries and/or the composition of the oral microbiome. 

  

 
Table 6.6. Association between host genetic variants and oral bacterial and fungal taxa. 

GENE Genetic 
variants Location Allele BETA Adj. P Taxa 

BACTERIA (N = 176) 

SCNN1B 

rs63982 chr16:23352760 C -0.46 0.005 Neisseria sp. 
c.949A>G chr16:23371367 G -1.82 0.011 Cardiobacterium hominis 
rs238547 chr16:23348878 C 0.85 0.015 Prevotella oris 
c.701A>G chr16:23355414 G -2.19 0.028 Corynebacterium matruchotii 

SCNN1D 
rs111819661 chr1:1287578 T -0.50 0.006 Actinomyces sp. 
rs770027731 chr1:1287957 C 6.91 0.036 Kingdom bacteria 

rs910556 chr1:1287315 C -0.73 0.045 Neisseria oralis 

CA6 
rs3737665 chr1:8970905 T -0.78 0.012 Capnocytophaga sp. 
rs2274330 chr1:8949411 C 1.81 0.036 Prevotella salivae 
rs2274331 chr1:8949488 A 1.81 0.036 Prevotella salivae 

FFAR3 
c.341T>C chr19:35359231 C 3.59 0.014 Veillonella sp. HMT 780 

rs4806132 chr19:35358981 G -0.45 0.033 Actinomyces sp. 

TAS1R3 c.1600+27del
G chr1:1333401 C -2.08 0.014 Cardiobacterium hominis 

SCNN1G 
rs13306654 chr16:23213196 G 0.41 0.019 Bergeyella sp. HMT 322 
rs13306653 chr16:23213095 A 0.39 0.048 Bergeyella sp. HMT 322 

TAS2R3 rs2270009 chr7:141764965 C -0.67 0.038 Bergeyella sp. HMT 907 
CA7 c.453+11delG chr16:66851567 T -1.43 0.046 Porphyromonas paster 

FUNGI (N = 157) 

OTOP1 rs145781170 chr4:4197180 A -4.33 0.011 Blumeria sp. 

TAS2R38 rs1726866 chr7:141972905 A -2.62 0.026 Candida albicans 

TAS2R41 rs1404635 chr7:143478061 A -1.91 0.040 Candida dubliniensis 

TAS1R1 rs34160967 chr1:6575246 A -4.71 0.047 Candida dubliniensis 

Beta, regression coefficient. Adj. P < 0.05 are corrected for multiple testing by Bonferroni adjustment test.  
Del, deletion. 
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Figure 6.5. Relative abundance of the top 20 most abundant fungi according to S-ECC status and 

TAS2R38 rs1726866 genotypes (A/A, G/A, G/G). 

 

 

 

 

Figure 6.6. Relative abundance of the top 25 most abundant bacteria according to S-ECC status 

and TAS2R38 rs1726866 genotypes (A/A, G/A, G/G). 
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Single nucleotide polymorphisms (SNPs) in TAS2Rs have been associated with 

variability in taste preferences and innate immune responses to oral and systemic infections. 

Previous studies evaluating the role of taste receptors in dental caries risk/protection have 

identified TAS2R38 as a key player (Wendell et al., 2010; Yildiz et al., 2016). Here, no 

significant associations between TAS2R38 and dental caries in children were identified, which 

supports the findings from a recent cross-sectional study (N = 65) (Kaur et al., 2021). However, a 

negative correlation between TAS2R38 rs1726866 and Candida albicans (adj. P = 0.026) was 

observed. Intriguingly, the rs1726866 (A) allele represents the “non-taster” phenotype that has 

been previously associated with increased risk of dental caries and Streptococcus mutans levels 

(Shetty, B.L., et al., 2014; Wendell et al., 2010). Therefore, the proportion of other fungal 

species in the children with different TAS2R38 genotypes and caries-status was further 

investigated (Figure 6.5). It was observed that in the S-ECC group, while the proportion of C. 

albicans was decreased in children with the A/A (non-taster) genotype, the abundance of C. 

dubliniensis was increased. The opposite pattern was observed in the G/G (“supertaster”) 

genotype. Meanwhile, compared to the S-ECC/GG group, children with S-ECC and AA 

genotype seems to have higher relative abundances of the triad S. mutans, Veillonella parvula 

and V. dispar which are known caries associated bacteria (Figure 6.6). However, no correlations 

between TAS2R38 rs1726866 and the abundance of bacterial species were observed in the 

regression model. Overall, TAS2R38 genotype appears to influence the composition of the oral 

mycobiome (Figure 6.5). However, whether these findings have clinical significance must be 

further investigated. Ultimately, children with S-ECC had higher abundance of Candida spp. 

compared to caries-free controls, regardless of their genotype, highlighting the importance of this 

yeast in dental caries development. The results described in chapters 4 and 5 show that C. 

dubliniensis is strongly associated with S-ECC. Therefore, future studies should focus in 

determining whether C. dubliniensis is able to cause caries and whether it is more or less 

cariogenic than C. albicans. 

Interestingly, findings from this study point to a protective effect of TAS2R4 variants 

against dental caries. This agrees with a previous study which showed that TAS2R4-rs2234001 G 

allele was associated with lower caries experience in adults (Kaur et al., 2021). T2R4 is a well-

characterized member of the T2R family. It is widely distributed in oral tissues and is expressed 

in immune cells (Gopallawa et al., 2021; Xi et al., 2022). Furthermore, previous studies from our 
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group showed that T2R4 can be activated by multiple quorum sensing molecules and antibiotics 

(Jaggupilli et al., 2018, 2019). The amino acids that are affected by TAS2R4 rs2234001 and 

rs2234002 are present in the TM3 and ECL2, respectively (Figure 6.3). Intriguingly, previous 

studies showed that mutations in ECL2 can lead to loss of function by affecting the interaction 

and activation of T2R4 by its ligands (Jaggupilli et al., 2018, 2019). Although, the effect of 

S171N and V96L substitutions in T2R4 was not previously investigated, it can be hypothesized 

based on previous findings that S171N may affect the interaction of T2R4 with certain ligands. 

The region where V96 is located may be crucial for helix packing and maintenance of the protein 

structure. Therefore, V96L may have a subtle influence on protein structure and function. Site-

directed mutational studies should be performed to test these hypotheses. 

Collectively, findings from this study and others suggest a critical role of T2R4 in host-

microbial interactions, innate immune modulation, and regulation of the mechanism of action of 

drugs. The potential role of T2R4 in dental caries protection has an exciting therapeutic or 

pharmacological application as studies have shown that T2R4 function or expression can be 

modulated with known agonists (e.g., the quinine’s chaperone activity) and blockers (Pydi et al., 

2015; Upadhyaya et al., 2016b; C. Zhang et al., 2018). Hence, there is an urgent need for the 

characterization of the molecular mechanisms involved in T2R4 protective effect on S-ECC and 

the development of effective prevention strategies incorporating this receptor.  

Three other TAS2Rs showed associations with S-ECC. TAS2R5-rs2227264, and TAS2R3-

rs2270009 and -rs765007 were associated with decreased odds of S-ECC, while opposite effect 

was observed with TAS2R60-rs35195910. TAS2R3, -5 and -60 are also expressed in multiple oral 

cells (Xi et al., 2022). To our knowledge, this is the first study to suggest an association between 

TAS2R5 and TAS2R60 variants in S-ECC risk or protection. A recent genome-wide association 

study (GWAS, N = 3,686) including a multiethnic cohort identified a suggestive association 

between dental caries in permanent dentition and a locus near TAS2R38, TAS2R3, TAS2R4, and 

TASR25 on chromosome 7 (Alotaibi et al., 2021). They also identified possible associations with 

a locus near CA9 and dental caries in primary dentition. They suggested that susceptibility to 

dental caries in different dentition may be influenced by different genetic loci, highlighting the 

importance of more genetic studies in preschool children to determine the proportion of ECC 

susceptibility that can be attributed to genetic factors. 
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Other taste receptors and channels may also be implicated in caries susceptibility due to 

their roles in taste modulation or other physiological effects. For instance, studies have suggested 

that FFAR2 and FFAR3 activated by short chain fatty acids (SCFAs) in the gut may play a role 

in cytokine secretion and recruitment of immune cells (M. H. Kim et al., 2013; Le Poul et al., 

2003). However, the role and level of expression of FFARs in the oral cavity is poorly 

characterized. A recent study showed, using qRT-PCR and western blotting, that FFAR4 and 

FFAR2 are expressed in the human fungiform papillae and that the level of expression of FFAR2 

was linked to dietary fat intake (D. Liu et al., 2018). A recent study showed that FFAR3 is 

functionally expressed in human airway smooth muscle and can induce increase in intracellular 

Ca2+ levels via the Gαi/bg- PLCb-IP3 pathway once activated by SCFAs (Mizuta et al., 2020). 

Their findings also suggest an association between FFAR3 and detrimental effects on airway 

smooth muscle tone. FFAR2 and FFAR3 have also been associated with inflammation and 

metabolic diseases such as diabetes and obesity (Dragano et al., 2017; D. Liu et al., 2016; 

Miyamoto et al., 2016). In the current study, although the association between FFAR3 variants 

and S-ECC did not achieve significance after correction for multiple testing, we observed 

significant correlations between FFAR3 variants and the abundance of oral bacterial species. 

Therefore, the role of SCFAs and FFARs in dental caries development must be further 

investigated.  

The role of salt and sour ion channels in dental caries has been poorly characterized. This 

study found strong associations between variants in sour and salt taste genes, particularly 

SCNN1D and S-ECC risk or protection. A recent study evaluated the association between sweet, 

salt, sour, and bitter taste perception and dental caries experience in children (N = 200, 6-12 

years old) (Egil & Menteş, 2020). They found significant correlations between the level of 

perception of sweet and salt tastes and occlusal and dental caries lesions. Results from this study 

suggest that the link between salt and sour taste variability and dental caries risk/protection may 

be related to the role of OTOP1 and SCNN1s variants in influencing the composition of the oral 

microbiome and this should be further explored in future studies. 

In this study, genetic variants in CAs, which are highly expressed in ameloblasts and may 

be essential for tooth formation by providing local buffering, were also assessed. In fact, 

mutations in CA genes have been linked to dental defects (Awad et al., 2002). CA6 (gustin) and 
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CA7 are both expressed in salivary glands and ameloblasts, and have been linked to Sjogren's 

syndrome (Lacruz et al., 2010; Montgomery et al., 1991; Pertovaara et al., 2011). Intriguingly, 

CA6 has been shown to play a role in dental enamel formation and bitter taste sensation. It is 

also present in saliva and breast milk (Karhumaa et al., 2001; Lacruz et al., 2010, 2017; Padiglia 

et al., 2010). Furthermore, the association between CA6 and dental caries has been previously 

investigated. A significant link between CA6 rs10864376, rs3737665, rs12138897 CCC and TTG 

haplotypes with low and high prevalence of dental caries and S. mutans in Swedish adolescents 

was reported (Esberg et al., 2019). That study also found an association between CA6 

polymorphisms and dental plaque microbial composition. In contrast, another study found no 

association between CA6 polymorphisms and dental caries in Brazilian children (R. C. R. Peres 

et al., 2010, p. 6). Nonetheless, they identified a positive association between CA6-rs2274327 

and salivary buffer capacity, with the T allele being more frequent in children with lower buffer 

capacity (Peres et al., 2010). Similar results were observed in Turkish adults (Yildiz et al., 2016). 

The present study showed that CA6 rs2274330 and rs2274329 were associated with decreased 

odds of having S-ECC. Moreover, one CA7 small deletion and three CA6 SNPs (rs2274330, 

rs2274331, and rs3737665) significantly associated with the abundance of oral bacterial species. 

Taken together, results from this study and findings from the literature suggest that CA 

polymorphisms may influence dental caries susceptibility, which could be related to tooth 

defects, taste preferences, oral microbial composition, or salivary properties, deserving further 

investigation. 

Here associations between S-ECC and intronic and synonymous variants were identified. 

Five variants in SCNN1D (rs2273275, rs13306638, rs1570867, rs910556, and rs586965) located 

on chromosome 1 were in intronic regions. One variant in TAS2R3 (rs2270009), one in OTOP1 

(rs2270009) and one in CA6 (rs2274330) on chromosomes 7, 4, and 1, respectively, were 

synonymous. Although silent mutations do not alter the protein sequence, they may have an 

effect in its function by affecting mRNA splicing, speed of translation, protein folding, and 

posttranslational modifications (Shabalina et al., 2013). Similarly, intronic variants can impact 

protein function, especially if they are near to splice sites, which are important for pre-mRNA 

splicing, i.e. removal of intronic (non-coding) sequences. Diseases have been associated with 

splicing defects that result in exon skipping or intron retention, due to intronic variants (Anna & 

Monika, 2018; Sanz et al., 2017). 
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This is the first study to take a comprehensive approach and analyze genetic variants of 

multiple taste related genes and their association with the oral microbiome (bacteria and fungi) 

and S-ECC. However, it has limitations, such as the lack of information about some potentially 

confounding variables, e.g., socioeconomic status (SES), that could have contributed to the 

microbial associations observed in this study. The convenience sampling approach used could 

have introduced bias and affected generalizability of our findings. The study has a small sample 

size, but it was still possible to identify significant associations. It is also important to note that at 

least one variant from each selected genes passed quality control analyses, except for some 

TAS2Rs. Only variants from TAS2R-1, -3, -4, -5, -16, -38, -40, -41, -60 passed quality control 

and were analyzed. This is due to the stringent filters that were applied to make sure that only 

high-quality reads and variants were evaluated. Therefore, genetic variants from the remaining 

TAS2Rs should be assessed in future studies. The downstream taste signaling associated genes 

that were not explored in this study need to be evaluated as well.  

This study provides evidence that genetic variants of taste related genes may be key 

factors in dental caries etiology, likely due to their role in the oral microbial composition. These 

findings can guide future studies aiming to understand the mechanisms that are at play.  
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Bridge to Chapter 7: 

 

Most taste modalities are sensed through G protein-coupled receptors (GPCRs). They 

represent the largest receptor superfamily in humans and are composed of seven canonical 

transmembrane-spanning proteins (Lagerström & Schiöth, 2008). GPCRs can elicit cellular and 

physiological responses by converting external stimuli into intracellular signals by recognizing 

and binding sensory input and ligands, including odours, tastes, lipids, and peptides (Lagerström 

& Schiöth, 2008). Currently, at least 16% of the GPCRs form some type of drug target, making 

them the largest druggable receptor family. Chemosensory receptors such as odorant and taste 

receptors represent a large proportion of the GPCR superfamily. Several studies have highlighted 

the diverse roles of these chemosensory receptors and have been extensively reviewed 

(Jaggupilli et al., 2016b; L. Liu et al., 2020; Shaik et al., 2016). 

The results described in chapter 6 showed that GPCRs and other proteins involved in 

detecting different taste signals are associated with S-ECC and the oral microbial composition. In 

chapter 7, the hypothesis that variants in downstream components of the G-protein mediated 

GPCR signaling cascade may have similar effects was tested.  

Variants in genes that encode components of the GPCR signaling cascade may interfere 

with the host-microbial interactions mediated by taste receptors, as well as with taste preferences 

and dietary choices, leading to increased risk for S-ECC. Furthermore, Ca2+ is a well-known 

intracellular second messenger involved in GPCR signaling and it is also essential for tooth and 

bone formation. Therefore, it is not surprising that GPCRs and G proteins have been implicated 

in tooth and bone defects (Luo et al., 2019; Parry et al., 2016; Seymen et al., 2022). For instance, 

a study showed that increased Gaq activity in ameloblasts is linked to dental fluorosis, a tooth 

defect caused by increased ingestion of fluoride during enamel formation (Y. Zhang et al., 2014). 

Activity of another G protein, Gas, has been shown to modulate bone health and development 

(L. Zhang et al., 2017). T1R2 and T1R3 have been associated with modulation of bone 

development, with reports of T1R2 and T1R3 knockout mice showing increased bone mass 

(Simon et al., 2014). Also, defects in FFAR1 and FFAR4 have been implicated in decreased 

bone formation and increased bone resorption in mice models (Luo et al., 2019). As there are 

similarities in the process of bone and tooth formation (Yu & Klein, 2020), proteins involved in 
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bone defects may also influence the development of tooth defects, which are known risk factors 

for dental caries. Therefore, in this study associations among S-ECC, the oral microbiome, and 

genetic variants in genes encoding seven downstream taste signaling proteins, including those 

involved in Ca2+ signaling, were evaluated. 
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CHAPTER 7: Association among genes encoding downstream taste signaling proteins, oral 

microbiome, and S-ECC 
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7.1 Abstract 

 

Polymorphisms in taste receptor genes have been shown to play a role in the 

susceptibility to early childhood caries (ECC). Furthermore, calcium (Ca2+) signaling is a key 

component of tooth formation. Therefore, the objective of this study is to assess the association 

between severe ECC (S-ECC), oral microbiome and variants in 7 genes including those encoding 

proteins involved in Ca2+ signaling, and that may play a role in tooth defects. A total of 176 

children (88 caries-free, 45.34 ± 14.69 months; and 88 with S-ECC, 44.88 ± 11.84 months) were 

recruited. Analyses of 16S and ITS1 rRNA gene and deep sequencing of 7 genes were pursued 

using next generation sequencing (NGS). Regression analyses were performed to evaluate 

associations between genetic variants, S-ECC status, and supragingival plaque microbial 

composition. The results suggest that children with PLCB2 rs2305645 (T), rs1869901 (G), and 

rs2305649 (G) alleles had lower odds of S-ECC than those with alternative alleles (rs2305645, 

odds ratio (OR)=0.27 [95% CI: 0.14-0.51]; rs1869901, OR=0.34 [95% CI: 0.20-0.58]; and 

rs2305649, OR=0.43 [95% CI: 0.26-0.71]). Variants in GNAQ, GNAS, GNAT3, PLCB2, RALB, 

and RAC1 were associated with oral fungal and bacterial community composition. This study 

revealed that three loci at the gene PLCB2 are significantly associated with S-ECC. Variants in 

the assessed genes were also associated with the composition of the dental biofilm. Our findings 

contribute to the current knowledge about the role of genetic mechanisms underlying S-ECC risk 

and protection. 
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7.2 Introduction 

There are more than 800 members of the G protein-coupled receptors (GPCR) 

superfamily. The signal transduction of GPCRs involves different components such as cell 

surface receptor, GTP binding proteins (G proteins), second messengers, and effector molecules. 

GPCR-mediated calcium (Ca2+) signaling is essential for several physiological functions and 

dysregulations in this process are associated with many diseases, such as Alzheimer's, 

Huntington disease, and Parkinson's disorder (Pchitskaya et al., 2018). In the context of oral 

health, Ca2+ signaling is important for tooth formation and components of the GPCR signaling 

cascade may be involved in the development of tooth and bone defects (Luo et al., 2019; Parry et 

al., 2016; Seymen et al., 2022). Tooth defects along with dietary choices, which can be 

determined by taste preferences mediated by taste receptors, are known risk factors for early 

childhood caries (ECC) (Cruvinel et al., 2012; Oliveira et al., 2006; Pierce et al., 2019; Wendell 

et al., 2010). 

 The canonical bitter taste signaling cascade mediated by heterotrimeric G-proteins 

suggests that the activation of taste receptors by a ligand leads to the activation of intracellular 

heterotrimeric G-protein complex, Gabg. Then, the Gbg dimer activates phospholipase C b2 

(PLCb2) which leads to Ca2+ release from the endoplasmic reticulum (ER). Meanwhile, the 

Gagustducin subunit activates phosphodiesterase to decrease cyclic AMP (cAMP) levels 

(Caicedo et al., 2003; Jaggupilli et al., 2016a; A. Lee & Owyang, 2017; Shaik et al., 2016). 

Studies have suggested that multiple Gα subunits, such as Gai, Gas, and Gaq, expressed in taste 

buds may also be involved in taste receptor signaling (von Molitor et al., 2021; G. T. Wong et 

al., 1996). 

Upon activation of bitter taste receptors (T2Rs), the released second messenger Ca2+ 

binds to Ca2+-binding proteins, such as calmodulin, to continue the calcium dependent signal 

transduction. Research has shown that calmodulin can interact with small GTPases such as Rac1 

and RalB, suggesting that they may be involved in many calcium/calmodulin-mediated 

intracellular signaling pathways (Clough et al., 2002; Elsaraj & Bhullar, 2008). Recently, it was 

shown that Rac1 GTPase activity was regulated by quinine with the signal mediated by G-

protein and T2R4 (Sidhu et al., 2017). 
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The objective of this study was to analyze the association between variants in seven 

downstream taste signaling genes, oral microbiome, and S-ECC. While there are dozens of 

downstream proteins that might be potentially involved in human taste signaling, based on 

previous published literature and to keep this objective feasible, the focus was only on seven 

downstream proteins. Thus, we assessed the associations between variants in genes encoding cell 

signalling components, such as heterotrimeric G proteins (GNAT3, GNAS, GNAI2, and GNAQ), a 

downstream effector (PLCB2), and small GTPases (RAC1 and RALB). The findings suggest that 

variants in the PLCB2 gene are significantly associated with S-ECC and that genetic variants of 

other signaling components are associated with the composition of the oral microbiota. 

 

7.3 Methods 

The study population, and the methods used for recruitment, sample collection, DNA 

extraction, 16S and ITS rRNA gene sequencing and analysis, are described in the section 3 

(Materials and Methods). Details about the methods used for the evaluation of variants in 

candidate genes and association between host variants and oral microbiome are described in 

chapter 6. Briefly, 176 children younger than 6 years of age were recruited and oral swab and 

supragingival plaque samples were collected for the study of the plaque microbiome (bacteriome 

and mycobiome) and the genetic variants in seven genes involved in taste and calcium signaling 

(Table 7.1). The primers used are listed in Table 7.2. 

The V4-16S rRNA and ITS1-rRNA amplicon sequences were analyzed using QIIME2 

(v2018.11) pipeline and various R packages (“qiime2R” v0.99.13, “phyloseq” v1.30.0, 

“DESeq2” v1.26.0). The paired-end targeted sequencing of the genes was performed by Génome 

Québec Innovation Centre (Montréal, Canada) using the Fluidigm Access Array technology 

(Fluidigm, South San Francisco, CA, USA) and NovaSeq6000 SP PE250 (Illumina Inc., San 

Diego, CA, USA) platform.  

The sequence data was analyzed using the GATK (v4.2.0, Broad Institute) best practices 

pipeline, Picardtools (v2.25.0), VCFtools (v0.1.15), PLINK (v1.9). A total of 662 genetic 

variants (SNPs and INDELS) were called. Variants with significantly different (P < 0.00001) 

missing data rate between cases and controls, > 5% missing genotype call rate, MAF < 0.01, 
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mean sequencing depth < 10x, and Hardy–Weinberg equilibrium (HWE) P < 0.05 in controls 

were removed. Samples with a genotype failure rate > 0.5 were also removed. After quality 

control, 53 variants, including all sequenced genes, and 174 samples were included in 

downstream analyses. The filtered variants were then annotated using SnpEff 5.0e (Cingolani et 

al. 2012). Regression models were used to analyze the associations between host genetic variants 

and S-ECC, and host genetic variants and oral microbiome using PLINK. 

 

Table 7.1. List of sequenced genes. 

Note: The starting and ending nucleotide positions are from the human December 2013 (GRCh38/hg38) 
assembly (http://genome.ucsc.edu). 
 
 

Gene 
Symbol Gene name RefSeq ID Location Function 

GNAS G protein  
subunit alpha s 

NM_001077
489 

Chr20:  
58,891,364-
58,911,192 

It encodes the guanine nucleotide-binding 
protein Gas, which is involved in activation of 

adenylyl cyclase (AC), the enzyme that 
synthesizes cyclic adenosine monophosphate 
(cAMP) from adenosine triphosphate (ATP), 

and a variety of cellular responses. With 
relevance to dental and oral health, mutations 

in this gene are linked to bone defects. 

GNAI2 G protein  
subunit alpha i2 NM_002070 

Chr3: 
50,236,204-
50,259,362 

It encodes the Gai2 subunit, which is involved 
in hormonal regulation of AC. There is evidence 

of interaction between Gai2 and T2Rs. 

GNAQ G protein  
subunit alpha q NM_002072 

Chr9:  
77,716,097-
78,031,811 

It encodes the Gaq subunit, which couples 
GPCRs and PLCb. 

GNAT3 
G protein  

subunit alpha  
transducin 3 

NM_001102
386 

Chr7:  
80,458,635-
80,512,064 

The Gagustducin encoded by this gene binds to 
taste receptors and are involved in the 

canonical taste signaling pathway. 

PLCB2 Phospholipase  
C beta 2 NM_004573 

Chr15: 
40,287,909-
40,307,935 

It encodes PLCb2, which catalyzes the 
hydrolysis of PIP2 to IP3, which elicits Ca2+ 

release from internal stores. PLCb2 is activated 
by the Gbg subunits and is involved in the 

canonical taste signaling pathway. 

RAC1 Rac family  
small GTPase 1 NM_006908 

Chr7:  
6,374,527-
6,403,967 

It encodes a GTPase belonging to the RAS 
superfamily of small G proteins. Members of 

this superfamily have been shown to regulate a 
broad number of cellular events such as 

cytoskeletal dynamics and have a possible link 
with T2Rs. 

RALB RAS like proto-
oncogene B NM_002881 

Chr2:  
120,252,852-
120,294,710 

It encodes a GTP-binding protein that is a 
member of the small GTPase superfamily and 
Ras family of proteins. It is involved in tumor 

growth and innate immunity. 
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Table 7.2. List of primers used. 
Gene Forward Reverse Amplicon 

length 

GNAI2_1 AATCAAACTCAGCAAGTCATCCG CTCTTGCAACTAGCCCTCTGTG 341 

GNAI2_2 CGCAGTCGCTCGGAACT GTCAAAGTCCTTGTCTGGGGATT 318 

GNAI2_3 GGAACCACCACAGCTCTGAAT CCTTTCCTGCCCTTTCTCTGG 316 

GNAI2_4 CCATGTCCAGAAAGCTGAAGTGT GGCCACAGTGGTCAAGGTAA 346 

GNAI2_5 GCTGGTGGGAAGGTTAGTTCTG GACCTGCTTCAGAGAAGGGAAAA 336 

GNAI2_6 TTCTGAGAAGCAGAAGGACCC GAAACCTTTTGGGAGGTGGGAGA 329 

GNAI2_7 GGTACATTCCTTCAACTGCCTGA AGGCCTTGGTTAACAGTCATCG 340 

GNAI2_8 CAGGGTCCAGCTAAGGAAGC GTTCACTAGGTGGTGAGGATGTG 340 

GNAI2_9 ACCTGAGAAATGGGGTAGAAAGC GTGAACCACTTGTTGTTGCAGAT 342 

GNAI2_10 CTATGACTTGGTGCTAGCTGAGG CTACTTGGGACAAGAAGCAACCC 326 

GNAI2_11 CCTTGCTGCACACGTAGGAT CTTAGTTCTTCCCCAGCACCC 329 

GNAQ_1 CAGAGTCCAGGACGGCAATAAAT AAAGTGTCCCTCTTGTCTCTTGG 342 

GNAQ_2 TGGGGTTTGGAGACAAAACCTAT CCAACACAGGGCTACAAAAACTG 342 

GNAQ_3 ACTCCATTCCCCACACCCTA ATTTTCCCTAAGTTTGTAAGTAGTGC 308 

GNAQ_4 GTACTCAAGGCATAAAAGCTGGG TTTCCACAGACTCCTCTACCACT 326 

GNAQ_5 CCTCCACATGGAAGTAAAGAGAA AGACCAGTATATGAAGGAAGGTGTT 322 

GNAQ_6 TATTTCCAAACCCCCCTATGCAC TGTGGTCTGATGAGCTGCTATTG 334 

GNAQ_7 CAAGGATGGTGGGCTGGG TGTGTGCGCGCTGTGAG 250 

GNAS_1 CTGCAGAGCCAGAGGG AGGGACAGCTCAAGGTCT 337 

GNAS_2 TCCGGCGCCCAGGTAT TCTGGGGCTCCTGAGTG 349 

GNAS_3 GCCCAAGCACTCCACCTTC GTGGGCAACTAACCTGAATCCAT 347 

GNAS_4 CGAAGAGATGGAGACCGAAC TTCTGGTGGAGGGCTGTAT 340 

GNAS_5 AGCCTGGATTCCCCAGT CCCCAAATCCTTCTCCATCAAG 345 

GNAS_6 TCCCAGACCTTGCTCCA CCCGTGAAGTTAGAAGGAGG 349 

GNAS_7 GCCTCCCCTCTGGGTC GAGAGGGTACTTTTCCTCCCT 311 

GNAS_8 GAAGCAGCAGAGATGGAAGGAG GCATCTGGATCGGCTGGG 332 

GNAS_9 ATTCGCAGCCGATCCC GATGGATCTTGCGTCTGG 311 

GNAS_10 CAGGGGCTCCCACTGC ATCCGGAGGTCCCATCG 282 

GNAS_11 GGCCAGACGCAAGATCCAT GGGACTCTCAGATCGACCGAA 316 

GNAS_12 CAACTTACTCCGCAACTTTCTC CCCCTAGCCCCACCAG 339 

GNAS_13 TCCTTGCCGAGGAGCC CGTGGCCCGGTAGACCT 251 

GNAS_14 GTGTTTGGTTTTTTGCATGTTGCT AGAGCCCTTCCCAGGATTTTCTA 341 

GNAS_15 CAGAAAGGCGACCTAAGAATTGC TGTATGCCAATATGGCTGATGGT 340 

GNAS_16 GTGGTGGAGTGGCTATTTCTCAT TCATCGTTTAAGGTCAGGTAGCA 328 
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GNAS_17 CTCCTAACTGACATGGTGCAATA GGGGCTAAGGCCACACAAG 350 

GNAS_18 CAAGTGTCGGTCACATAGGGAAC TAGAACTTTCTGCCAGTGGGGTA 348 

GNAS_19 CAAATTGATGTGAGCGCTGTGAA ACAGTTGGCTTACTGGAAGTTGA 327 

GNAS_20 TGGCTTTGGTGAGATCCATTGAC CCCTAACAACACAGAAGCAAAGC 327 

GNAS_21 CTCTGGAATAACCAGCTGTCCTC TGGGCGGTCACTCCAC 338 

GNAS_22 AACAACAGGTTTGTGGAGTGACC AAAAGAACCACCGCAATGAACAG 334 

GNAS_23 GAGAAGCAAGAAAAACGCACTCC ACACTGGATGTGCGTGAACTAAA 339 

GNAS_24 TATGACATCAGAGGCTGGCTGAC CCTATGGTGGGTGATTAACTGCT 346 

GNASE01_1 CAGCGCAACGAGGAGAAG AGACAGAGCCCGCGAAC 100 

GNAT3_1 ACTAAACACGTCATACAGCACCT GCAGGAAACTACATCAAGAACCAG 250 

GNAT3_2 TGATTAGAAAAGCCCACAGTCTT TGACCGTTGCCTTTATGATTTTGC 327 

GNAT3_3 CCAGTTTGGATCATAAAGATAACTCA AATCCTACCCATTCTCATTTCTG 324 

GNAT3_4 TGTTGAGCATCATGAACAAGGAT CCTCAATGCACATTTTGGAGGAT 328 

GNAT3_5 GGCTAGAGCTTTTCTCCATGAGG CCTGGTTTCTTCAAACGCAAAGT 348 

GNAT3_6 AATCTCATTATGTCACCTTGTTC CTTTATGCAATGGCAAATACCCT 322 

GNAT3_7 GCTGCTGAGTCATTGAGCTGATA GGCATCATCCAGCCATGAAAAAC 336 

GNAT3_8 TTATGGCTCAAACTCTATTGCAG TGTATGGTCAAAATTCCTTTTTAATG 321 

GNAT3_9 TTGCACAGGAACTATGACCACTC CCAGACTTCACCACTATGCAGTT 346 

GNAT3_10 TCAGGTTTTTGAAAGCAAAAGGGA GCTAGGTACTTCAGCAGAGCATT 263 

PLCB2_1 GGGCTGAACCTCCTTGCTAAAT TCCGAACATGGATATTGGGCATC 349 

PLCB2_2 GACCCCACAGTGAAGGATGATG TGTCTGTGTTGTCCTGATTCTCT 255 

PLCB2_3 CATCTCCTAAGGGCAAAGTCAGG CCTGCCCTATGTTGGATTTCTCA 315 

PLCB2_4 CTTTCCACCTGAAGTGGGGTC CTTCTCGCCAAGCTTACTTCCTC 347 

PLCB2_5 CCAACTCTCGCAGCTCCTTC GGTGTGGAGGAGGCGAAC 324 

PLCB2_6 TTTTAAAGGGAAGTGCCTGTGGG GAAGTCTGTGAAGCTCAAGGAGG 329 

PLCB2_7 CTTCTGTGTAGGGAGAGCAGGT GTTGGGGTGGGATCCAGATG 344 

PLCB2_8 CTGGAAGTCTCCCCTGTCCT CTTGGGTCCTAGGCTGTGTG 315 

PLCB2_9 ACTGTTCTGCCCTACTCCTTACA ACCATGTTCTCACACTGATGCTG 335 

PLCB2_10 GAGCTGCCTTGTTTACTTCCTCT AGAACGAATGCTTCAGCTCTAGG 348 

PLCB2_11 TTTCCAGGATATCAGGGGAGGG AATGGAGGAAATGGAGACTGGG 335 

PLCB2_12 TGCATTTCTACCCCCAAATTCTCA GTTAGGTTCTCCTGGTGCAGATG 337 

PLCB2_13 CTTGTTGTAGCTGTCCCTGAGTT GAGGCATCTCTATAGGCCAGAGG 339 

PLCB2_14 CTGACTCCGTGGCTGGATATTTA TAAGAAGATGCAGTCGGATGAGG 349 

PLCB2_15 AGAAGAGGGGAGGGCAAAGAA GGTGAGTCGGGGAGGACTAT 348 

PLCB2_16 ACATACAGCTCTGTCGGCACT CTGGTAATAAGGAGCTCAGGCTAT 339 

PLCB2_17 CAAGTGAACCCTAGCATCCTCTG ATCACCCTAAGGCCTCATGTTCT 342 

PLCB2_18 GAACATGAGGCCTTAGGGTGATT TGTGTGTATTGAAACTAGGCAGGG 325 
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PLCB2_19 CTCTAGCTTCAGCCCTCCAAC GCCCTGAGAATAACACAGACCAT 347 

PLCB2_20 GGAACCCCTGTGAAAGCAGAG CTCATCGACAAGTATGAGCCCAG 327 

PLCB2_21 AGAAACCAGACCATGCCTTCAG GGATATGGACCTGTGCTCTTCTC 325 

PLCB2_22 GTAGGGTTTGGCCTTAGCAT GCAGGGGCAATAAGGTTACTAT 316 

PLCB2_23 GGGGTGACCCTGCTTACAAC TGTGGTTGATGGACTGTGTTCAG 297 

PLCB2_24 CATTCCTGGCCAAGTTGCTTTCT CCTTGACGGGCTGCTTTCT 332 

PLCB2_25 TGAGAAAGAAAGGCTTTGGGGAG CCTGGACTTCCTGAGAGACACA 347 

PLCB2_26 GATGTTTGACTAGGGCCAGTACG TCCATCCTAACCATACCACCAC 328 

PLCB2_27 TCAGAAGTCAGGCTTCCCAC CCATAGGAAGGGAAGTTTGGGTC 343 

PLCB2_28 TGTCTGGCCTCAATGATAAGCAG GAAATGGCATCCCCAATCCTCT 318 

PLCB2_29 CATAAACCAATCCTCCCACCCAA AGAGCAACTAGATTTCTGGAGCA 315 

PLCB2E26_1 GGAGCTAAAGGGCGTGGT GGGGACAGGCCCTGAGA 100 

PLCB2E27_1 CAGGATCTCAGGGCCTGTC GAGTCGGTGAGGGGGTTG 100 

RAC1_1 AGGGTACCAATGTGTATGTGGTG ACAGCAAAACAAATGGTCAAAGA 318 

RAC1_2 TCTTGGCACACCTTCTCTAGGAT TTTACATGGAACCAATCCCACCC 350 

RAC1_3 TTGTATGCTTTTGGATCTCTCCG TTTCATCAAGCAAAACCCCAACC 330 

RAC1_4 GTCCAACAAGTCCTTCCCA AACTAAAAATTCCTAGGCTAAGTG 253 

RAC1_5 GGACATCTGTAAAGGAGCGTGTC TGGTTCCCCAAGAGTACACCAG 337 

RAC1_6 GTGGTGTGATCAGAAGAGAGTG TCTGTAACAAAAAGTTGGCATTGA 328 

RAC1E01_1 TGCAGTTTTCCTCAGCTTTG ACCGCCTACGCGAGACC 100 

RALB_1 TAGGTTGAAAGCAAATCGCCTCT AGCTATTCAGAAGCCACCTCAAC 347 

RALB_2 AGTGCCCATATGTGGAATTTTGTT GAAAAGGCAAAAAGCTTCCTGGG 345 

RALB_3 TCACAAAACCAGGGTTCGTTCTT GTTCCCTAAAACCCAGCAGATGA 326 

RALB_4 TCACAGTGTCAGGTTAACAAAAGAA TTTGAGTGAATGAAGTCGGGGAG 325 
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7.4 Results 

7.4.1 Association between downstream taste signaling genes and S-ECC 

The characteristics of the study population and bacterial and fungal microbial 

composition are described in Chapter 6. Briefly, 88 caries-free children (45.34 ± 14.69 months 

old, 43 females, 45 males) and 88 children with S-ECC (44.88 ± 11.84 months old, 51 females, 

37 males) were recruited. No significant differences in age and sex were identified between the 

groups (P > 0.05). 

After correcting for multiple testing, three variants in PLCB2 were significantly 

associated with S-ECC (adj. P < 0.05, Table 7.3). Logistic regression analysis, adjusting for sex 

and age, confirmed the association between S-ECC and PLCB2 single nucleotide polymorphisms 

(SNPs) rs2305645 (T, OR=0.27, 95% CI=0.14-0.51), rs1869901 (G, OR=0.34, 95% CI=0.20-

0.58), and rs2305649 (G, OR=0.43, 95% CI=0.26-0.71) (adj. P < 0.05, Figure 7.1).  

 

Table 7.3. Allelic association of genetic variants with S-ECC. 

Gene Variants Location 
(GRCh38) 

Effect  
Allele 

Frequency of effect 
allele  

P OR Adj. P* Type of 
variant Cases 

(S-ECC) 

Controls 
(Caries-

free) 

χ2 

PLCB2 

rs2305645 chr15: 
40303364 T 0.09 0.27 19.05 1.28

E-05 0.27 0.0007 Intronic 

rs1869901 chr15: 
40303426 G 0.17 0.38 18.43 1.77

E-05 0.34 0.0009 Intronic 

rs2305649 chr15: 
40297629 G 0.16 0.34 13.96 0.00

02 0.38 0.0099 Intronic 

Note: *Adjusted P (corrected for multiple testing by Bonferroni adjustment test) less than 0.05 were considered 

statistically significant. Only significant associations are shown. χ2, basic allelic test Chi-square. The basic 

allelic test compares frequencies of alleles in cases versus controls. Chr, chromosome. OR, odds ratio.  
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Figure 7.1. Forest plot for the results of logistic regression. Effect sizes are expressed on a log 

OR scale. Adj. P, P corrected for multiple testing by Bonferroni adjustment. Adjusted P < 0.05 

were considered statistically significant. 
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7.4.2 Association between bacterial, fungal microbiota and host genetic variants 

 Results from linear regression model showed that eleven variants were positively or 

negatively correlated with bacterial or fungal taxa. No significant associations were observed 

between host variants and alpha (within samples) diversity (Adj. P > 0.05). None of the three 

PLCB2 SNPs associated with S-ECC significantly correlated with microbial species after 

adjustment for multiple testing. The significant associations are shown in Table 7.4. 

 

Table 7.4. Association between host genetic variants and oral bacterial and fungal taxa. 
 

GENE Variant Location Allele BETA Adj. P Taxa 

BACTERIA (N = 176) 

GNAQ c.736-12T>C chr9:77728679 G -1.241 0.0029 
Capnocytophaga 

sputigena 

GNAQ rs1478186975 chr9:77728678 G -2.192 0.0311 Actinomyces gerencseriae 

RAC1 rs1051504128 chr7:6387120 A 6.913 0.0095 unclassified Bacteria 

RAC1 rs836478 chr7:6392059 C 0.534 0.0443 
Lachnospiraceae [G-3] 

bacterium HMT 100 

GNAS rs3730173 chr20:58909879 T -3.14 0.0208 
Lachnoanaerobaculum 

saburreum 

RALB c.356A>G chr2:120289612 G -3.14 0.0208 
Lachnoanaerobaculum 

saburreum 

RALB rs11545293 chr2:120278757 A 0.7232 0.0311 Bergeyella sp. HMT 907 

PLCB2 rs72731486 chr15:40299054 A -0.5803 0.0325 Streptococcus sp. 

GNAT3 rs6975345 chr7:80494683 C 2.755 0.0351 Prevotella salivae 

FUNGI (N = 155) 

RAC1 rs836478 chr7:6392059 C 2.519 0.0324 Alternaria sp. 

RAC1 rs3729790 chr7:6387323 A -2.494 0.0329 Order Malasseziales 

Beta, regression coefficient. Adj. P < 0.05 are corrected for multiple testing by Bonferroni adjustment test. 
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7.5 Discussion 

This work builds on the previous study assessing the role of variants in genes encoding 

taste receptors, ion channels and the oral microbiome in S-ECC risk/protection. It was previously 

identified that polymorphisms in taste-related genes are associated with S-ECC and that raised 

the question of whether variants in genes encoding downstream taste signaling components and 

other proteins involved in GPCR signaling could also play a role.  

PLCβ2 is a critical component of the taste signaling cascade. A recent study looked at the 

expression of PLCβ2 in oral cells, using published data from single-cell RNA-seq studies, and 

reported that PLCβ2 was expressed in almost all endothelial, epithelial, fibroblast, and immune 

cell subsets evaluated (Xi et al., 2022). PLCβ2 is responsible for the generation of the second 

messenger inositol-1,4,5-triphosphate (IP3), which activates IP3 receptors in the ER, releasing 

Ca2+ into the cytoplasm (Behrens & Meyerhof, 2006). Therefore, mutations in PLCB2 can have 

an important effect in Ca2+-mediated physiological functions. Findings from this study suggest 

that PLCB2 rs2305645 (T), rs1869901 (G), and rs2305649 (G) are protective SNPs against S-

ECC. Interestingly, rs1869901 has been associated with autism spectrum disorder (Skafidas et 

al., 2014). 

Here the association between mutations in downstream taste signaling components and 

the oral fungal and bacterial community composition was also evaluated. The results showed that 

variants in GNAQ, GNAS, GNAT3, RAC1, RALB, and PLCB2 were correlated with the relative 

abundances of bacterial taxa. While two RAC1 SNPs were correlated with the relative abundance 

of fungi. It is interesting that GNAT3, which encodes the Gagustducin, was positively correlated 

with Prevotella salivae, which was associated with S-ECC (Figure 6.3) and considered an 

important feature in machine learning classification models used to classify S-ECC versus caries-

free (Figure 5.5) in our previous studies. Although, none of the three PLCB2 variants that were 

associated with S-ECC were correlated with oral microbial composition, another variant 

(rs72731486) was negatively associated with the Streptococcus sp. The other bacterial species 

associated with the gene variants had equal distributions among caries-free and S-ECC groups, 

as determined in previous analyses (Figure 6.3), suggesting that they may not be relevant for S-

ECC development. An unclassified fungus from the order Malasseziales was previously 
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associated with healthy dental plaque (Figure 6.3) and here it was shown to be negatively 

correlated with the RAC1 rs3729790 variant. 

Though the canonical taste signaling pathway suggests that taste receptors activate 

Gagustducin, the co-expression of multiple Ga subunits in taste buds have suggested that other 

Gα subunits may be involved in taste sensation (von Molitor et al., 2021). Furthermore, recent 

studies suggest that taste receptors are involved in multiple functions, unrelated to taste 

sensation, in which other Ga subunits may be involved. For instance, a study showed that T2Rs 

expressed in human airway smooth muscle, in which their activation leads to relaxation and 

bronchodilation, couple to Gai instead of Gagustducin (D. Kim et al., 2017). Therefore, it is 

possible that variants in the genes encoding Ga subunits may affect the taste receptor signal 

transduction and other aspects of oral health. 

Variants in small G proteins may affect receptors that mediate microbial recognition. 

RalB is a small GTPase, member of the Ras GTPase superfamily. It is activated by 

calcium/calmodulin interactions and is involved in cytoskeleton rearrangement and vesicle 

trafficking. RalB has been implicated in several human cancers such as oral squamous cell 

carcinoma (Zinatizadeh et al., 2022). Interestingly, RalB has been shown to play a role in innate 

immunity, helping to trigger innate immune pathways after activation of toll like receptors 

(TLRs) by viruses in human epithelial cells (Chien et al., 2006). Furthermore, RalB activation 

after microbial stimuli in macrophages can induce autophagy, a key process for the clearance of 

intracellular pathogens (C.-S. Shi et al., 2012). This agrees with our finding that RALB variants 

may be associated with the composition of the oral microbiome. Rac1 (Ras-related C3 botulinum 

toxin substrate 1) is also a small G protein and it belongs to the family of Rho GTPases. It plays 

a role in various cellular functions such as actin cytoskeletal reorganization, cell cycle regulation, 

and movement (Jaffe & Hall, 2005; Sidhu et al., 2017). Rac1 is activated by a variety of 

receptors, including GPCRs. Recent studies from our group showed that there is a link between 

Rac1 and T2Rs (Medapati, Bhagirath, et al., 2021; Sidhu et al., 2017). This link may involve the 

role of Rac1 in actin cytoskeletal reorganization and T2R-mediated internalization of Gram-

positive bacteria, as well as the T2R4 and G protein dependent inhibitory effect of Rac1 activity 

by the known T2R agonist quinine (Medapati, Bhagirath, et al., 2021; Sidhu et al., 2017). It is 
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possible that variants in RAC1 could affect the T2R-mediated internalization of microbes, which 

would justify the correlation of RAC1 variants with the abundance of oral bacteria and fungi.  

In summary, this is the first study to suggest an association between mutations in PLCB2 

and decreased odds of S-ECC. Further work is needed to characterize this association and to 

investigate the correlations between variants in genes encoding G proteins and the composition 

of bacterial and fungal communities in dental plaque.  



 140 

CHAPTER 8: CONCLUSION AND FUTURE DIRECTIONS 

 

8.1 Conclusion 

ECC is a prevalent disease in preschool children and linked to various etiologic factors, 

including sex, microbiota, diet, and genetics. Majority of the oral microbial studies have focused 

only on few species of bacteria, and little is known about the role of many other fungal and 

bacterial species in ECC onset and progress. Emerging evidence suggests that there is a plausible 

relationship between genetic variants in taste genes and susceptibility to dental caries. It is 

recognized that dietary choices are influenced by taste, and several studies have shown that 

genetic variants in taste genes affect individuals’ food preferences. This is highly relevant for 

ECC because studies have shown that children who prefer sweets tend to consume more sugar 

and be more prone to dental caries. Furthermore, beyond taste sensation, taste proteins play key 

roles in the host-pathogen interaction involving cariogenic bacteria. 

In the first study, the supragingival plaque microbiome of male and female preschool 

children were characterized to evaluate the association between the plaque microbiome and S-

ECC and between children’s sex and S-ECC. Results from this study showed that the dental 

plaque microbiome of caries-free children has increased alpha (within samples) diversity 

compared to the S-ECC group. The beta (between samples) diversity analyses also showed a 

significant difference in both bacterial and fungal communities between caries-free and S-ECC 

groups. No significant differences in alpha diversity were observed between the dental plaque 

microbiome of male and females. However, interestingly, principal coordinate analysis showed a 

better separation of samples by caries-status when the data was stratified by sex. Similarly, 

different patterns of correlations between bacterial and fungal species were observed in males 

and females. Furthermore, machine learning analyses showed that different microbial species 

were considered important for the classification of S-ECC versus caries-free status in male and 

females. The performance of machine learning classification models also differed when using 

microbiome data from males and females separately. Overall, we can conclude that the plaque 

microbial communities of young male and female preschool children have unique characteristics, 

and sex of the child should be considered in microbiome studies. 
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In the second study, the differences in microbial profiles of dental plaque and oral swab 

samples from children with S-ECC and those caries-free were characterized. The results showed 

that dental plaque and oral swab samples have unique microbial composition with significant 

differences in both bacterial and fungal alpha and beta diversities. Furthermore, several bacterial 

and fungal taxa were enriched or depleted in dental plaque samples compared to oral swabs. 

Machine learning results confirmed that it is possible to predict the caries-status (S-ECC vs. 

caries-free) and sampling site (dental plaque vs. oral swab) based on the microbial profile of the 

samples. Many fungal and bacterial species were uniquely important for the classification of S-

ECC vs caries-free in dental plaque or oral swabs only. Although species such as S. mutans and 

C. dubliniensis were considered important features in both types of samples. Overall, we can 

conclude that classification models using microbial composition of dental plaque or oral swabs 

were both able to discriminate between caries-free and S-ECC status, with different microbes 

considered important for the classification. These machine learning methods using microbiome 

data have the potential to be incorporated in tools used for the screening of children at increased 

risk for S-ECC and need to be further explored. 

In the third study, the interplay between the plaque microbiome and variants in genes 

associated with taste (sweet, umami, bitter, salt, sour, fat, and carbonation) in S-ECC was 

evaluated. The results showed that several genetic loci were associated with the pathophysiology 

of S-ECC, including some that were not reported in previous studies. Significant associations 

between genetic variants and the relative abundance of bacterial and fungal taxa were also 

identified. These results suggest that genetic variants of taste associated genes may be key 

factors in dental caries aetiology.  

The association of S-ECC with variants in genes encoding downstream taste signaling 

components and other proteins involved in GPCR signaling was investigated in the fourth study. 

This was the first study to suggest an association between variants in the PLCB2 gene and S-

ECC. Variants in six of the seven assessed genes were associated with the composition of the 

dental biofilm.  

Findings from these studies corroborate with our global hypothesis that variants in taste-

related genes contribute to S-ECC and changes in the oral microbiome. Multiple biomarkers, 

such as Candida dubliniensis and Veillonella spp. were identified and could be used to identify 
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children at increased risk of S-ECC, especially in children that are negative for S. mutans. 

Genetic markers for S-ECC were also identified and these results could guide further 

multidisciplinary studies with the goal to create better tools for determining S-ECC risk, which 

may allow more personalized dental diagnosis, treatment, and prognosis for young children. 

 

8.2 Future directions 

Considerable progress has been made in the last decade in understanding the role of taste 

sensing proteins in the oral and extraoral physiology. The interest in understanding the function 

of taste receptors as part of the innate immune system is emerging at a fast pace. However, there 

are many unanswered questions related to the influence of taste signaling in the preservation of 

oral health. Whether the function of taste associated proteins are factors influencing 

overconsumption of sweets, modulation of oral immunity, and biofilm composition leading to 

dental caries development need to be further investigated. 

Findings regarding the role of taste sensing proteins in extraoral tissues can help us 

understand their role in oral health. For instance, studies from our group have shown that T2Rs 

are functionally expressed in bronchial epithelium and are activated by QSMs produced by 

Pseudomonas aeruginosa, which predominates in airways of patients with cystic fibrosis (CF)  

(Jaggupilli et al., 2018, 2019). Recently, it was shown that T2Rs expressed in oral epithelial cells 

can also be activated by QSMs (Medapati, Bhagirath, et al., 2021; Medapati, Singh, et al., 2021). 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-regulated chloride 

channel implicated in CF aetiology. The literature suggests that mutations in the CFTR gene lead 

to both CF and enamel defects. CFTR is expressed in ameloblasts and is important for pH 

regulation in the maturation stage of amelogenesis, along with other proteins including CA6 

(Lacruz et al., 2017). Interestingly, a possible signaling link between T2Rs and CFTR in human 

respiratory epithelium has been proposed, with some of the effects of bitter agonist stimulation 

on electrophysiologic changes in sinonasal epithelia being partially dependent of CFTR 

(Kohanski et al., 2021). Therefore, it would be important to investigate the association between 

CFTR and taste related proteins in oral tissues and their role in oral health. 

Findings from this thesis suggest that host genetics plays an important role in the oral 

microbial composition. Therefore, in vitro and in vivo studies may help to elucidate the causative 
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mechanisms involving taste associated genes and the abundance of certain species of bacteria 

and fungi. For example, whether taste genetics can influence the overgrowth of pathogenic 

strains over the less virulent strains remains to be elucidated. Future pharmacological 

manipulation of components of taste signaling pathway could possibly contribute to the ongoing 

attempt to prevent ECC worldwide. 

It is known that besides the importance of shifts in the composition of the oral bacterial and 

fungal communities throughout the process of dental caries development, variations within those 

microbial species are also relevant. For instance, studies have shown that different S. mutans 

strains have different pathogenic capability, with some strains being more cariogenic than others 

(Valdez et al., 2017). Therefore, the characterization of different strains of Candida species may 

also greatly contribute to the understanding of their role in disease onset and progression. The 

functional characterization of the fungal and bacterial microbiomes using whole microbiota 

RNA-Seq analysis in S-ECC would also allow the analysis of metabolically active members and 

provide more information about the oral microbiota. 

 Since this is a cross-sectional study, it was not possible to investigate the transition of the 

microbial communities from the healthy to the severe stage of dental caries nor the effect of 

genetic factors in the microbial shift that precedes dental caries onset. Therefore, longitudinal 

studies are highly needed. It would be important to also investigate the long-term effect of dental 

caries treatments, such as fluoride varnish and silver diamine fluoride (SDF), in the composition 

of oral microbial (bacterial, fungal, and viral) communities. Furthermore, functional analyses of 

the genetic variants identified as significantly associated with S-ECC and/or microbiome are 

needed to characterize the mechanisms involved and help to develop novel therapeutics, 

involving taste related proteins, for the management of dental caries.  
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