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ABSTRACT

Introduction: Bacterial invasion from subgingival plaque into gingival tissues is a critical aspect
of periodontal disease pathogenesis. This invasion not only contributes to disease progression but
also enables the pathogens to survive within the host and evade immune surveillance. While
previous studies have identified some bacteria that penetrate host tissues in advanced periodontitis,
the full spectrum in early gingivitis is not known. Our research breaks new ground by mapping out
the bacteria originating from dental plaque that are capable of infiltrating host gingival tissues by
leveraging a modification of the human experimental gingivitis model.

Materials and Methods: In our study (HREB: Pro00112019), 22 healthy participants underwent
a three-phase Human Experimental Gingivitis investigation: baseline, induction, and resolution.
Baseline was set post-professional cleaning before the start of the study. Using a partial-mouth
approach with an acrylic stent, we induced gingivitis in randomly chosen mouth quadrants by
pausing oral hygiene for up to 21 days, with the other quadrant as controls. This comprised the
induction phase. Post-induction, regular hygiene was re-instituted and gingival health was restored.
Clinical parameters with standard Indices such as PPD, BOP, PI, MQHPI, and PMA were recorded.
Samples of subgingival plaque and gingival biopsies cleared of extracellular bacteria using
gentamycin, underwent 16S rDNA sequencing for bacterial identification. The data were analyzed
using systems biology approach to assess microbial taxonomy and functionality.

Results: Over the 21-days PPD, BOP, PI, and MQHPI increased significantly (p<0.05). The
microbiome analysis reinforced the 'nepotism hypothesis’, indicating non-random clustering of
plaque microbes (p<0.05). Plaque showed higher microbial richness yet less uniformity in species
distribution (p<0.05). Both plaque and tissues saw a decline in Shannon diversity without an

increase in strain numbers, suggesting selective microbial persistence (p<0.05, Wilcoxon signed
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rank sum test). Plaque had more core taxa compared to tissues, and over time, beta-diversity within
tissues diminished, denoting a more limited microbial community (p<0.05, FDR post-hoc of
Friedman’s test on PhILR distances). Specific plaque microbes significantly affected the diversity
of gingival tissue taxa (p<0.05, extended local similarity analysis). Other taxa modified these
effects (p<0.05, liquid association) indicating complex, non-linear inter-bacterial interactions.

Conclusions: Our findings reveal that variations in plaque and gingival microbiome are driven by
shifts within existing microbial communities, rather than introductions of new species. Gingival
tissues exhibit less diversity compared to plaque, indicating a selective environment that favors
specific taxa early in the inflammation process. This highlights the pivotal role of microbial

selection in shaping the progression of gingival inflammation.
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CHAPTER 1: INTRODUCTION

1.1. Epidemiology of Periodontal diseases

Oral diseases have exceeded the global prevalence of all other non-communicable diseases (NCDs).
Dental caries and periodontitis are the most prevalent oral conditions, affecting approximately 2
billion and 1 billion individuals worldwide, respectively (WHO, 2022). Periodontal diseases are
conditions that involve both soft and hard tissues around teeth. It encompasses conditions such as
gingivitis, a reversible form of gingival inflammation marked by swollen and bleeding gums with
no permanent loss of hard and soft tissue structures around teeth. As per the recent joint EFP/AAP
workshop, gingivitis is defined as the presence of > 10% of sites that bleed upon probing along with
clinical signs of inflammation without progressive loss of supporting hard tissues. Gingivitis is the
most common form of oral disease in children and adolescents (Albandar & Rams, 2002; Clerehugh,
2008; Oh, Eber, & Wang, 2002). Epidemiologically, Albandar and Kingman estimated gingivitis to
affect more than 50% of the adults in the United States (U.S.)(Albandar & Kingman, 1999). More
recently, Petersen & Ogawa estimated the global prevalence of gingivitis in adults to range from
10% to 15% (Petersen & Ogawa, 2012). As gingivitis is clinically undetectable in its early stages,
the reported prevalence might likely be an underestimation (Scannapieco, 2004).

The continued progression of gingival inflammation results in a more chronic and irreversible form
known as Periodontitis. The burden of periodontal disease has been increasing, with studies reporting
a 57.3% rise in the global burden of periodontal disease from 1990 to 2010 (Nazir et al., 2020;
Tonetti, Jepsen, Jin, & Otomo-Corgel, 2017). Furthermore, it has been estimated that severe
periodontitis affects approximately 743 million people worldwide, making it the sixth most prevalent
disease globally (Arias-Bujanda et al., 2019; Tonetti et al., 2017). The global prevalence of
periodontitis is predicted to increase in the coming years due to an increase in the aging population
and lifestyle factors (WHO, 2022). It must be noted that the reported epidemiological numbers might
be underrepresented as the studies are limited by factors such as sampling methods, technical factors
such as diagnostic techniques, applied definitions and the examined populations and their cultural
and socio-economic factors. However, it is agreed that periodontal diseases result in a significant
socioeconomic burden. In 2010 alone, the worldwide loss of productivity due to severe periodontitis
alone was estimated to be US $54 billion (Listl, Galloway, Mossey, & Marcenes, 2015). This is
projected to be much larger when viewed globally. Thus, there is an emergent need to devise

strategies and inform research in the field to effectively prevent and manage these diseases.



1.2. Pathogenesis of Gingivitis and Periodontitis

Periodontal health is defined broadly as the absence of clinically detectable inflammation (Chapple
etal., 2018). The pathogenesis and development of gingivitis and periodontitis are multifactorial and
involve various biological, environmental, and behavioural factors; however, bacterial plaque
accumulation is a key factor, with specific species potentially playing a role in the progression of
the disease. Without disruption or removal, accumulated dental plaque causes a loss of symbiosis
between the host’s inflammatory response and results in the development of an incipient dysbiosis,
manifesting as clinical gingivitis (Lang & Bartold, 2018). Key indicators of gingivitis encompass
observable clinical inflammation symptoms localized to the free and attached gingival areas,
remaining within the boundaries of the mucogingival junction. This inflammation can typically be
reversed by disrupting or removing the dental biofilm. A significant accumulation of bacterial plaque
1s necessary to trigger or intensify the severity of gingivitis, with the degree of impact differing from

person to person(Kinane & Attstrom, 2005).

Healthy Periodontitis

Figure 1:Progression from gingival health to periodontitis. Periodontal health is defined as the
absence of clinically detectable inflammation. Without disruption or removal accumulated dental
plaque causes inflammation of soft tissues around teeth resulting in clinical gingival inflammation.
Further uninterrupted progression of gingivitis results in Periodontitis marked by loss of both hard

and soft tissues around teeth.



1.2.1. Gingivitis and Subgingival Plaque Microbiome

The gingival sulcus presents as a distinct anatomical feature, flanked by the tooth on one side and
soft tissue on the other. The interface between gingiva and tooth can harbour as many as 700 different
bacterial species (Haffajee, Patel, & Socransky, 2008). While many of these bacteria live in
symbiosis with the host organism, specific bacterial strains have demonstrated the capacity to
destabilize the equilibrium between the bacteria and the host, leading to disease initiation and
progression in combination with other factors.

Studies examining the subgingival microbiome have undergone significant advances over the past
decade. The microbiological changes associated with the development of gingivitis are influenced
by factors such as hormonal changes (Mombelli, Lang, Biirgin, & Gusberti, 1990) and the placement
of subgingival restorations (Lang, Kiel, & Anderhalden, 1983). Mombelli (1990) found that the
presence of Capnocytophaga sp. and black-pigmented Bacteroides, particularly B. intermedius, was
associated with initiating and establishing puberty aasociated gingivitis (Mombelli et al., 1990).
Other studies have reported increased levels of certain species, including Eikenella corrodens,
Fusobacterium nucleatum, and Capnocytophaga gingivalis, in the subgingival plaque microbiome
in human gingivitis (Savitt & Socransky, 1984). This shift in the microbiome is further evidenced
by the presence of Gram-positive and Gram-negative species such as Haemophilus parainfluenzae
and Veillonella species (Slots, Moenbo, Langebaek, & Frandsen, 1978). The microbiome in
gingivitis is further characterized by an increase in obligate anaerobes, particularly 7. forsythia, P.
gingivalis, and Eubacterium saphenum, and a decrease in Streptococcus species (Abiko, Sato,
Mayanagi, & Takahashi, 2010).

More recent studies on changes in the subgingival microbiome in gingivitis by enrichment of specific
bacterial species, including TM7, Tannerella, Cardiobacterium, Campylobacter, Porphyromonas,
Leptotrichia, and Selenomonas (Al-Kamel et al., 2019). The transition from health to gingivitis is
marked by shifts in the abundance of several genera, indicating dysbiosis (Nowicki et al., 2018).
These findings suggest that the subgingival microbiome in gingivitis is dynamic and influenced by

various factors.



1.2.2. A Brief History of Research on Periodontal Microbiome, and Host Inflammatory
Responses

The 1918 investigation by Turner and Drew found bacteria in “pyorrhea” lesions (Turner & Drew,
1919). These findings were confirmed by Beckwith et al., who showed bacteria invading inflamed
gingival tissues in the histological section (Beckwith, Simonton, & Williams, 1925). Saglie et at.
reported bacteria invading the epithelial wall and that bacterial invasion of the soft periodontal
tissues was indeed a common finding in advanced periodontitis (Manor, Lebendiger, Shiffer, &
Tovel, 1984; R. Saglie & Elbaz, 1983; R. Saglie, Newman, Carranza, & Pattison, 1982). These
studies showed specific bacterial species, including cocci, rods, filaments, and spirochetes, invaded
the gingival tissues in advanced periodontitis using light and scanning electron microscopy-based
techniques. As the specific-plaque hypothesis theory was more widely accepted, associating
specific species with certain periodontitis phenotypes was then widely attempted. In the seminal
work of Christersson, it was shown that Actinobacillus (currently Aggregatibacter)
actinomycetemcomitans, a pathogen mostly found in a rapidly progressing phenotype of
periodontitis previously known as aggressive periodontitis, internalizes into the gingival tissues,
and recolonizes the subgingival space after non-surgical therapy, leading to the notion that gingival
tissues act as a reservoir for A. actinomycetemcomitans thereby needing supplemental antibiotics
to remove this pathogen. However, bacterial internalization also occurs in the state of health.
Periodontal pathogens, such as P. gingivalis, Tannerella forsythia, A. actinomycetemcomitans,
Fusobacterium nucleatum, Prevotella intermedia, Eikenella corrodens, and Treponema denticola
have been demonstrated in buccal and gingival epithelial cells of healthy individuals using
Fluorescence in situ hybridization and confocal microscopy(A. Colombo, Da Silva, Haffajee, &

Colombo, 2007; Rudney, Chen, & Sedgewick, 2005; Rudney, Chen, & Zhang, 2005).

Studies in Non-Human Models

Monkeys: Studies in non-human animal models have provided important foundational insights
into plaque microbiome dynamics, bacterial invasion, and pathogenesis mechanisms in periodontal
diseases (Schou, Holmstrup, & Kornman, 1993). Non-human primates, particularly monkeys, have
been extensively utilized in periodontal disease research due to their anatomical and physiological
similarities to humans. Studies have demonstrated that non-human primates exhibit clinical,
microbiological, and immunological features of periodontal disease that closely resemble those

observed in humans (A. P. V. Colombo et al., 2017; Oz & Puleo, 2011). Studies in the ligature-
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induced periodontitis model of nonhuman primate Macaca Mulatta showed that the subgingival
plaque microbiome interacts with gingival tissues to upregulate gene expression patterns associated
with apoptosis, autophagy, and hypoxia pathways in progressing periodontitis, providing insights
into the biological activities occurring in diseased gingival tissues(Ebersole, Kirakodu, Chen,
Nagarajan, & Gonzalez, 2020; Ebersole, Kirakodu, & Gonzélez, 2021). Additionally, the
acquisition of oral microbes in newborn non-human primates has been linked to systemic immune
responses, indicating a relationship between microbiological and immunological studies of
gingivitis and periodontitis in humans and non-human primates(Ebersole, Holt, & Delaney, 2013).
While “close-enough” studies on nonhuman primates provide valuable models of disease, there is
a variability in responses among different species of non-human primates can complicate the
interpretation and generalization of research findings(Holt, Ebersole, Felton, Brunsvold, &

Kornman, 1988; Weinberg & Bral, 1999).

Miniature Pigs/Dogs: Other animal models, such as miniature pigs and dogs, demonstrating
structural similarities in periodontal organization to humans, have also been used in research. These
have reported a distinct subgingival microbiome comprising mainly gram-negative
species(Egelberg, 1965; Pavlica, Petelin, Nemec, Erzen, & Skaleric, 2004; Vodicka et al., 2005;
Wang, Liu, Fang, & Shi, 2007). Furthermore, the responses in both these species are dependent on

genetic variations(Kwon et al., 2010).

Rodents: Some other animal models include rodents such as mice and rats. While these models
make in vivo mechanistic explorations into disease pathogenesis feasible, they are limited due to
several factors. Mice are naturally resistant to periodontitis. Furthermore, mice and humans'
microbiota and immune responses differ significantly, making extrapolation difficult(Kesavalu et

al., 2007; Marchesan et al., 2018; Rojas et al., 2021).

Humanized Animals: Early results from studies using humanized animals have reported a
microbial profile distinct from the human oral cavity, limiting their use and extrapolation of

findings to human subjects(Mason, 2019).



Building upon foundational insights from non-human animal models, such as monkeys, miniature
pigs, dogs, and rodents, studies have elucidated key mechanisms underlying microbial invasion in
periodontal diseases. These models, characterized by their structural and physiological similarities
to humans, have provided critical insights into the interaction dynamics of subgingival microbiota
with gingival tissues. Key limitations of animal models include differences in oral microbiome
composition compared to humans and difficulty replicating the complexity of naturally occurring
periodontal disease. Further intrinsic differences in parameters such as bone turnover rate, bony
architecture, thickness, and density, as well as the genetic factors involved in periodontal disease
progression, add to the complexity of extrapolating findings in these models(Giannobile,
Finkelman, & Lynch, 1994; Kajikawa et al., 2017).

Nevertheless, these models remain invaluable for mechanistic explorations, paving the way for

focused research in human experimental gingivitis studies.

1.3 Pathogenesis of Periodontal Disease and Microbial Invasion

It has been recognized for decades that there are two general mechanisms for pathogenesis, one
involves the direct invasion of the microbiota into the gingival tissues, and second, whereby,
according to Socransky et al. (Socransky & Haffajee, 1991), a “long range” attack occurs, when
cells of pathogenic species remain in the periodontal pocket, and the released virulence factors
from these pathogens can cause damage to host tissues as well as cause slow but gradual “immune
pathology”. While evidence exists for both methods exists, knowing the importance and inter-play
between both is important and is a critical avenue for future research. Regardless of type of
microbial influence, the existence and the influence of the microbiome is based on the host response

to their existence and actions (Figure 2).
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Figure 2: Microbial Invasion in .Hezhllth and Disease. This ﬁgue illustrates the progression of
microbial invasion and its impact on oral health, depicting the transition from a healthy microbiome
(eubiosis) to an unbalanced microbiome (dysbiosis), and subsequently to gingivitis and
periodontitis. The top panel depicts a balanced microbiome in a healthy state transitioning to
dysbiosis in a susceptible host. The bottom panel shows the stages of oral health: from health,
where the gingiva is intact, to gingivitis, characterized by bacterial plaque, invasion, and immune
response (swelling, enlargement, BOP), and finally to periodontitis, marked by biofilm formation,
tissue breakdown, and systemic bacterial byproducts. The figure was created using

BioRender.com.



Invasion of pathogens plays a role for both the host and the pathogen. The host mucosal immunity
responds to surface bacteria by antigen processing and continued “learning” and building a robust
inflammatory response. For the invading pathogens, the host tissues offer a viable niche by evading
clearance by circulating immune cells and providing residence, as well as a reservoir for re-
infection (Rudney, Chen, & Zhang, 2005) and pathways for dissemination. Additionally, studies
have shown that persisting internalized bacteria can mediate epigenetic changes within the host,
leading to lasting long-term effects (Francis et al., 2020; Martins et al., 2016). As such, the capacity

to infiltrate and remain within host cells plays a significant role in the progression of the disease.

Periodontal Clinical Phenotypes and Tissue Invasion: Early studies using transmission electron

microscopy have revealed the presence of spirochetes and other microorganisms within the gingival
epithelium and connective tissues, particularly in patients with acute necrotizing gingivitis (Courtois,
Cobb, & Killoy, 1983; Listgarten, 1965). Studies, such as the one by Christersson et al., utilized
immunofluorescence to detect A. actinomycetemcomitans in aggressive periodontitis cases, with
further researches employing PCR, DNA hybridization, and FISH to explore intracellular invasion by
this bacterium (Christersson, Albini, Zambon, Wikesjo, & Genco, 1987). Moreover, bacterial invasion
has been considered a later event in periodontitis. Consequently, most periodontal microbiome studies
have focused on characterizing plaque biofilms, excluding gingival tissues, despite the similarity in
the microbial profiles between the two. Limited data on the internalization of subgingival biofilms

warrants further investigation.

Microbial Actions During Tissue-Invasive Periods: Several studies demonstrated the

internalization of bacteria such as P. gingivalis, A. actinomycetemcomitans, T. denticola, and F.
nucleatum in human gingival tissues using culture-dependent methods such as in vitro and in vivo
models of periodontitis (Christersson et al., 1987; P. Fives-Taylor, Meyer, & Mintz, 1995; R. Saglie
et al., 1982; Saito, Inagaki, & Ishihara, 2009; Sandros, Papapanou, & Dahlén, 1993). Notably, one
study found bacteria forming biofilm-like structures within gingival tissues in established
periodontitis (Baek, Ji, & Choi, 2018). Additionally, 16s rRNA profiling showed that F. nucleatum
and P. gingivalis were significantly enriched in tissues compared to plaque (Baek et al., 2018). The
ability of 4. actinomycetemcomitans to disrupt epithelial barrier function, induce apoptosis in

lymphocytes, and evade host defenses by surviving within fibroblasts underscores its pathogenic



potential (P. Fives-Taylor et al., 1995; P. M. Fives-Taylor, Meyer, Mintz, & Brissette, 1999;
Sreenivasan, Meyer, & Fives-Taylor, 1993). Similarly, P. gingivalis has been shown to invade
various gingival cell types, manipulating host cell structures to facilitate its uptake and survival,
highlighting the sophisticated mechanisms these bacteria employ to persist within their
hosts(Belton, Izutsu, Goodwin, Park, & Lamont, 1999; Gibson III, Yumoto, Takahashi, Chou, &
Genco, 2006; Lamont et al., 1995; Sandros et al., 1993; Sandros, Papapanou, Nannmark, & Dahlén,
1994; O. Yilmaz, Watanabe, & Lamont, 2002; O. Yilmaz, Young, Lamont, & Kenny, 2003).

Microbial Identification in Oral Tissues: Fredricks et al. found Capnocytophaga sputigena,

Leptotrichia spp., and F. nucleatum in an immunocompromised patient (Fredricks, Schubert, &
Myerson, 2005). Adrians et al., and Thiha et al., identified P. gingivalis, A.
actinomycetemcomitans, and T. forsythia in similar contexts (Andrian, Grenier, & Rouabhia, 2004;
Thiha et al., 2007). These discoveries, alongside the work of Saglie and Papapanou, link the
presence of these bacteria to gingival inflammation and tissue destruction, underlining their
significance in periodontal disease progression (Papapanou et al., 2009; F. R. Saglie et al., 1987;
R. Saglie & Elbaz, 1983; R. Saglie et al., 1982). While most of the earlier research focused on
perio-pathogens like P. gingivalis and A. actinomycetemcomitans, bacteria such as F. nucleatum
and T. forsythia, have also been shown to invade host cells and manipulate immune
responses(Bachrach, lanculovici, Naor, & Weiss, 2005; Bao et al., 2014; Han et al., 2000; Inagaki,
Kuramitsu, & Sharma, 2005; Inagaki, Onishi, Kuramitsu, & Sharma, 2006). Studies by Rudney et
al. and others demonstrate the intracellular presence of a diverse microbial community within
buccal cells (Rudney, Chen, & Sedgewick, 2005; Rudney, Chen, & Zhang, 2005), indicating a

complex interaction network that influences disease progression.

Microbial Synergy: Co-infection studies have shown that P. gingivalis and T. denticola exhibit

metabolic symbiosis and enhance each other's invasion and virulence. Conversely, F. nucleatum
can promote P. gingivalis invasion, while 4. actinomycetemcomitans and T. forsythia may inhibit
it (Johansson, Hanstrom, & Kalfas, 2000; Jung, Jun, & Choi, 2017; Lima et al., 2002; Orth,
O’Brien-Simpson, Dashper, & Reynolds, 2011; Saito et al., 2009; Tan et al., 2014). Such
interactions are observed between pathogenic species and other species, such as those observed

between F. nucleatum and Streptococcus cristatus, where F. nucleatum was shown to facilitate the



internalization of the latter into the host cells (Edwards, Grossman, & Rudney, 2006). In another
study, 4. actinomycetemcomitans was shown to inhibit Candida albicans biofilm formation
(Bachtiar et al., 2014). These interactions, reveal a dynamic ecosystem within gingival tissues that

affects disease outcome.

Acknowledging the limitations of single-species studies, recent research endeavours aim to explore
multi-species invasions using cutting-edge techniques like multi-colour imaging and
metagenomics. This shift towards investigating polymicrobial interactions is crucial for
comprehending periodontal disease pathogenesis. It accurately reflects the in vivo conditions and
potentially unveils new therapeutic targets to combat periodontal diseases more effectively. By
embracing the complexity of these microbial communities, we can unlock novel insights into their

collective impact on periodontal health and disease progression.

1.4. The Human Experimental Gingivitis Study

Experimental gingivitis is a widely used model to study the onset and progression of gingival
inflammation in humans. This model, which induces gingivitis by allowing the accumulation of
dental plaque, has enabled researchers to observe and understand the relationship between bacterial
deposits, gingival inflammation, and the development of periodontal diseases. It also allows

studying the full breadth of microbial complexity in humans in a non-invasive manner.

1.4.1 History

Studies on experimental gingivitis in humans have been conducted for several decades, with some
of the earliest works dating back to the 1960s. Loe et al. (1965) performed a groundbreaking study
investigating the relationship between plaque accumulation, gingival inflammation, and the
histologic appearance of gingival lesions (Loe, Theilade, & Jensen, 1965). This study laid the
foundation for future investigations into the microbiological aspects of experimental gingivitis,
such as the work done by Theilade in 1996 (Theilade, Wright, Jensen, & Loe, 1966) . Over the
years, numerous studies have been conducted using the experimental gingivitis model, leading to

a better understanding of the pathogenesis of gingivitis and periodontitis.

10



1.4.2 Methodology and Modifications to the Classical Experiment

The classic human experimental gingivitis study methodology involves inducing and resolving
gingivitis in a controlled manner to understand the pathogenesis and resolution of inflammation.
The study typically comprises of several phases, including a pre-induction period, an induction
period, and a resolution period. During pre-induction, participants undergo professional tooth
cleaning, affirming a state of health and maintain their usual oral hygiene practices. Subsequently,
the induction period involves the accumulation of dental plaque, often achieved by the cessation
of oral hygiene practices for 21 days. This phase allows for the development of gingivitis under
controlled conditions. The resolution period follows for a week after the Induction period, during
which professional oral hygiene is performed, and participants resume regular oral hygiene
practices, leading to the resolution of gingival inflammation (Bamashmous et al., 2021; Loe et al.,
1965; Seymour, Powell, & Aitken, 1983; Theilade, 1996; Theilade et al., 1966).

The study methodology also involves bacteriological evaluations of plaque, gingival crevicular
fluid analysis, and the assessment of inflammatory mediator levels.

This model offers the advantage of noninvasively monitoring disease development in real time,
enabling the study of the transition from a healthy to a dysbiotic state in human tissue
(Bamashmous et al., 2021).

The classic full-mouth recording for human experimental gingivitis studies has undergone several
modifications. These modifications include the extension of the induction phase from the
traditional 3 weeks to 4 weeks. This extension aims to ensure the complete manifestation of
gingivitis in most subjects, employing a half-mouth biofilm overgrowth model as detailed by Yates
et al., (Yates, Shearer, Morgan, & Addy, 2003). Additionally, modifications have included
adopting partial-mouth protocols and incorporating intra-oral acrylic stents into the experimental
design. Studies by Putt et al. and Jones et al., showed that the partial-mouth experimental gingivitis
model allowed unhindered development of plaque and gingivitis comparable to whole-mouth
studies in which oral hygiene was suspended for 3 weeks. These findings indicate that such models
can produce results comparable to those obtained from whole-mouth studies, showcasing the
versatility and effectiveness of different experimental designs (Jones, Saxton, & Ritchie, 1990;
Putt, Van der Weijden, Kleber, & Saxton, 1993).

Studies by Offenbacher et al. and Morelli et al. included the use of intraoral stents that covered

selected teeth, allowing for the study of localized changes in biofilm overgrowth and inflammation.
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These stents, worn during routine oral hygiene activities, served as a protective measure for specific
teeth, allowing researchers to focus on localized changes in biofilm overgrowth and inflammation.
(Morelli et al., 2014; Offenbacher et al., 2009).

Use of these stents has provided crucial insights into the localized accumulation of biofilm and its
associated inflammatory response, thereby enhancing our understanding of the pathogenesis and
resolution of gingivitis. Through these modifications, researchers have developed more refined
methods to induce localized biofilm overgrowth and examine the ensuing inflammatory response,

contributing significantly to our comprehension of gingival disease mechanisms.

1.4.3 Key Findings from the Human Experimental Gingivitis Studies

Research spanning several decades has highlighted the intricate relationship between plaque
accumulation, gingival health, and the progression of experimental gingivitis. A study by Hillam
and Hull (1977) demonstrated that both gingival and plaque indices show a positive correlation
with plaque growth during the induction of experimental gingivitis, underscoring the direct link
between plaque accumulation and gingival inflammation(Hillam & Hull, 1977). Further supporting
this, Brecx et al.,(1987), validated the Plaque Index and Gingival Index as reliable markers for
developing gingivitis, emphasizing their effectiveness in monitoring disease progression (Brecx,
Schlegel, Gehr, & Lang, 1987). Additionally, a subsequent study by the same team in 1988 revealed
that gingivitis developed more swiftly and intensely in older individuals. However, the gingival
inflammation reverted to that of health upon resuming oral hygiene (Brecx, Lehmann, Siegwart,
Gehr, & Lang, 1988). Expanding on these findings, Theilade (Theilade, 1996) offered a
microbiological lens, using culture-dependent methods to explore gingivitis, while others like
Bonfil et al. (1985) and Klinge et al. (1983) delved into its histopathological aspects and the process
of recovery (Bonfil, Fourel, & Falabregues, 1985; Klinge, Matsson, & Attstrom, 1983).

The experimental gingivitis model has been employed to examine shifts in microbiological,
immunological, and biochemical markers, shedding light on the dynamics of gingivitis onset and
progression.

Early work by Moore et al., (1982) pinpointed Actinomyces, Fusobacterium, and Streptococci as
the key etiological agents of gingivitis, with Syed (1978) documenting a microbial shift from
Streptococci to Actinomyces-dominated plaque as gingivitis developed (Moore et al., 1982; Syed
& Loesche, 1978).
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Holm-Pedersen et al., (1975) found that gingivitis's onset and severity were more pronounced in
older individuals, regardless of plaque microorganism consistency (Holm-Pedersen, Agerbaek, &
Theilade, 1975). Dahlén (1992) proved that effective supragingival plaque control could modify
the subgingival microbiota, suggesting a potential strategy for managing gingivitis.

In more recent studies, Kistler et al. observed that gingivitis is marked by changes in the bacterial
community structure and an increased diversity of plaque microbiota(Kistler, Booth, Bradshaw, &
Wade, 2013). While Al-Kamel (2019) identified specific bacterial species such as TM7,
Tannerella, and Cardiobacterium, as linked to gingivitis development, indicating the role of
microbes in disease progression. (Al-Kamel et al., 2019). A systematic review by Zemouri et al.
(2019) also showed a significant microbiological shift in both supragingival and subgingival dental
plaque towards a more pathogenic composition during gingivitis induction, with notable changes
in the abundance of red and purple species, especially among smokers. This composition, however,
tends to revert to a more normal state during the disease's resolution phase, highlighting the
dynamic nature of the subgingival plaque microbiome throughout the course of experimental
gingivitis (Zemouri et al., 2019). Genus-level changes to the microbiome were seen, where
Streptococcus, Neisseria, and Actinomyces species were decreased in their abundance, and
Prevotella, Fusobacteria, and Porphyromonas were significantly deceased in their abundance(Hall
et al.,, 2023). These studies collectively emphasize the complexity and fluid dynamics of the
subgingival plaque microbiome in the context of experimental gingivitis.

Overall, the body of research conducted thus far has significantly illuminated the complexity and
dynamic nature of the subgingival plaque microbiome during experimental gingivitis. However,
despite these advancements, there remains a substantial gap in our comprehension of the
polymicrobial intricacies of gingivitis, particularly concerning how these microbial communities
interact with the host at a cellular level during the internalization process.

To bridge this knowledge gap, there is a pressing need for human experimental gingivitis studies,
especially those examining microbial internalization into the tissues; understanding the dynamics
of host internalization and the changes in subgingival microbiome. These could reveal novel
insights into disease progression and resolution mechanisms which in turn, could lead to the
identification of new therapeutic targets aimed at modulating the host's response to microbial
invasion or altering the microbial composition to prevent disease onset or hasten its resolution.

Furthermore, such studies would provide invaluable information on the roles of individual bacterial
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species and their consortia in the disease process. Such knowledge can pave the way for
personalized dental care strategies to effectively manage or prevent gingivitis based on an

individual's unique microbiome and host response profile.
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CHAPTER 2: HYPOTHESIS AND OBJECTIVES
2.1 Study Rationale
Gingivitis is a treatable form of periodontal disease caused by the overgrowth of oral microbes.
Left untreated, gingivitis can progress to an irreversible disease known as periodontitis. The
utilization of experimental gingivitis models, recognized for their reliability and effectiveness,
allows for the real-time observation of periodontal disease development and progression.
Despite the widespread use of such models, a significant gap exists in our understanding of the
microbial invasion of gingival tissues associated with plaque. Current research provides insights
into the identities of bacteria that penetrate and become internalized within epithelial cells and the
underlying connective tissue during the onset of gingivitis.
Although studies have investigated tissue invasion by known periodontal pathogens like P.
gingivalis, T. forsythia, and F. nucleatum, (Abusleme, Hoare, Hong, & Diaz, 2021; Woelber et al.,
2019) a comprehensive analysis of the internalized microbiome throughout the stages of
experimental gingivitis remains largely unexplored. To date, no study has thoroughly characterized
the subgingival plaque microbiome in tandem with the microbiome that invades and resides within
host tissues during gingivitis's development and resolution.
Our research aims to fill this crucial gap by examining the changes in the sub-gingival microbiome
and the internalization of specific bacterial subsets into gingival tissues. We intend to explore both
the spatial (comparing subgingival plaque to gingival tissue compartments) and temporal dynamics
of bacterial communities (changes in both compartments over the development and resolution of
gingivitis).
By conducting a "paired" analysis of these compartments, our study seeks to uncover pivotal
insights into the microbial community shifts contributing to the invasion during gingivitis. This
approach promises to deepen our understanding of the complex interactions between the
subgingival microbiome and host tissue internalization, offering potential pathways for targeted

interventions in managing and preventing periodontal diseases.
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2.2 Hypothesis
We hypothesize that during experimentally induced gingivitis, a subset of subgingival plaque

bacteria internalizes into host gingival epithelial and connective tissues.

2.3 Objectives
2.3.1 To characterize and compare the compositional and functional changes in the subgingival
plaque microbiome and the internalized microbiome within gingival tissue compartments during

the development and resolution of experimental gingivitis.
2.3.2 To examine key bacterial species and identify interbacterial interactions that facilitate

significant microbial community shifts and the invasion of gingival tissues during the induction of

experimental gingivitis.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Study Design and Ethics Approval
The study protocol received ethical approval from the Health Research Ethics Board-Health Panel
at the University of Alberta (Approval Number: PRO00112019). Detailed information regarding
the study's objectives, procedures, potential risks, discomforts, and benefits was thoroughly
communicated to participants verbally and in writing. Before undergoing dental examination and
sampling, written informed consent was secured from each participant, ensuring their voluntary

and informed participation in the study.

Participant Demographics: The study analyzed samples from 22 patients who successfully
completed the research. These participants were recruited from the School of Dentistry at the
University of Alberta, with their ages ranging between 34 and 60 years. The demographics of the
study population are summarized in Table 1. Consultations and treatments for all involved patients
were conducted at the Graduate Periodontics Clinic within the Kaye Edmonton Clinic, located at

the School of Dentistry, University of Alberta.
The following were the inclusion criteria for a patient to participate:

(1) At least 18 years of age and good general and oral health [No presence or history of
diabetes or cardiovascular diseases].

(i1) At least 20 natural teeth present

(i11))  Baseline mean gingival index of less than or equal to 1 (according to the scoring by the
modified gingival index [MGI]).

(iv)  No history of Periodontitis

(V) Not undergoing orthodontic treatment
Conditions that would exclude an individual from participating were:

(1) History of conditions requiring prophylactic antibiotic coverage before this study
(i1)  Use of antibiotic, anti-inflammatory, or anticoagulant medication within 1 month before
the study

(1)  History of smoking or tobacco use
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(iv)  Participation in another oral study involving oral care products concurrently or within
30 days of beginning this study.

(v) Pregnant or lactating

(vi)  Significant oral tissue pathology (excluding gingivitis).

(vil)  Moderate to advanced chronic periodontitis or other form of periodontal disease; and

(viii))  An underlying genetic or immunologic condition that might influence the study (e.g.,

diabetes or immunodeficiency).

Table 1: Patient Demographics

Demographic Variable N Mean (SD) / Frequency (%)
Total Participants 22

Age (years) 39.14 (7.18)
Gender

- Female 12 (54.5%)
- Males 10 (45.5%)
Education Level

- College Graduate 22 (100%)

- High School --

Health Status

- Systemically Healthy 22 (100%)

- Periodontally Healthy 22 (100%)

3.2: Study Design

Initial Visit and Procedures: A simplified illustration of the steps involved in the study is outlined
in Figure 3. Patients meeting the inclusion criteria underwent a comprehensive periodontal
examination conducted by a periodontology resident (AYB) during their first visit including
recording probing pocket depths using UNC 15 periodontal probe [PPDs] (in millimeters),
Bleeding on probing [BOP](Ainamo, 1992) (yes or no) at a total of six sites per tooth on both the
buccal and lingual marginal gingiva. Recording indices such as Modified Quigley Hein Plaque
Index [MQHPI](Quigley & Hein, 1962; Turesky, 1970) and Papillary Marginal, Attachment
[PMA] Index (Schour & Massler, 1947). Subgingival plaque and gingival crevicular fluid (GCF)
samples were collected from the interproximal areas of the first molars. If the first molar was

missing, samples were taken from the second molar. This session also included recording
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impressions of the upper and lower jaws, followed by performing scaling and root planing, and

instructions for proper oral hygiene were provided.
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Figure 3: Study Design for Experimental Gingivitis Induction and Resolution. This figure
illustrates the study design used to assess the induction and resolution of experimental gingivitis in
the participants. The study comprised four visits: Visit 1 involved screening participants to ensure
they were systemically and periodontally healthy. Visit 2, at baseline (Day 0), included oral
prophylaxis, and the delivery of stents. Participants began wearing Stent 1 during brushing. During
the induction phase, at Day 7 and Day 14, participants added Stent 2 and Stent 3, respectively,
during brushing. Visit 3, on Day 21, involved sample collection, a clinical exam, and administration
of professional oral hygiene (OH). Finally, during the resolution phase (Visit 4, Day 28), a clinical
exam and further oral hygiene were performed where applicable. The design ensures systematic
evaluation of clinical parameters and microbial changes at each stage. The figure was created using

Biorender.com.
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Acrylic Stent Fabrication: The lab at the Kay Edmonton Clinic created the
acrylic stents to shield the posterior teeth—from premolars to the distal-most molar across three of
the four quadrants, extending 2mm beyond the gingival margin. Patients chose the control quadrant
to maintain oral hygiene during the induction phase based on personal preference. The stents were
designed to block the cleaning of the specified quadrants during the study and were worn

exclusively during daily oral hygiene routines.

Subsequent Visits and Sample Collection: Within a week of the initial visit, participants returned
for a second visit to start the study officially. The lab fabricated stents were delivered. Each
participant received the same toothbrush and toothpaste (soft-bristled Colgate toothbrush and Crest
Gum Detoxify toothpaste) and was instructed to avoid using any other oral care products (such as
interdental cleaning aids, mouthwash, or chewing gum) during the study in the areas involved in
the study. The placement of stents in the participants' quadrants was determined random (an online
randomizer tool — randomizer.org), with the control quadrant chosen by the patient. The
participants were given a written schedule for wearing the stents to the assigned quadrant. Starting
from day 0, one stent was worn during brushing and flossing. On day 7, a second stent was
introduced, and by day 14, a third stent was added. By the end of the study, the first quadrant (day
0 start) would have had 21 days without oral hygiene, the second (day 7 start) 14 days, the third
(day 14 start) 7 days, and the quadrant without a stent served as the control. The participants were
scheduled for their third visit on day 21. Subgingival plaque, sulcular tissue, and GCF samples
were collected for all quadrants. Following the sample collection, all patients underwent scaling
and root planing. A week later (visit 4), subgingival plaque and GCF samples were collected,
followed by another round of scaling and root planing. This would be followed by subsequent visits

a week apart until their MGI score was at 0.

3.3: Subgingival plaque sampling

Subgingival plaque samples were collected from the same sites during the study by inserting one
sterile endodontic paper point (Dentsply Caulk, Milford, DE) into the sulcus of each tooth for 15
seconds. Sulcular tissue samples were collected similarly from the allocated quadrant of each
participant before, during and after the onset of the experimental gingivitis study under local

anesthesia. The subgingival plaque samples at each time point were pooled in a microcentrifuge
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tube containing RNA Later (Invitrogen) and stored at -20°C until further sample processing. Details

are described in the next section.

3.4: Gingival tissue sampling and removal of attached bacteria from tissue samples

The tissue samples were excised from the mesial and distal interproximal areas of the first or the
second molars, using the previously published ENAP procedure [Figure 4 A and B] (Yukna,
1978).
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Figure 4: A. Sample Analysis Strategy and B. Technique for Obtaining Tissue Samples Using
Excision New Attachment Procedure (ENAP). This figure illustrates the technique for obtaining
tissue samples using the Excision New Attachment Procedure (ENAP), a method adapted from the
original surgical design by Yukna et al., 1978. The top panel shows the initial incision along the
gingival margin to access the periodontal pocket. The bottom sequence illustrates the subsequent
steps: excision of the pocket epithelium, removal of granulation tissue, and the final stage where
the pocket epithelium is completely removed to allow for new attachment. This procedure
facilitates the collection of gingival tissue samples for microbiome analysis. The figures were

drawn using the Biorender.com and Procreate.com.
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The tissue samples were obtained only for the induction period of the study [Control, Day 0, Day
7, Day 14, and Day 21]. The samples, except for three patients, were subdivided into two parts:
One was used for DNA isolation, and the other was used for RNA isolation. For three patients, a
third fraction was used for culturing to examine bacteria internalized into gingival tissues using
commercially available culture media. Except for the sub-samples intended for RNA isolation, all
the samples were subjected to the following pre-processing: The adherent extracellular bacteria
were removed by washing thrice with PBS and treatment with 100 pg/ml gentamicin for 1 h (Lai
& Walters, 2013). This was followed by washing thrice with 1X PBS. Next, to remove any
contaminating extracellular bacterial DNA on the tissue surface, samples were treated with DNase
I. This was followed by washing thrice again with 1X PBS. The samples were then stored in
RNA Later until further use.

For tissue samples intended for RNA isolation, the samples were washed thrice with 1X PBS
followed by storage in RNALater and snap freezing until at -80°C until further use. The tissue
samples were then processed for DNA and RNA extraction using Qiagen’s All Prep DNA/RNA
kit [QIAGEN, Hilden, Germany] as per the manufacturer’s recommendations. The Isolated DNA
was quantified and subsequently subjected to 16S rDNA sequencing to identify internalized

bacteria. Isolated total RNA was stored in -80 °C for downstream processing.

3.5: Materials used in the study

3.5.1 Reagents

The following reagents were used in the study: Gentamicin (50 mg/ml) purchased from Sigma
Aldrich (Cat #G1397); Qiagen AllPrep Bacterial DNA/RNA/Protein Kit (Cat# 47054; QIAGEN,
Hilden, Germany); Qiagen RNeasy Mini Kit (Cat. #74104); Lysozyme, purchased from Fisher
Scientific (Cat #190082); DNAse I, Purchased from Thermo Scientific (Cat # PI90083). DNA or
RNA was quantitated using the Qubit (Thermo Fisher Scientific) with the 1X dsDNA HS Assay
Kit (Cat #Q33230, Thermo Fisher Scientific) or the RNA HS Assay Kit (Cat #Q32852, Thermo

Fisher Scientific), respectively.
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3.5.2 Media for bacterial culture

The following selective media were purchased commercially from Anaerobe systems:
Porphyromonas gingivalis Agar (selective for P. gingivalis; Cat. #AS-6422); Tryptic Soy Agar
with n-Acetylmuramic acid — TSA-NAM (selective for 7. forsythia; Cat. #AS-6421);
Fusobacterium Selective Agar — FSA (selective for F. nucleatum; Cat. #AS-6427); Tryptic Soy-
Serum-Bacitracin-Vancomycin Agar — TSBV (selective for A. actinomycetemcomitans; Cat. #AS-
648). The plates were stored at room temperature until use and acclimatized to anaerobic conditions

overnight before use. They were then stored at 4°C after exposure to ambient air until use.

3.5.3 Buffers
PBS: 137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCI (pH 7.6)

3.5.4 Tissue homogenization and bacterial culture

Bacteria internalized into gingival tissues were cultured using previously published protocols with
minor modifications (Baek et al., 2018; Medapati et al., 2021; Schmit, Patton, & Gilmore, 2011).
Briefly, gingival tissue samples were washed three times with 1 mL PBS to remove non-adherent
bacteria. Tissues were then incubated with gentamicin (100pg/ml) at 37 °C for 1 hour to eliminate
any remaining surface-attached bacteria. The gentamicin wash was plated as a negative control to
confirm the efficacy of surface bacteria removal.

Next, to remove any contaminating extracellular bacterial DNA on the tissue surface, samples were
treated with DNase I. Tissues were then washed twice more with 1 mL PBS before homogenization
by mechanical douncing in 0.025% saponin solution. The homogenized tissue lysates were utilized
for both bacterial culture and DNA extraction to evaluate the intracellular microbial composition.
This optimized protocol allows the characterization of the microbiome internalized within gingival

epithelial and connective tissue cells, excluding extracellular surface bacteria.

3.5.5 Sample size

This trial was a pilot study due to the absence of prior data. Sample size calculations were derived
from previous studies investigating clinical and microbiological assessments in human
experimental gingivitis. Participants acted as their own control, with a hypothesized medium effect

size (Cohen’s d = 0.5). Given the nature of this study utilizing 16s tDNA sequencing to analyze
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bacterial shifts during experimental gingivitis, moderate to large effect sizes were anticipated
(Cohen effect size d=0.5 for moderate, 0.8 for large, therefore d=0.65 was used). This consideration
aimed to balance the ability to detect statistical significance while detecting clinically and
microbiologically meaningful differences. Hence, employing a significance level (alpha) of 0.05
using a paired t-test and assuming a medium to large effect size, a sample size of 22 participants

was determined to achieve an 80% power to detect a statistically significant difference.

3.5.6. 16srDNA Sequencing

Amplicon sequencing was performed at the Genome Quebec core facility by amplifying the V1-3
using the 27F/519R primer, with the following sequences:

Forward primer 5°-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAKRGTTYGATYNTGGCTCAG- ‘3,
and

Reverse primer 5°-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACGTNTBACCGCDGCTGCTG- ‘3.
Additionally, the V4-5 region was also sequenced using the 515bF-926R primer with the
following sequences:

Forward primer 5°-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGYCAGCMGCCGCGGTAA- ‘3

and

Reverse primer 5°-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGYCAATTYMTTTRAGTTT- ‘3.

Sample pre-processing was performed using an open-source, fully automated pipeline developed
by the lab (FAVABEAN: available at github.com/khalidtab/favabean/) on a computationally
capable server (20 cores, 128 gigabytes memory) Mac Studio. Briefly, amplicon sequence variants
were generated from the sequences by determining the best parameters for merging with Figaro
(Weinstein, Prem, Jin, Tang, & Bhasin, 2019). Next, sequences were denoised, and condensed with
DADAZ2 (Callahan et al., 2016). Taxonomic identification was performed against the Human Oral
Microbiome Database (HOMD) (Chen et al., 2010). Sequences that matched a species in HOMD

at 100% similarity were designated as a species.
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3.5.7 Statistical analysis

Each participant was treated as a statistical unit, and all statistical tests were used with alpha=0.05.
All analyses were conducted using either R, or GraphPad Prism V.10 software packages. Clinical
parameters such as PPDs, MQHPI, and PMA Index were assessed using repeated measures
ANOVA or the Friedman test if the data distribution was not Gaussian. Beta diversity was
measured through Isometric Log-Ratio (PhILR) transformation (Silverman, Washburne,
Mukherjee, & David, 2017). This analysis was calculated using an open-source fully automated
pipeline developed by the lab (FALAPhyl: available at github.com/khalidtab/falaphyl/). Typical
beta diversity measures cannot account for the repeated measures of sites. To reduce this
confounder into a single time point, we performed a dimensionality reduction by constructing a
tensor that bisects these timepoints into a single distance (Shi et al., 2024). As such, each “sample”
represents the trajectory of microbial change in a site. Alpha diversity metric was measured as a
phylogeny-aware diversity during assembly (designated as D) (Darcy et al., 2020). Linear mixed
model analyses were performed using the R package “Imer”. Network analysis was done using the
package eLSA (extended local similarity analysis) after transformation of the data using a robust
centroid log ratio, then graphed using Gephi (Bastian; Martino et al., 2019; Li C. Xia et al., 2011).
Only edges that are statistically significant (p<0.05) were retained. Differential abundance was
through the package Tweedieverse (Mallick et al., 2022) using the Zero-inflated Compound
Poisson (ZICP) distribution per package developer recommendation for microbial compositional
data
(https://github.com/himelmallick/TweedieLabs/blob/main/R/Tweedieverse_microbiome.html).
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CHAPTER 4: RESULTS
4.1: Proof of Concept: Bacteria internalization in the gingival tissues occurs during
experimental gingivitis
Culture-dependent methods help isolate viable bacterial species. In our study, we aimed to
investigate whether the presence of periodontal pathogens in the gingival tissues is due to invasion
into the periodontal pathogens, or the uptake of microbiome is due to passive presence in immune
cells as a part of immune system antigen processing. This proof-of-concept method also serves to
demonstrate whether these pathogens are able to survive the transport and processing with
gentamicin, as this antibiotic is bactericidal, which requires viable bacteria for it to be effective.
Destruction of extracellular bacteria leaves inter-tissue and intracellular bacteria.
Excised tissues from three patients were utilized in this proof-of-concept. We used selective media
designed to culture previously identified internalizing species. Although standardized buffers and
protocols were used, variations in tissue weights prevented standardization. Therefore, these
culture tests only serve as confirmation of growth and are not to be compared to each other. The
results of the culture confirmed internalization into tissues during induction of inflammation.
Control gentamycin washings confirmed the absence of extracellular bacteria and therefore the
successful of eradication of extracellular bacteria. Therefore, based on these results, further
analyses of the samples were done using culture-independent methods (metataxonomics) to further
identify the microbiome of gingival tissues.
Figure 5 demonstrates that all the four-culture media supported bacterial growth at various stages
of the gingivitis study [Days 7, 14, 21, and control], with no growth in the negative controls.
However, it was not possible to quantify colony-forming units (CFUs) due to the inconsistent

sample sizes of the homogenized tissues.
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Figure 5: Culture-dependent identification of bacteria internalized into gingival tissues.
Tissue samples at various time points in the study [Day 7, 14, 21 and Control] were first treated
with gentamicin to remove any externally attached bacteria. This was followed by homogenization
and plating on culture plates selective for Porphyromonas gingivalis, Aggregatibacter
actinomycetemcomitans, Fusobacterium nucleatum and Tanerella forsythia. The PBS wash

obtained from the tissues after treatment with gentamicin were plated as negative controls.
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4.2: Assessment of changes in clinical parameters during induction and resolution of
gingivitis.

4.2.1. Pre-operative assessment of clinical parameters (effectiveness of randomization)

To ensure there were no systematic differences between the different quadrants assigned for each
time point through randomization, especially considering the involvement of both the maxilla and
mandible, we evaluated several clinical parameters. These included probing pocket depth (PPD),
modified Quigley-Hein plaque index (MQHPI), papillary marginal attachment index (PMA Index),
and bleeding on probing (BOP). This was crucial as patient preferences for certain areas could

potentially influence clinical presentation.

PPD was analyzed using linear mixed models with the following formula:

> ppd = Imer(as.numeric(ppd) ~ quadrant + (1|patientID) + (1|surface)

This formula assesses pre-operative PPD by comparing inter-quadrant measurements for the teeth
included in the study. PPD served as the dependent variable, quadrant as the independent variable
(fixed effect), and patient ID and surface level as random effects variables. Utilizing this linear
mixed model, the following scaled residuals were obtained. The t-tests used Satterthwaite's
method:

REML criterion at convergence: -1785.8

Table 2:Scaled Residuals

Min 1Q Median 3Q Max
-6.442¢-06 0.000e+00 0.000e+00 7.244e-07 7.244e-07

Table 3:Random effects

Number of observations: 88
Groups: PatientID (22); surface (4)

Group Variance Std. Dev.
PatientID 1.071e-02 1.035¢-01
Surface 0.000e+00 0.000e+00
Residual 9.433e-14 3.071e-07
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Table 4:fixed effects

Effect Estimate df t value Pr (>|t])
Intercept 2.89879 0.03273-0.21180 | 88.573 0.288
QuadrantQ2 0.10113 0.05669-0.21180 | 1.784 0.656
QuadrantQ3 0.10108 0.06813-0.21180 | 1.484 0.681
QuadrantQ4 0.10111 0.06123-0.21180 | 1.651 0.666

Table 5:Correlation of Fixed Effects

Intercept Quadrant(Q2 QuadrantQ3
QuadrantQ2 -0.577
QuadrantQ3 -0.480 0.277
QuadrantQ4 -0.534 0.309 0.257

As shown, using quadrant 1 as the reference, there was no statistically significant difference in PPD
between the quadrants pre-operatively. Additionally, no significant differences were found in PPD
or BOP at the pre-operative sites (p > 0.05). However, plaque levels were significantly higher in
the maxilla compared to the mandible pre-operatively. Given that prophylaxis was performed on
all individuals prior to the study's commencement, this finding is likely incidental and of no clinical
significance (p-value = 1.286e-06, Fisher’s exact test). Moreover, the amount of accumulated

plaque may be visible but minimal to the point that they do not have any influence on the BOP.

4.2.2: Clinical Parameters Evaluation During Experimental Gingivitis Induction/Resolution
Upon cessation of oral hygiene, all test sites within the study exhibited expected outcomes —
plaque accumulation was observed, and quantified using the MQHPI, other measures including
PPD, BOP and PMA indices were recorded as well (Figures 6 and 7). Plaque accumulation, as
measured by MQHPI, increased during the induction phase of gingivitis, corroborating the clinical
signs of gingival inflammation observed. Plaque levels at day 21 was statistically significantly
greater than those in control groups (p<0.001). At baseline and the resolution phase, MQHPI scores
were significantly lower indicating the reversal of experimental gingivitis (p<0.05 and p<0.05).
The probing depths remained relatively stable across the various time points, with a significant

increase observed on Day 21 (p<0.05) of the induction phase and no change in the baseline or the
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resolution phases of gingivitis. This suggests that the induced gingivitis did not result in substantial
changes in probing depths. The BOP increased during the experimental gingivitis phase, for both
Day 14 and Day 21, (p<0.01 and p<0.001, respectively) reflecting the inflammatory response to
plaque accumulation. However, BOP levels in the resolution phase were non-significantly changed
from the control, indicating a successful return to periodontal health post-intervention. This
dynamic change highlights the role of BOP as an indicator of gingival inflammation and its utility

in monitoring periodontal health.

During the induction phase of gingivitis, there was a noticeable increase in the papillary and
marginal gingival inflammation, indices suggestive of gingival swelling and inflammation. This
change was statistically significant for all time points compared to the pre- and post-operative
measurements (p<0.01). Upon resolution, the papilla and margin values returned to levels
comparable to the baseline measurements. Similarly, during the inflammatory phase, the
attachment index increased. Alterations in the attached gingiva became apparent on day 21 for
certain participants (p<0.05). However, following the resolution phase, the attachment index

improved significantly, approaching the values observed before the induction of gingivitis.
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Figure 6: Dynamic changes in periodontal health over the induction and resolution of
experimental gingivitis. The box and violin graph depicts the changes in various parameters over
various time points in the study.A. Depicts dental plaque accumulation, assessed by the modified
Quigley-Hein Plaque Index (MQHPI) and graph on right[B] shows the mean probing pocket depths
(PPDs) as measured in milimeters, The bottom graph [C] presents data as percent change in
bleeding on probing (BOP %). The induction phase is shown in yellow. The pre and post-operative
measures [baseline and resolution phases] are shown in turquoise. A decrease in plaque
accumulation, PPDs and BOP % indicates an improvement or a return toward normal gingival
health following intervention. The statistical significance is indicated as “*”(p<0.05) , “**”
(p<0.01), and “***” (p<0.001). The graphs were analyzed using multiple comparisons following
fitting a mixed effects model through repeated measures ANOVA, demonstrating the temporal

changes and the effect of the intervention over the study period.
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Figure 7: Papillary Marginal Attachment Index during Induction and resolution of
experimental gingivitis. The attached box and violin plots provide a visual representation of the
progression and resolution of experimental gingivitis as indicated by the papillary[A], marginal[B],
and attachment[C] indices. The top panel displays the Papillary Index, where an increasing trend
during the induction phase (Turquois) signifies the deterioration in papillary health which then
declines during the resolution phase (Yellow). The middle graph represents the Marginal Index,
following a similar trend of increase during induction and decrease during resolution, indicating a
response to treatment. Finally, the bottom panel shows the Attachment Index, which increases
significantly on Day 21, reflecting potential longer-term changes to the attachment because of the
gingivitis induction, before showing signs of recovery. '**' denotes statistical significance

levels(p<0.01), and "*' indicates p<0.05.
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4.3: Assessment of changes in microbial diversity and composition over the course of
development and resolution of human experimental gingivitis

4.3.1 Alpha diversity analysis of plaque and gingival tissue microbiomes

The alpha diversity analysis of the plaque bacterial microbiome and those internalized into host
gingival tissues was conducted to understand the impact of oral hygiene cessation and the resulting
inflammation on microbial richness and evenness. Chaol index (Chao, 1984) was used to estimate
species richness, while the Inverse Simpson (Simpson, 1949) and Shannon's diversity indices
(Shannon, 1948) were used to assess for both richness and evenness while accounting for
abundances of the taxa. These analyses were performed at various time points, including pre-
operative (pre-op), control, Day 7, Day 14, Day 21, and post-operative (post-op, 7 days after
resuming oral hygiene) for plaque samples, and control, Day 7, Day 14, and Day 21 for tissue
samples. For analysis and comparisons, the Friedman’s non-parametric test for repeated measures

was used.

The Chaol analysis for plaque (Figure 8. Panel A) indicated no significant changes in species
richness across the different time points during induction, suggesting stability in the plaque
microbiome during the induction phase of experimental gingivitis. The Chaol index for gingival
tissues (Figure 8. Panel B) also showed no significant change in species richness from control to
Day 21, indicating a selective environment within the tissues as gingivitis progressed. Similarly,
the Inverse Simpson index (Figure 8. Panels C and D) and Shannon's diversity index (Figure 8.
Panels E and F) revealed no significant changes in plaque samples over time, reflecting stable
diversity and evenness in the plaque microbiome. Both indices also showed stability in observed
ranks within gingival tissue samples, highlighting a stability in diversity and evenness as the
inflammation intensified. These findings suggest that while the plaque microbiome changes during
the study period, the gingival tissue microbiome remains stable, indicating that the tissue

environment is selective to the survival of a few taxa.
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Figure 8: The alpha diversity of the plaque and tissue during experimental gingivitis. The
figures shows plaque bacterial taxa [A, C and E] and those internalized into host gingival tissues
[B,D and F] assessed using Chaol[Top], Inverse Simpson[Middle], and Shannon's
diversity[Bottom] indices. These analyses were performed at various time points, including pre-
operative (pre-op), control, Day 7, Day 14, Day 21, and post-operative (post-op, 7 days after
resuming oral hygiene) for plaque samples, and control, Day 7, Day 14, and Day 21 for tissue

samples.
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The discovery that phylogenetic relatedness between taxa is an important contributor to the
environmental niche occupation has greatly enhanced our understanding of the
microbiome/environment relationship. This has been demonstrated with the popularity of the
various Photogenically-aware dissimilarity measures (collectively known as UniFrac dissimilarity
methods) used in microbial ecology (Lozupone, Lladser, Knights, Stombaugh, & Knight, 2010;
McDonald et al., 2018; Wong, Wu, & Gloor, 2016). In non-phylogenetically aware methods, each
taxon is considered to be wholly dissimilar from the other microbes in the microbiota. On the other
hand, Unifrac dissimilarity methods account for the phylogenetic relatedness by rescaling these
dissimilarities based on the phylogenetic tree distances between the bacteria. Regarding microbial
colonization in human niches, Darcy et al constructed an algorithm, Phylogenetic Diversity during
Assemblage (D), which showed that human microbiome generally follows nepotistic acquisition.
That is, when a bacterium is present in a niche, it is more likely that a phylogenetically related
bacterium would be able to colonize the area (termed, microbial nepotism). As such, we wanted to
examine whether this microbial nepotism phenomenon is present in subgingival plaque and
gingival tissues. We used the Phylogenetic Diversity during Assemblage (D) algorithm on the
experimental gingivitis samples (days 7 through 21) (Figure 9A). The results demonstrated that
plaque’s microbial recruitment follows a nepotistic microbial recruitment pattern (D#0, p=0.005).
On the other hand, microbial recruitment in gingival tissues did not display the same pattern, where
nepotistic recruitment was not statistically different from random assemblage (p=0.053, Figure
9A). The strength of the nepotistic effect of microbial assembly in plaque (estimate of D=-0.33) is
statistically different from that of tissues (estimate of D=-0.154) (p=1.87e-22). When the assembly
effect is scaled to account for the relative abundance of the recruited species (Figure 9B-C), both

plaque and tissues displayed a significant nepotistic recruitment effect.
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Figure 9: Phylogenic diversity (nepotism) during assemblage (D) as a presence/absence
function. A) Violin plot of plaque (blue) and gingival tissue (red). Plaque displayed microbial
nepotism, while gingival tissues did not display similar microbial maturation pattern (p=0.053). B)
When accounting for relative abundance of recruited species, plaque displayed significant

nepotism effect (p=2e-4), and C) the same nepotism effect was seen in tissues (p=0.0052)
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4.3.2 Beta diversity analysis

We further investigated the microbial composition in the two niches. We first constructed a
dissimilarity matrix by utilizing a tensor to account for the trajectory of microbial acquisition in
the samples, so that each trajectory is represented by a single sample (a dot in Figure 10). The

constructed dissimilarity demonstrated that the microbial trajectory in the plaque and gingival

tissue niches are distinct from each other (p<0.05, ADONIS).
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Figure 10: Tensor-based dimensionality reduction for beta diversity. Here each dot represents
the microbial changes across the 4 time points. Plaque samples colored red, and tissue samples

colored green. The global microbial profile measured by the group centroids were statistically

different from each other (p<0.05, ADONIS).

To further understand this trajectory, we constructed a Phylogenetic Isometric Log-Ratio (PhILR)
transformation (Silverman et al., 2017) for global view of the temporal shifts in microbial

composition within subgingival plaque and gingival tissues (Figure 11).
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Figure 11: Beta diversity analysis using Phylogenetic Isometric Log-Ratio (PhILR)
transformation. The x-axis demonstrates the change in the composition between the four time
points: control and day 7 (0_7), between day 7 and day 14 (7 14) and between day 14 and 21
(14_21). The y-axis is the dissimilarity between the different time points as measured by PhILR.
The subgingival plaque timeline was colored blue (left) and internalized bacteria within gingival
tissues was colored red (right). Graph illustrates the median (colored circle) and the 95%
confidence interval (the whiskers) of the dissimilarity. The asterisks (***) illustrate the two time

points that were statistically significantly different.
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The PhILR transformation revealed distinct temporal changes in the microbiome composition
between subgingival plaque and bacteria internalized within gingival tissues (Figure 11). The
composition of the subgingival plaque samples (Figure 11, left panel) displayed continued increase
in dissimilarity within the plaque microbiome, albeit this increase was not statistically significant
(p>0.05, Friedman’s nonparametric rank sum test). In contrast, the dissimilarity in gingival tissue
samples (Figure 11, right panel) exhibited significant temporal variations in the microbial
community composition (p= 0.04115, Friedman’s nonparametric rank sum test). Nemenyi post-
hoc test revealed the decrease in dissimilarity between 7-14 days and 14-21 days to be statistically
significant (p= 0.036). This significant difference indicates that the maturation of the microbiome
in gingival tissues follow a distinct trajectory compared to subgingival plaque. Moreover, this
change coincides with the aforementioned statistically significant increase in bleeding on probing,
which may indicate that it is part of the normal host response to the gingival tissues that follows

changes in the microbiome in the area.

4.3.3 Taxa conserved in plaque and gingival tissues

Next, we wanted to identify whether the compositional changes occurred due to personalized
changes in each individual, or whether samples follow some shared patterns. To conduct this, we
examined the core taxa in the two niches. The corenesss was set at 60%. That is, for a taxon to be
found present, it needed to be seen in 60% of the samples throughout the study. This is a stringent
criterion to ensure the conserved taxa's reliability and relevance and to distinguish the core
microbiome from transient taxa. Figure 12A shows that plaque harbours a larger microbial core
community (blue nodes) compared to gingival tissues (red nodes), underscoring distinct and
selective microbial compositions influenced by unique ecological and immunological conditions.
This selectivity likely reflects the specific environmental pressures of gingival tissues, impacting
which taxa can persist and thrive. Figure 12B identifies taxa common to both environments,
suggesting some level of microbial exchange or ecological commonality, although the smaller
number of shared taxa further emphasizes the distinct microbial communities in plaque and

gingival tissues.
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Figure 12: Analysis of core taxa conserved in subgingival plaque and internalized
within gingival tissues. The core taxa were defined as those present in at least 60% of the
samples. A. The figure shows taxa present in plaque (blue nodes) and gingival tissues (red
nodes). The analysis reveals a higher number of taxa in plaque compared to gingival tissues.
This indicates that the plaque harbors a more diverse microbial community. In contrast, the
gingival tissues exhibit a smaller core, underscoring the environmental pressures exhibited
in this niche. B. This panel identifies the taxa that are common to both plaque and gingival

tissues
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4.3.4: Identifying fluctuations in bacterial taxa during experimental gingivitis.
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Figure 13: Mean relative abundance in subgingival plaque, and gingival tissues. These

species made up at least a mean of 60% of the species in each group.
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Given that subgingival plaque and gingival tissues represent two different environmental niches
that require different microbial virulence factors and nutritional/functional capabilities to survive,
we wanted to illustrate the largest contributors to each time point (Figure 13). Both niches represent
a collection of bacterial members and compositions. Since the progression of experimental
gingivitis is accompanied by dynamic changes in the microbial communities within both
subgingival plaque and gingival tissues, we set out to test the differences in differential abundances

across the different time points and niches.

Several species were statistically significant in all the time points. To reduce the probability of
false positives, we removed statistically significant taxa found in less than 50% of the samples, as
these may represent aberrant data points that are statistically significant because of their rare
presence rather than actual differences in abundance. As such, 7, 10, and 10 species were
statistically significantly different between plaque Control/Day 7, Day 7/Day 14, and Day 14/Day
21 samples (Figure 14-16). In contrast, 3, 7 and 2 species were statistically significantly different
between gingival tissue Control/Day 7, Day 7/Day 14, and Day 14/Day 21 samples (Figure 17-19).
Notably, plaque Leptrotrichia and Prevotella Spps. decreased in the consecutive time points, with
Leptrotrichia spp. then rebounding in day 21. A larger difference was seen between plaque and

gingival tissues across the different time points (tables 6-9).
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Figure 14: Species that were statistically significantly different from the Control and the Day

7 time points in plaque samples (ZICP, p<0.05). FDR-adjusted pvalues are reported.
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Figure 15: Species that were statistically significantly different from the Day 7 and the Day
14 time points in plaque samples (ZICP, p<0.05). FDR-adjusted pvalues reported
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Figure 16: Species that were statistically significantly different from the Day 14 and the Day
21 time points in plaque samples (ZICP, p<0.05). FDR-adjusted pvalues reported

45



LR 3480202 FURC 3 e802 U2 LR U ey
CosMcknt —8.30e—01 Cosmeent ~1.17e+00 CoeMpknt —5.30e—01
e Valie: Day7_Thsues 1e-02] Value: Day7_Thsues Vil Day7_Tesues
£ 1oz | 3203 i,
1 = z
3 = | £
2 = 2
9. i g
g% 5 10z z —’—
£ 2 g1
2 [ 2
1e-03 =
2004
Cortrel Temses (=22] e T Taaoms i Cortrel Tems{=22] D7 Tz i Cortrd Temm (=22] Day7 Temm i

Figure 17: Species that were statistically significantly different from Control and the Day 7
time points in tissue samples (ZICP, p<0.05). FDR-adjusted pvalues reported
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Figure 18: Species that were statistically significantly different from Day 7-14 in tissue

samples (ZICP, p<0.05). FDR-adjusted pvalues are reported
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Figure 19: Species that were statistically significantly different from Day 14-21 in tissue
samples (ZICP, p<0.05). FDR-adjusted pvalues reported
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Comparison  Feature Coefficient Std. error Adj. P value
Control Veillonella dispar -0.654116628 0.20704397 0.00536139
Plaque Streptococcus sanguinis -0.840338298 0.20874667 0.00026327

Streptococcus intermedius -1.112092419 0.217047526 1.81E-06

VeBSUS | Granulicatella adiacens -0.794562165 | 0.211331233 0.00069522

Control Fusobacterium nucleatum -0.427012342 0.179439431 0.04014008
TS subsp. vincentii

Corynebacterium matruchotii | 0.681182336 0.266592519 0.0273222

Peptostreptococcaceae -0.545883192 0.215005232 0.02759948

[X1][G-9] [Eubacterium]

brachy

Treponema socranskii 0.914891728 0.297847191 0.00704454

Olsenella sp. HMT 807 -1.056244352 0.372413098 0.01350117

Ruminococcaceae [G-1] -0.500328969 0.208669834 0.03942489

bacterium HMT 075

Streptococcus mitis -0.694541236 0.262363032 0.02255934

Prevotella sp. HMT 300 1.399611146 0.32770502 0.00010021

Stomatobaculum longum -1.287173082 0.43798729 0.01017624

Kingella denitrificans -0.500221377 0.019250279 7.79E-148

Table 6: Species statistically different in control samples in plaque and tissue (ZICP, p<0.05).
FDR-adjusted p-values and coefficients are reported. Species color indicates higher presence in

plaque (blue) or gingival tissues (red).
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Comparison | Feature Coefficient Std. error Adj. P
value
Day 7 Plaque @ Streptococcus intermedius -0.901788232 0.273866818 0.00337737
Rothia dentocariosa 0.661101446 0.288544 0.04905339
versus Cardiobacterium hominis 0.750079682 0.197387293 0.00062691
) Rothia aeria 0.894221676 0.267484916 0.00303805
Day TTissues | p,...ozella nigrescens 0973839625  0.412301665  0.04192818
Peptostreptococcaceae -0.705378528 0.234851702 0.00812022
[X1][G-9] [Eubacterium]
brachy
Actinomyces gerencseriae -0.741109622 0.255169992 0.01073918
Olsenella sp. HMT 807 -1.810314392 0.381956043 1.06E-05
Ruminococcaceae [G-1] -1.179069674 0.323047682 0.00110368
bacterium HMT 075
Leptotrichia buccalis -0.058756622 0.025397437 0.04697645
Actinomyces sp. HMT 448 -0.510628276 0.000114741 0
Mogibacterium diversum -1.564151114 0.331467744 1.13E-05
Lachnoanaerobaculum -0.826427299 0.301433767 0.01618828

umeaense

Table 7: Species statistically different in day 7 samples in plaque and tissue (ZICP, p<0.05).
FDR-adjusted p-values and coefficients are reported. Species color indicates higher presence in

plaque (blue) or gingival tissues (red).
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Comparison | Feature Coefficient Std. error Adj. P value

Day 14 Plaque Veillonella dispar -0.606194325 0.224079755 0.02003008

Streptococcus sanguinis -0.841358031 0.214693454 0.00036393
versus Cardiobacterium hominis 0.795268472 0.214439937  0.00080391

Day 14 Tissues Leptotrichia hongkongensis 0.890150716 0.316688719 0.01516219
Streptococcus intermedius -1.310440972 0.289739922 2.94E-05
Actinomyces gerencseriae 0.274486637 0.073297501 0.00071676
Peptostreptococcaceae [XI][G- | -1.556697598 0.36553433 9.25E-05
9] [Eubacterium] brachy
Bergeyella sp. HMT 322 0.591878101 0.246751745 0.04191204
Actinomyces johnsonii -1.733416349 0.384368162 3.02E-05
Lachnoanaerobaculum -0.76569692 0.18644938 0.00017476
umeaense
Atopobium rimae -1.031235576 0.28482489 0.00110222
Eikenella corrodens 0.838983899 0.306104506 0.01838463
Mogibacterium diversum -0.835482589 0.344497219 0.0398362
Leptotrichia sp. HMT 215 -0.433096804 6.73E-05 0
Cardiobacterium valvarum -0.443488421 0.014278065 6.11E-211

Table 8: Species statistically different in day 14 samples in plaque and tissue (ZICP, p<0.05).
FDR-adjusted p-values and coefficients are reported. Species color indicates higher presence in

plaque (blue) or gingival tissues (red).
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Comparison  Feature Coefficient Std. error Adj. P value
Day 21 Plaque | Veillonella dispar -0.598768734 0.156020782 0.00056762
Streptococcus intermedius -1.044099713 0.309510704 0.0027154
versus Corynebacterium matruchotii  0.786318465 0.050136534 1.48E-54
Day 21 Tissues Eikenella corrodens 0.500707614 0.13691982 0.00099004
Peptostreptococcaceae -0.908517424 0.316453251 0.01309622
[X1][G-9] [Eubacterium]
brachy
Abiotrophia defectiva -1.491220587 0.254507455 2.48E-08
Streptococcus mitis -0.962923572 0.289339403 0.00305551
Ottowia sp. HMT 894 1.552704745 0.466936737 0.00305551
Mogibacterium diversum -1.137159575 0.450648513 0.03306131
Saccharibacteria (TM7) [G-1]  -0.802624522 0.102905231 3.78E-14
bacterium HMT 957
Veillonella denticariosi -0.480470175 0.044208613 1.10E-26
Lachnoanaerobaculum -0.811565469 0.213107517 0.00061774

umeaense

Table 9: Species statistically different in day 21 samples in plaque and tissue (ZICP, p<0.05).
FDR-adjusted p-values and coefficients are reported. Species color indicates higher presence in

plaque (blue) or gingival tissues (red).
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4.3.5: Microbial interaction networks and diversity dynamics in plaque and gingival tissues

Following the detailed analysis of temporal changes in microbiome composition using PhILR
transformation, we extended our investigation to understand the interactions and directional
influences within the microbial communities of subgingival plaque and gingival tissues. To achieve
this, we employed Extended Local Similarity Analysis (eLSA), a computational method adept at
identifying and quantifying temporal associations and directional interactions in complex
datasets(L. C. Xia et al., 2011). Unlike traditional methods limited to compositional data or unable
to handle longitudinal data, eLSA excels in analyzing a variety of data types, making it particularly
suitable for studying dynamic microbial interactions over multiple time points in both ecological
and clinical settings. By first transforming the data into a Robus Centered Log-Ratio (rCLR) for
both tissue and plaque samples, we were able to transform the data into the Euclidean space,
thereby allowing us to overcome the issue of simplex representation of compositional data, which

allowed us to use eLSA.

Figure 20 illustrates the directed network analysis using eLSA, revealing the interactions between
core plaque taxa (blue nodes) and tissue taxa (red nodes). Positive interactions are represented by
green edges, while negative interactions are indicated by red edges, with statistical significance set
at p<0.05. The size of each node corresponds to its out-degree, signifying the number of taxa it
influences. The network shows a high degree of modularity, indicating that species within the
plaque significantly impact the tissue microbiome. This tight modularity suggests robust and
specific microbial interactions where plaque-associated taxa exert considerable influence on the

microbial communities in gingival tissues.

The results showed that the directional influences were consistent across all time points, meaning
that the significant relationships observed initially were maintained throughout the study period.
Notably, taxa such as OTU1 and OTU2 exhibited consistent directional interactions, indicating
stable ecological relationships. Plaque-associated taxa (blue nodes) predominantly influenced
tissue-associated taxa (red nodes). The node size visually represents this influence, where larger
nodes have more outgoing interactions, indicating greater influence. Positive interactions (green

edges) signify an increase in compositional abundance, while negative interactions (red edges)
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denote a decrease. The consistent relationships across all time points suggest that the microbial
dynamics established early on remained unchanged, underscoring the stability of these interactions.
The findings from network analysis, taken together with the findings from the differences in
microbial richness and evenness during the experimental gingivitis phase across sequential time
points for both plaque and tissue samples indicate that the tissue environment rapidly became less
conducive to a wide range of taxa. This finding suggests a quick adaptation or selective pressure

in the tissue environment that affects microbial diversity more drastically than in plaque.
Overall, these analyses highlight the intricate and stable nature of microbial interactions within

plaque and gingival tissues, while also revealing significant temporal changes in microbial

diversity, particularly within tissue samples during the onset of gingivitis.
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Figure 20: Extended Local Similarity Analysis (eLSA) demonstrating the interactions
between core plaque and tissue taxa A directed network analysis using extended Local Similarity
Analysis (Elsa ) was performed to elucidate the interactions between core plaque taxa (blue nodes)
and tissue taxa (red nodes). This analysis captures both positive (green edges) and negative (red
edges) interactions, with statistical significance set at p<0.05. The size of each node correlates with
the out-degree number, indicating the extent to which each taxon influences others within the

network.
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CHAPTER 5: DISCUSSION
In this study, we characterized the intra-gingival tissue bacterial communities during the induction and
resolution of experimental gingivitis in humans. We believe, up to our knowledge, that this is the first
time that bacterial internalization into the gingival tissues has been examined under the experimental
gingivitis model. The use of this model controls the level of inflammation in the area, as well as the
maturation of the subgingival biofilm, which helps us understand the interplay and the differences
between the subgingival plaque and gingival tissue microbiome.
The human experimental gingivitis model, introduced in the 1960s, was employed to examine host
responses as clinical measures of periodontal health upon cessation of oral hygiene for 21 days.
This model was fully reversible to health within 7 days of resuming oral hygiene practices (Loe et
al., 1965; Theilade, 1996; Theilade et al., 1966). We used a modified version of this model with
partial mouth protocols, rendering each patient as their own control and using an acrylic stent to
facilitate oral hygiene cessation. An alternative method would be to sequentially sample the same
area after a certain period of oral hygiene cessation. This alternative method has the following
disadvantages: 1) longer period of no oral cessation, 2) while multiple sampling from the area has
been shown to not significantly affect the subgingival plaque microbiome(Flavia R. Teles, Anne
D. Haffajee, & Sigmund S. Socransky, 2008) the same is not known for gingival tissue microbiome,
and 3) it is impossible to standardize the environmental exposures that could alter the microbiome

in such long experimental periods.

Our split-mouth quasi-longitudinal method ensures that all areas share the environmental effects
equally. Our method, however, does not account for site-specific differences in the baseline
microbiome in each area. We conducted a scaling and root planing first to help establish a baseline
for each area while exposing them to various oral hygiene cessation timelines. Indeed, when we
examined the global differences between samples during each time point, we found no statistical
difference between the global microbial profiles measured by ADONIS, or between the two using
ANOSIM which compares between-group and within-group differences (unpublished results).
This could indicate 1) the differences between the groups are small enough not to overcome
intergroup differences which indicates the importance of only comparing samples within each
patient therefore illustrating the importance of each person’s journey and needing to use repeated
measures methods, 2) the robust ability of the microbiome to maintain a eubiotic state and recover

after short-term disturbances (Almeida et al., 2020; Bamashmous et al., 2021; Deng, Ouyang, Chu,
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& Zhang, 2017; Kim et al., 2022; Wirth et al., 2022) and/or 3) the oral hygiene cessation effect was
diluted by the microbiota transfer from one area to the other. Indeed, a study that has examined the
effect of localized inflammation on distant healthy areas found that the subclinical alterations in
proinflammatory host mediators and localized microbial changes within the subgingival
microbiome do influence the distant areas in the mouth (Kerns et al., 2023). By eliminating the
subgingival plaque in these areas with a professional OH, we do expect oral hygiene cessation to
have a stronger effect than the site-specific baseline microbiome. In summary, while our method
remains a compromise from a theoretical ideal experimental gingivitis study, we do believe it is
better than the sequential method since it provides the best compromise for patient comfort while

maintaining an adequate comparison between samples.

To confirm our preliminary hypothesis of bacterial internalization during experimental gingivitis,
we used culture-dependent methods to identify bacteria known to internalize into host gingival
tissues. The gentamicin/PBS method required that the tissue samples be homogenized after treating
with gentamicin to lyse extracellular bacteria, followed by DNAase I treatment to remove any
extracellular DNA present in the environment. This means that only inter-and intra-cellular DNA
is available for sequencing. The absence of cultures in the gentamycin washing on control plates
validated our protocol that no DNA remained outside in the environment. However, quantitative
comparisons could not be made due to non-standardized tissue sample weights, and the method's
limitation in removing viable bacteria attached in inter-cellular spaces was noted. The selective
periodontal pathogens such as P. gingivalis, A. actinomycetemcomitans, F. nucleatum and T.
forsythia that were identified using commercially available culture media demonstrated that these

bacteria are indeed present in gingival tissues during the study phases of experimental gingivitis.

Following professional oral hygiene, written and oral hygiene instructions, including the use of a

standardized brush and toothpaste without chemotherapeutic aids was provided. Given that the maxilla

and mandible may exhibit different clinical presentations due to patient preferences or anatomical

differences, we analyzed pre-operative PPD using a linear mixed model approach. No statistically

significant differences between the quadrants were found, suggesting effective randomization. This

was not unexpected given that we chose patients who are clinically healthy, and that the sites that were

chosen were specifically meant to have minimal variations to have a consistent within-subject

environment in our quasi-longitudinal style experiment. Interestingly, while no significant differences
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were observed in PPD or BOP, we did find that pre-operative plaque levels were significantly higher
in the maxilla compared to the mandible (p = 1.286e-06, Fisher’s exact test). However, considering
that plaque was recorded prior to performance of OH, this discrepancy is likely an incidental finding

with no substantial clinical relevance to the study.

Next, we assessed for any differences in clinical parameters during the study between baseline,
induction, and post-operative periods. Our analysis revealed that while probing pocket depths (PPD)
remained stable across the study period, indicating no irreversible periodontal damage, bleeding on
probing (BOP) increased significantly during the gingivitis phase and decreased post-intervention,
reflecting the inflammatory response to plaque accumulation and its subsequent resolution. The
Modified Quigley Hein Plaque Index (MQHPI) showed a similar trend, with increased plaque levels
during the induction phase and significant reduction following the resolution phase. Additionally, the
papilla, margin, and attachment index demonstrated significant changes; the papilla and margin
indices were increased during gingivitis due to inflammation but reverted to baseline levels upon
resolution, and the attachment index showed a decrease during inflammation with a subsequent
recovery post-intervention. The effect being shown first at the papilla was not a surprising finding, as
a similar finding was reported in the classical Loe paper (Loe et al., 1965). As such, in cases were only
the papilla was involved, the effect of the microbial invasion would still be captured since the ENAP
samples most accurately capture the coronal aspects of the tissues. While the compatibility of
subgingival plaque capture with paper points and curettes has been investigated (Belibasakis,
Schmidlin, & Sahrmann, 2014), we caution against comparing ENAP to pocket curettage samples,
without evidence that the two capture similar microbiome. As such, we suggest this could be a fertile
research idea that would help oral researchers standardize our sample capture methods.

We created a repeated-measures-aware distance metric between the samples by creating a tensor that
accounts for the day of oral hygiene cessation. The tensor meant that each patient provided one data
point for plaque and one for gingival tissues, with the distances representing the trajectory of microbial
change in the four time points (Figure 10). These two groups' differences allowed us to devise an
analysis strategy that would specifically examine this microbial trajectory across the different time
points. With the distances from control to day 7 as the baseline, the subgingival plaque had no
statistically significant increase in the change in microbial composition across the other time points.

Gingival tissues, however, had a statistically significant decrease in microbial dissimilarity between
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days 14 and 21, compared to days 7 and 14. We theorize that this is due to the host response to the
microbial profile change that most likely lags the changes during the earlier stages of inflammation.
As gingival inflammation severity increases, the local environment within the gingival tissues
becomes more selective, favouring the proliferation of specific pathogenic species that can survive
this increased host inflammatory response, which results in the reduction of overall microbial
diversity. This phenomenon has been documented in other studies examining microbial shifts during
periodontal disease (Manzoor et al., 2024). The reduction in microbial diversity during disease
progression may also reflect the competitive advantage gained by certain pathogens under
inflammatory conditions, where dysbiosis induced by inflammation enhances the growth of specific
pathogenic bacteria while suppressing commensal species, leading to a more homogenized and
pathogenic microbiome.

Due to the large number of core taxa in both subgingival plaque and gingival tissues (Figure 9), we
suspected these areas would have a predictable recruitment strategy for the microbiota that is
conserved across different species based on their phylogenetic similarity (called microbial nepotism),
as explained by Dary et al their examination of the human microbiome. While subgingival plaque did
follow microbial nepotism, gingival tissues did not. This meant that virulence factors related to
microbial fitness in tissue invasion are not phylogenetically conserved. To our knowledge, this is the
first human environment that has such a presentation.

The large difference shown in Figure 10 between subgingival plaque and gingival tissues are in line
with studies indicating that the gingival tissues exhibit a unique microbiome composition, influenced
by both intrinsic and extrinsic factors (Griffen et al., 2012). This difference encouraged us to examine
the two sample types across different time points as our study design gave us the unique opportunity
to examine the changes between plaque and gingival tissues at each time point. Many differences in
species were found between subgingival plaque and gingival tissues, both qualitatively (coreness in
Figure 12) and quantitatively (Tables 6-9 and Figure 13). This indicates that the two environments
cannot be considered to mirror each other, and that each should be studied as their own separate entity,
and to study the effect of one on the other using methods that recognize this directional effect. The
microbiome in the subgingival plaque preferentially organizes themselves in predictable structures
that may not be reflected in the typical undirected co-occurrence networks (Diaz & Valm, 2019). The
method we chose, Extended Local Similarity Analysis — eLSA, specifically looks at the effect of

species in a directed way. We were encouraged to see that most of the subgingival plaque microbiota
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directly influenced the gingival tissue microbiota (graphically shown in Figure 17 with the size of the
node reflecting the number of connections coming out from it). This reflects the expected physical
reality: subgingival plaque microbiota directs the changes in gingival tissue microbiota. This method,
however, gave us distinct modules (groups) in which only specific subgingival plaque microbiome
influenced specific gingival tissue microbiome and not the expected “hairball” appearance seen in
undirected co-occurrence networks. This greatly simplifies the analysis of such networks, where only
a small number of bacteria influence a small number of others. This, again, may reflect the physical
reality in which the spatial organization of the subgingival microbiome physically puts a small number
of species close to the gingival tissues with the exclusion of others. This method gives us candidate
connections can be examined in both microbial organization in biofilms and how that differs in their
effect in gingival invasion. Streptococci species had a direct, positive connection to Porphyromonas
gingivalis in our graph. This may reflect the fact that Streptococci species provide streptococcal
antigen I/II molecules that work as also function as adherence molecules by Porphyromonas
gingivalis’s minor fimbrial antigen (Mfal) (Roky, Trent, & Demuth, 2020). Although examining each
connection would be advantageous, understanding these connections goes beyond this study,
especially since there may be third-order, fourth-order or beyond connections that would modify these
connections. We encourage researchers to develop further methods that would help us identify the
most significant groups of nodes that exert the maximal effect beyond the pairwise differences.

Overall, our study provides a comprehensive analysis of microbial communities' interactions and
diversity dynamics in subgingival plaque and gingival tissues. The distinct microbial compositions
and the selective environment of gingival tissues highlight the complexity of oral microbiome

interactions and their implications for oral health.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS
6.1. Strength and limitations of the study:
6.1.1. Strengths:
This study provides a comprehensive analysis of the dynamics of the subgingival microbiome and its
interaction with host gingival tissues during the development and resolution of experimental
gingivitis, employing a high-throughput approach with 16S rDNA sequencing. The study design
allows each patient to serve as their own control through partial mouth protocols and the use of acrylic
stents to ensure the cessation of oral hygiene, thereby making it easy for the patient to comply with
the study without whole-mouth cessation of oral hygiene measures.
One of the key strengths of this study is the utilization of paired models to understand the interactions
between plaque and tissue microbiota within the same person. The data was analyzed using the
Human Oral Microbiome Database (HOMD) to identify the taxa. Moreover, the utilization of HOMD
provided us with a higher resolution phylogenic tree than what would be possible if we constructed
the tree based on the short-reads used in this study, as the HOMD phylogenic tree accounts for the
entire 16s sequence through a construct that uses several technologies of short and long reads.
Moreover, since HOMD classification uses the entire sequence of the 16s, it provides a stringent and
reliable framework for identifying conserved taxa, which help us distinguish fundamental microbial
populations from transient or less prevalent taxa, thereby enhancing the robustness of microbial
analysis(Dewhirst et al., 2010; Griffen et al., 2012).
The study design, employing both alpha and beta diversity analyses, allows for a detailed assessment
of microbial diversity and composition changes over time. Alpha diversity measures, such as the
Chaol(Chao, 1984), Inverse Simpson(Simpson, 1949), and Shannon indices(Shannon, 1948),
provide insights into species richness and evenness within the microbial communities. This dual
approach provides a nuanced understanding of how microbial communities shift in response to
induced gingivitis. Additionally, Beta diversity metrics, enhanced by techniques like Phylogenetic
Isometric Log-Ratio (PhILR) transformation, offer a nuanced understanding of community structure
and phylogenetic relationships(Silverman et al., 2017). The usage of analysis techniques such as
extended Local Similarity Analysis (eLSA) (L. C. Xia et al., 2011) also enable precise tracking of

microbial interactions and directional influences within these communities.
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6.1.2. Limitations:

While unique in its exploration, this pilot study is not without its limitations. The small sample size
and lack of homogeneity among participants—most of whom were college-educated graduates—may
limit the generalizability of the findings. The large age bracket and the unbalanced male-to-female
ratio further contribute to this limitation. These demographic factors could introduce bias, as the oral
microbiome may be influenced by age, gender, and socioeconomic status. Despite these constraints,
the use of each patient as their own control helps mitigate some variability, enhancing the internal
validity of the study.

Additionally, the study design necessitates sampling different areas across multiple time points, as
opposed to the classical “same area, multiple time” approach of experimental gingivitis. Although
previously shown that multiple sampling by curette yields similar retrieved microbiome therefore it
does not completely eliminate the subgingival plaque necessitating the restart of the experiment from
day zero(F. R. Teles, A. D. Haffajee, & S. S. Socransky, 2008), the same has not been verified for
tissue sampling. This means that alternatives to the classical method needed to be devised, such as
our “multiple spots of different times sampled at once”. By using this method within the same patient
post-prophylaxis, we can better control for environmental effects as all sites have had the same
environmental exposure throughout the study. The limitations of this method, however, is that it may
introduce potential variability in the tissue sampling process that could affect the results, as well as
inherent characteristics within each site that are not present in others. To address this, future studies
could implement more precise sampling techniques, or alternative sampling strategies, or use
advanced imaging technologies to ensure consistent exploration of the gingival tissues.

Another limitation is our ability to make quantitative comparisons on the “proof of concept” culturing
experiment due to non-standardized tissue sample weights and the limitation in the method's ability
to remove bacteria attached in inter-cellular spaces. This methodological constraint highlights the
need for more refined techniques to accurately quantify bacterial internalization in future studies.
While these limitations hinder quantitative comparisons in culturing, one of the strengths of our study
is the utilization of compositionally aware techniques that internally standardize the measurements
as “parts of a whole”, which alleviates the issue of different sampling weights, and sequencing
coverage across the different samples. Moreover, the qualitative insights gained in this study are still

valuable for understanding the dynamics of the oral microbiome.

61



Furthermore, the potential for microbial transmission from one local site to another cannot be entirely
ruled out. However, based on the design of the study, we expect this distant transmission to 1) be
equally applicable to all sites, thus equalizing their effect, 2) have a smaller impact than local effects,
otherwise, the microbial community would be identical across all sites, which is not observed, and 3)
be a natural phenomenon in the oral cavity irrespective of the experimental gingivitis study design.
Therefore, expecting no effect from distant sites is contrary to the natural dynamics this clinical study
aims to mimic.

In summary, while this study provides valuable insights into the subgingival microbiome's dynamics
during experimental gingivitis, addressing these limitations in future research could enhance the

robustness and generalizability of the findings.

6.2 Overall conclusions

This quasi-longitudinal study investigated the dynamic interplay between the subgingival plaque
microbiome and the internalized microbiome within gingival tissues during the induction and
resolution of experimental gingivitis. Our findings underscore a pivotal role of microbial selection
in shaping the progression of gingival inflammation, revealing distinct ecological shifts and

interactions within these microbial communities.

A key observation was the differential response of plaque and tissue microbiomes to the cessation
of oral hygiene. While plaque demonstrated a resilience in species richness, the gingival tissues
exhibited a selective pressure, favoring specific taxa as inflammation progressed. This suggests
that the tissue environment becomes increasingly selective under inflammatory conditions,

potentially due to host immune responses and altered tissue microenvironments.

Furthermore, the study revealed a fascinating pattern of microbial nepotism in plaque, where
phylogenetically related bacteria tended to get recruited with time. This phenomenon, however,
was not observed in gingival tissues, indicating that the factors influencing bacterial internalization
and survival within tissues are not solely determined by phylogenetic relationships. Instead,
specific virulence factors and adaptive mechanisms likely play a crucial role in determining which

bacteria can successfully invade and persist within gingival tissues.
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The analysis of microbial interactions using eLSA highlighted the significant influence of plaque
bacteria on the tissue microbiome. This directional interaction suggests that changes in the plaque
community can directly impact the composition of bacteria within gingival tissues, potentially
contributing to the inflammatory process. The identification of specific taxa and their interactions
provides valuable insights into the potential key players in the development and progression of

gingivitis.

Overall, this study provides compelling evidence for the importance of microbial selection and
ecological interactions in shaping the oral microbiome during gingival inflammation. The distinct
responses of plaque and tissue microbiomes, the absence of microbial nepotism in tissues, and the
directional influence of plaque on tissue communities underscore the complexity of host-microbe
interactions in periodontal health and disease. These findings have significant implications for
understanding the pathogenesis of gingivitis and developing targeted interventions to modulate the

oral microbiome and promote periodontal health.

6.3 Future directions
The findings of this study add to the very limited pool of knowledge in the area. Future research
possibilities stemming from the present findings are multiple including:

Host immune response and bacterial internalization:

Longitudinal immune profiling: A comprehensive longitudinal analysis of host immune responses

in the experimental gingivitis model can be conducted on the host GCF and tissue samples. This
would involve measuring cytokine and chemokine levels in gingival crevicular fluid (GCF) and
saliva at multiple time points throughout the induction and resolution phases. Correlating these
immune profiles with the bacterial internalization data would identify specific immune signatures
associated with bacterial invasion and persistence.

Single-cell transcriptomics: Single-cell RNA sequencing can also be performed on host tissues to

characterize the transcriptomic profiles of gingival epithelial and immune cells during experimental
gingivitis. This would allow for the identification of specific cell types and pathways involved in
the host response to bacterial internalization.

Innate immune receptors: Innate immune receptors, such as Toll-like receptors (TLRs) and Nod-

like receptors (NLRs), are instrumental in recognizing and responding to internalized bacteria. An
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assessment of expression and activation of these receptors in gingival tissues and assessing their
impact on downstream immune signaling pathways could provide invaluable information on early
disease mechanisms.

Adaptive immune responses: The role of adaptive immunity, including T cells and B cells, in the

response to bacterial internalization could involve assessing their functional responses to

internalized bacteria.

Functional consequences of bacterial internalization:

Function of the epithelial barrier: The epithelial barrier is critical to bacterial internalization. An

assessment of integrity and function of the gingival epithelial barrier during the various phases of
induction and resolution of experimental gingivitis, can identify factors playing a role in its
breakdown. This could involve assessing the expression of proteins involved in maintenance of
tight junctions and measuring epithelial permeability in the presence of internalized bacteria.

Signaling of inflammatory pathway: An examination of the intracellular signaling pathways

activated by internalized bacteria in gingival epithelial and immune cells could involve assessing
the activation of NF-kB, MAPK, and other inflammatory signaling pathways and their impact on

the production and release of inflammatory mediators.

Therapeutic implications:

The identification of specific bacterial adhesins, invasins, or host cell signaling pathways involved
in bacterial internalization opens avenues for developing novel anti-invasive therapies. These
therapies could aim to inhibit bacterial uptake by targeting these molecules or pathways, thereby
limiting bacterial invasion and subsequent inflammation. The experimental gingivitis model used

in this study provides a valuable platform for testing such therapies in a controlled human setting.

Additionally, this model can be utilized to investigate the potential of immunomodulatory therapies
to enhance the host response against internalized bacteria. By administering cytokines,
chemokines, or other immune modulators, their efficacy in promoting bacterial clearance and
resolving inflammation can be assessed. To complement these in vivo studies, developing in vitro

models of gingival epithelium and immune cells would allow for a more mechanistic understanding
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of bacterial internalization and host immune responses in a controlled environment, free from the

complexities of individual patient variability and extrinsic factors.

Finally, integrating multiple "omics" approaches, such as metagenomics, metatranscriptomics, and
metabolomics, can provide a comprehensive understanding of the complex host-microbe
interactions during experimental gingivitis. This holistic approach can reveal key molecular
signatures and pathways associated with bacterial internalization and host responses, ultimately
leading to the development of novel, personalized strategies for the prevention and treatment of

gingivitis and periodontitis.
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