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Abstract
Periodontitis is described as the inflammation of the periodontium and affects millions of people
worldwide. This disease is caused by biofilm growth of certain bacteria on the tooth surface,
adjacent to the gum tissue in the oral cavity. There are currently treatments against severe
periodontitis, such as oral surgery and use of broad-spectrum antibiotics, but they fail to target
the specific bacteria associated with periodontitis. Socransky et al., (1998), identified the
preponderance for specific organisms in distinct areas of the subgingival pockets to associate
with different bacteria forming consortia and complexes. The yellow complex, containing
facultatively anaerobic, Gram positive Streptococcus oralis, Streptococcus mitis, Streptococcus
gordonii, Streptococcus sanguinis and Streptococcus intermedius were the focus of this research.
These bacteria form biofilms; enabling protection against the host immune system, sequestration
of nutrients, and the formation of mixed communities. The streptococcal species that comprise
the yellow complex contain adherence sites for other pathogenic bacteria, aiding in the
progression of periodontal disease. This research focused on evaluating strategies and chemical
efficacy to eliminate these organisms, which could lead to improved treatments against
periodontitis. Yellow complex bacterial biofilms were analyzed both individually and as a
multispecies biofilm. It was determined that under anaerobic conditions, with an absorbance of
2.3, the yellow complex form a slightly larger biofilm compared to aerobic conditions, with an
absorbance of 2.1. Some members, S. intermedius and S. sanguinis, grew slower with a lower
total cell biomass, an OD of approximately 1.0 under aerobic conditions, and 1.15 under
anaerobic conditions, when compared to the other members with optical densities up to 1.4.
Additionally, the multispecies biofilms were treated with two antimicrobial agents, hydrogen
peroxide (0.01-10%) and sodium peroxide (5-55 mg/mL) using two techniques, co-inoculation
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and pre-formed biofilms. The minimum biofilm eradication concentration determined for coinoculation varied between the aerobic and anaerobic environments. Key findings included that it
was 7 mg/mL and 55 mg/mL of sodium fluoride that eradicated the yellow complex biofilms
under aerobic conditions with pre-grown monoculture biofilms and pre-grown consortia
biofilms, respectively, whereas, under anaerobic conditions, it was 55 mg/mL of NaF that
eradicated the pre-grown monoculture biofilms, notably higher compared to exposure under
aerobic conditions. Unfortunately, an MBEC value was not determined for pre-formed biofilms
with the use of sodium fluoride. Unlike with sodium fluoride, the yellow complex biofilms had a
higher resistance to hydrogen peroxide. The MBEC was determined to be 0.02% of H2O2 on pregrown monocultures, but was not determined under any other conditions tested. Further, in an
effort to more accurately identify the specific yellow complex members showing high resistance
to the treatment compounds tested, primers were designed. It was found that the primers lacked
uniqueness due to the similarities within the members genomes. Three of the primers tested, even
though not unique, were specific to their target DNA. With this, standard curves, indicating
number of gene copies per mL, were generated for some yellow complex members through
qPCR. Ratios of each member within the biofilms were unable to be established for the yellow
complex and, therefore, the population proportions were not determined. Ultimately, this
research deepened our understanding of how the yellow complex members work together to
form biofilms and, additionally, how the biofilms perform in the presence of an antimicrobial.
This information can be used to improve the effectiveness of current treatments, such as the
addition of antimicrobials and antibiotics to infected areas, which can aid in reducing the bacteria
that cause periodontitis and its long-term effects.
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Chapter 1: Introduction
Periodontitis is described as the inflammation of the periodontium and affects millions of
people worldwide. This disease is caused by the biofilm growth and subsequent biofilm
development of certain bacteria within the pockets of the gum tissue (Socransky et al., 1998).
There are currently treatments against severe periodontitis, such as broad-spectrum antibiotics
and oral surgery, but they do not target specific bacteria, such as the oral streptococci that play a
major role in the progression of the disease. The yellow complex, containing facultatively
anaerobic, Gram positive Streptococcus oralis, Streptococcus mitis, Streptococcus gordonii,
Streptococcus sanguinis and Streptococcus intermedius is the focus of this research. All the
species in this consortium are members of the normal human oral microbiota, but are capable of
opportunistic pathogenicity (Socransky et al., 1998). Finding a way to eliminate these organisms
may be an effective approach for the mitigation of mixed pathogenic consortia and could lead to
novel treatments against periodontitis. The goal of this research was to improve our knowledge
of periodontal disease and its progression by better understanding the yellow complex.
1.1 Periodontal Disease
In the oral cavity microbial communities make up an oral biofilm, (Banthia et al., 2011),
which forms on the tooth. Biofilm material is used to protect against the host immune system, as
well as sequestering nutrients, which is beneficial in promoting further biofilm growth (Banthia
et al., 2011). Periodontal disease is characterized as chronic inflammation of the oral cavity
caused by bacteria, which eventually destroys the periodontium, and is the leading cause of tooth
loss worldwide (Darveau, 2010). This disease begins as dental plaque (Sbordone et al., 2003),
with biofilm growth in the pockets of the gum tissue, adjacent to the alveolar bone and
subgingival tissue. The biofilms contribute to gingivitis, in which there is inflammation and
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bleeding of the gums and, progresses to damage the tissue and bone surrounding the tooth (refer
to Figure 1.1), as well as the tooth itself (Darveau, 2010). Eventually, periodontitis leads to
alveolar bone loss, the bone that supports the root structure of the tooth, leading to the eventual
loss of the tooth (Darveau, 2010).

Figure 1.1: Periodontal Disease Effects on the Tooth and Gum Tissue. Figure a) depicts a
diagram of the tooth with well-developed tissue on the left and degradation on the right due to
periodontal disease. Figure b) indicates an x-ray of a molar, the right side indicates the space that
forms due to the breakdown of the alveolar bone. Image from Kshirsagar et al. (2009).
1.2 Biofilms
Many biofilm studies focus on single species biofilms, but it is important to examine
mixed community biofilms because this is commonly found in nature. Biofilms are found in
many different environments such as water systems, soils, plants and the human body (skin,
gastrointestinal tract and oral cavity). This is possible due to their adherent nature and the wide
variety of organisms in each environment. A biofilm can be defined as a collection of cells that
have formed an extracellular matrix, adhering to a surface irreversibly and requiring intercellular
signalling (Watnick et al., 2000). Bacteria have the ability to live as free floating (planktonic)
cells or in a biofilm, (refer to Figure 1.2). Biofilms form by adhering to a surface and over time
cells can break off, passively through physical shear stress or actively through environmental
changes, such as alteration in nutrient availability or oxygen fluctuations (Kostakioti et al.,
2

2013). The bacteria are then able to adhere to other surfaces and begin to form new biofilms. A
wide variety of structures and molecules are used to aid in attachment to surfaces, such as,
polysaccharides, flagella, fimbriae, outer member proteins and pili (Renner, 2011). It is with
these organelles, the charge of the cell, and the surface charges in the surrounding environments,
that the bacteria can adhere to a surface (Renner, 2011). Biofilms consist of cells embedded in a
matrix called extracellular polymeric substance (EPS), consisting of DNA, lipids, carbohydrates
and proteins that also assist in adhesion to surfaces. It is this matrix that provides the biofilm
with protection against host responses, provides stabilization on the surface through adhesion,
and entraps nutrients for the bacteria in the biofilm (Berger et al., 2018; Renner, 2011). It is
beneficial for microorganisms to form biofilms as this layer is helpful with adaptation to
environmental changes, such as change in nutrient availability. Additionally, the microorganisms
within a biofilm are able to alter their gene expression, which further aids in protection against
antibiotics, antimicrobials, disinfectant agents, pH changes, and host defense mechanisms
(Berger et al., 2018). On the other hand, free floating planktonic bacteria lack a more protective
barrier and are more susceptible environmental changes, such as the addition of an antibiotic.
Therefore, biofilms typically resist antimicrobials and antibiotics more readily than planktonic
cells. One explanation for this, as described in a paper by Borriello et al. (2004), was that in a
biofilm there can be nutrient limitations, leading to slower growth. Therefore, it has been shown
that antibiotics are less effective at eliminating cells that are in a stationary or nongrowing phase,
such as that often encountered in a well-developed biofilm (Borriello et al., 2004).
When forming a biofilm, organisms can colonize a biotic surface, for example, teeth or
bones, or an abiotic surface, such as dentures or catheters. This difference makes it more difficult
to identify target therapies to eliminate the biofilm because they have the ability to form on
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different surfaces. Initial attachment to a surface is critical for the bacteria and the biofilm, either
continuing to form a complex, mature biofilm or becoming a planktonic cell once again (Figure
1.2). After a mature biofilm has formed, the biofilm development will reach homeostasis or
cease. Over time, planktonic cells can disperse, due to shear stress or for the progression of a
disease, and these bacteria can start to adhere on another surface in the host, restarting the
biofilm cycle (Berger et al., 2018).

Figure 1.2: Stages of Biofilm Formation. (1) A species of oral bacteria in a planktonic state will
adhere to a surface irreversibly. (2) Once initial attachment has taken place the monolayer and
EPS begin to form. (3) A thicker layer of bacteria forms, and (4) the biofilm matures and cells
can disperse and begin forming a biofilm on the same surface or another surface. Image from
Vasudevan (2014).
Many bacteria have differing metabolic by/end-products and this is helpful when forming
a biofilm. Some species can produce an end-product that supports another species growth and
metabolism, this is helpful in forming a multispecies biofilm (Lee et al., 2013). For example, it
has been shown that there is syntrophic metabolism between Burkholderia and Pseudomonas.
Burkholderia will metabolize chlorophenyl and excrete chlorobenzoate that can then be
metabolized by Pseudomonas (Lee et al., 2013). The adverse is also possible wherein, the
4

metabolic by/end-products of one species may be harmful to the growth and proliferation of
another species (O’Toole et al., 2000). In a study done by Banks et al. (1991), it was observed
that if there was intense competition for resources, such as with Hyphomicrobium biofilms being
overgrown and invasive, they produce factors that negatively affected the growth and
proliferation of Pseudomonas putida. The majority of biofilms are multi-organismal, multiple
species present in a single biofilm, which is helpful in nature. This allows organisms to share
genetic information between one another, that some may be lacking, and have higher degrees of
differentiation, as seen with the bacteria associated with periodontal disease.
1.3 Biofilms in Periodontal Disease
The microbial species within the oral microbiome are entrenched within biofilms. These
biofilms begin as dental plaque and if not properly treated and/or removed, the gums surrounding
the tooth/teeth will become severely inflamed and the initial infection has the potential to
develop into periodontal disease. The biofilms produced by periodontal bacteria form in two
locations; supragingival, above the gingival margin, and subgingival, which is beneath the
gingival margin (Banthia et al., 2011). When plaque develops it can penetrate between teeth and
below the gingival margin, making it difficult to remove, such as when brushing and/or flossing.
These areas are also hard to reach with treatments such as antibiotics as they are unable to
penetrate the site of infection. Once this biofilm continues to develop deep below the gingival
margin it will start damaging the tissues around the tooth (Figure 1.3).
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Figure 1.3: Periodontal Disease Progression. The first image indicates the appearance of a
healthy tooth. The middle image portrays the change in appearance as plaque begins to adhere to
the surface and the gum line of the tooth. The last photo depicts inflamed gums and acid
production, degrading the tooth surface, resulting from non-removal of plaque. Image from
Vasudevan (2014).
Oxygen is present in the oral cavity, but beneath the tooth surface the microenvironment can
become anaerobic. The oral cavity is typically a well-aerated environment but few microbes
present in the oral cavity are truly aerobic species, the majority are facultative anaerobes or
obligate (strict) anaerobes (Muhammed et al., 2012). The oxygen metabolism and exchange
within the biofilm between different aerobic and facultative anaerobic species have a significant
role for the survival of obligate anaerobes (Huang et al., 2011). It is extremely difficult for an
obligate anaerobe to live in a primarily aerobic environment without assistance from aerobic or
facultative anaerobic species. Therefore, facultative anaerobes consume the oxygen in the
environment, resulting in lower levels of oxygen that produces a local redox potential gradation,
providing an overall local anaerobic condition (Huang et al., 2011).
Oral biofilms have been found to be involved in a wide variety of microbial infections,
possibly leading to other diseases. Some examples include dental caries, periodontal disease,
otitis media, musculoskeletal infections, osteomyelitis, native valve endocarditis, and cystic
fibrosis pneumonia (Banthia et al., 2011; Socransky et al., 2013). Treatments against oral
biofilms include periodontal surgery, antibiotics, and various antimicrobial compounds such as
6

sodium bicarbonate and hydrogen peroxide for topical application (Banthia et al., 2011). A
drawback with these current treatments is that most fail to target the specific bacteria that cause
chronic periodontitis, including the yellow complex streptococci (Socransky et al., 1998).
Specifically, with periodontal surgery, once the tooth is removed, there is a possibility that the
periodontal disease-causing bacteria may have already dispersed onto other tooth surfaces and
infected the gum tissue in a new area to begin the cycle of infection again. Treatments that target
specific bacteria to remove and stop this progression are required to support periodontal surgery.
1.4 Bacteria Causing Periodontal Disease
Socransky, an important scientist in both microbiology and periodontology, and his
colleagues, were some of the first to perform an in-depth study on characterizing the periodontal
disease-causing bacteria. Using depth in the gingival margin as a criterion, specific groups of
bacteria were assigned to different levels of penetration (Socransky et al., 1998). The oral
microbiome was characterized to contain five common complexes based upon their location and
interactions, (Figure 1.4). First, the purple complex are bacteria that are closest to the tooth
surface and gum line, containing the phylum Firmicutes (Socransky et al., 1998). Below the
purple complex were the green complex containing Actinobacteria and Proteobacteria
(Socransky et al., 1998). The yellow complex was found to be located in the middle of the five
complexes, consisting of facultative anaerobes containing five different Streptococcus species
from the phylum Firmicutes (Socransky et al., 1998). Deeper down was the orange complex
containing the genus Fusobacteria. Finally, the red complex, consisting of three bacteria are
deepest into the periodontal pocket. This complex is composed of the phyla Spirochetes and
Bacteriodetes (Socransky et al., 1998). The red complex contains only strict anaerobes, whereas,
the other four complexes are made up of facultative anaerobes (Socransky et al., 1998). The
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deeper into the gingival pocket the bacteria exist in, changes in the environmental conditions
take place, such as oxygen presence and pH. In order for the disease to progress, the complexes
must interact and form attachments with one another, and the yellow complex plays an important
role in this aspect. Specifically, these members have been found to have adherence properties for
the orange and red complex, additionally acting as a protection barrier from oxygen, as they are
facultative anaerobes, for the red complex (Avila et al., 2009).

Figure 1.4: Periodontal Complexes in the Subgingival Pocket. The locations of the bacteria are
based upon their depth in the subgingival margin. The purple complex is the closest to the tooth
surface and red is the furthest down the gingival pocket. Figure adapted from Socransky et al.
(1998).
1.4.1 Streptococci in the Oral Cavity
The yellow complex consists of members of the Streptococcus genus, which are one of
the most invasive groups of bacteria, divided into 49 species, as well as eight subspecies
(Krzyściak et al., 2013). Of these, 35 species have been identified as sources of invasive
infections in humans (Krzyściak et al., 2013). The streptococci that are the focus of this research
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are from the oral cavity, but streptococci can also often be found in the intestines, skin and
respiratory tracts of humans. With respect to the oral cavity, Streptococcus oralis, Streptococcus
mitis, Streptococcus gordonii, Streptococcus sanguinis and Streptococcus intermedius
(Socransky et al., 1998) are the five organisms, which together represent the yellow complex.
The yellow complex bacteria are part of the viridans group streptococci (VGS), which are human
commensal organisms that are able to colonize the genitourinary tract and oral cavity, and,
within this group, they are separated based upon phenotype (Doern & Burnham, 2010). All the
species of the streptococci in this region are members of the “normal” human oral microbiota,
but are capable of opportunistic pathogenicity (Socransky et al., 1998). This means that the
organisms ordinarily reside in the oral cavity, forming biofilms, and when the host immune
system is lowered, for any reason, this gives them the opportunity to start causing infection and
disease. Streptococci in the oral cavity are facultative anaerobes, meaning they can thrive in
environments both with or without oxygen. Specifically, they prefer anoxic environments but can
survive in the presence of oxygen. Thus, these organisms occupy a niche that shelters other strict
anaerobic, oral pathogenic organisms from oxygen, such as the red and orange complex
organisms, Porphyromonas gingivalis and Fusobacterium nucleatum (Stingu et al., 2008).
Oral streptococci have the ability to inhibit some pathogens through metabolic
antagonism, or by directly inactivating or inhibiting them. For example, the production of H2O2
by S. sanguinis and S. gordonii can inhibit the persistence of Streptococcus mutans, an oral
pathogen (Abranches et al., 2018). Moreover, these bacteria are associated with shallow pockets
in the gums that are less than 3 mm deep (Stingu et al., 2008). Development of the oral
microbiota is heavily influenced by these streptococci, and they are considered the main group of
early colonizers, which make up over 80% of early biofilm constituents (Kreth et al., 2009). The
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initial attachment of oral streptococci determines the composition of later colonizers in the oral
biofilm and impacts the health or disease status of the host (Kreth et al., 2009). This initial
adherence is important for the progression of periodontal disease as these bacteria act as the
framework for the bacteria deeper in the subgingival pocket, such as the orange and red
complexes. The streptococcal species present in the oral cavity have three main physiological
and functional features allowing them to survive in the oral cavity environment; adhesion, acids
production, and ability to inhabit an environment with wide pH, osmolarity and oxygen
fluctuations (Krzyaściak et al., 2013; Abranches et al., 2018). Therefore, the role of streptococci
in the development of oral diseases is best described in the context of bacterial ecology, which is
further influenced by interactions with host epithelial cells, the immune system, and salivary
components (Kreth et al., 2009).
1.4.2 The Yellow Complex Biofilm
The most important feature of streptococci with respect to community colonization in the
oral cavity is their capacity to facilitate adherence, and this leads to variations in their ability to
form biofilms with other organisms (Nobbs et al., 2009). The first step in oral biofilm formation
is the attachment of the acquired pellicle, which is a thin protein-containing film. After this,
bacteria adhere to the pellicle, such as the initial colonizers, the yellow complex streptococci.
Streptococci alter the initial attachment surface, the tooth, by modifying the structure to have
different metabolic and surface properties, and by expressing surface proteins that interact with
the salivary pellicle that is formed on the tooth. The altered surface properties then cause changes
in the microenvironment, creating a new niche for other bacteria to colonize (Nobbs et al., 2009).
Once adhered, streptococci initiate biofilm development by expressing surface proteins that
interact with specific components of the salivary pellicle that are formed on the tooth surface
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(Nobbs et al., 2009). Once this early biofilm has been established by the initial streptococci
species colonizers, then other organisms can adhere through cell-cell interactions, or by binding
to extracellular substances (Nobbs et al., 2009). After attachment, cell division and multiplication
occur that produces an increased population size and other microorganisms begin to adhere,
leading to a mixed species community (Nobbs et al., 2009). There are three mechanisms that
allow streptococcal proteins to be held at the cell surface (Nobbs et al., 2009). First, they can be
covalently anchored at the C-terminus to the cell wall peptidoglycan (Nobbs et al., 2009).
Second, the proteins may be tethered to the cell membrane through N-terminal modifications
with lipoproteins (Nobbs et al., 2009). Lastly, they may be kept on the cell surface, or bound
back to the cell surface, through noncovalent interactions with cell surface components such as
other proteins or polysaccharides (Nobbs et al., 2009). Some members of the yellow complex,
such as S. oralis, demonstrate poor biofilm-forming capabilities on abiotic surfaces, therefore it
is important that this organism forms stronger connections to other bacteria, such as S. gordonii
(Loo et al., 2000). Additionally, it has been determined that S. intermedius can produce
hyaluronidase, which has the ability to break down the hyaluronan (HA), an important
component within the extracellular matrix. This causes the eventual breakdown of adhesions and
the extracellular matrix components; thereby destabilizing the host cellular structures within the
biofilm, promoting detachment (Pecharki et al., 2007). The yellow complex members play
important roles in biofilm formation and further in the progression of periodontal disease.
1.5 Current Treatments for Periodontitis
At present, there are broad treatments against periodontal disease, but more targeted
approaches need to be identified. Antimicrobials, including antibiotics and surgery are among the
most current treatments, but recent concerns regarding the higher number of organisms showing
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resistance to antibiotics and other antimicrobials, indicates these treatments should be replaced,
or combined, with a more targeted approach. Since there are many species of bacteria that make
up the oral microbiota, treatments are needed that can target all aspects of detrimental biofilm
development.
Most current interventions are able to eliminate some periodontal pathogens, but not
others. Treatments such as scaling and root planing are able to remove those bacteria closer to
the surface of the tooth such as Campylobacteria rectus (Slots et al., 2000). However, these
procedures are unable to penetrate deep into the subgingival margin to reach red and yellow
complex bacteria, such as P. gingivalis and Streptococcus (Slots et al., 2000). A current
treatment is the administration of systemic antibiotics that can penetrate the periodontal pockets
and tissues from the bloodstream and reach those bacteria otherwise too distant for topical
antibiotics and cleaning devices (Slots et al., 2000). Issues that arise with systemic antibiotics
include that there is a wide variety of microorganisms in the periodontal pocket, each with
differing susceptibilities and resistances to antibiotics. Therefore, these antibiotics are not able to
eliminate all the organisms that are causing disease in the periodontal region. Recently, there has
been a rise in drug combination therapies due to the periodontal region harbouring mixed
community biofilms (Slots et al., 2000). Another issue that arises with treating these periodontal
biofilms with antimicrobials is that biofilms are much more resistant to antimicrobials than
planktonic bacteria (Drenkard, 2003). The exopolymeric matrix, a complex structure composed
of polysaccharides, proteins and DNA, provides a greater barrier than any material planktonic
cells may generate and, therefore, removing the biofilms becomes more difficult (Dertli et al.,
2015; Maunders & Welch, 2017). This complex matrix protects against harsh conditions, such as
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dehydration, and influences the physiochemical characteristics of the cell surface, impacting
bacterial adhesion and colonization (Dertli et al., 2015).
Previous research has shown that oral hygiene products containing sodium fluoride,
hydrogen peroxide and sodium bicarbonate are potentially helpful in the elimination of bacteria
associated with periodontitis (Mandell, 1983; Hossainian et al., 2011; Nechacov, 2019). For
example, fluoride has been shown to decrease plaque build-up on the tooth surface as well as
prevent tooth decay (Mandell, 1983). Fluoride is often used in the form of sodium fluoride
(NaF), is present in toothpastes and mouthwashes and has been found to have effects on
periodontal bacteria, including, S. mutans, S. sanguinis, Streptococcus salivarius and
Campylobacter concicsus (Mandell, 1983; Mazza et al., 1980). The mechanism of action of
fluoride has many proposed concepts and theories, but these hypotheses have not been confirmed
to date (ten Cate, 1999; Kanduti et al., 2016). However, fluoride has shown effects such as
enhancing the remineralization of the decalcified parts of the enamel that aids in reducing
sensitivity in the tooth and periodontal pocket (Mazza et al., 1980). Fluoride effectiveness
depends upon pH, concentration and duration of exposure, but there is potential for fluoride to
reduce periodontal disease (Mazza et al., 1980).
Hydrogen peroxide has been used in the periodontal and dentistry world for almost 100 years
(Marshall et al., 1995). This antimicrobial is delivered into the periodontal pocket through
mouthwashes and toothpastes. H2O2 has been found effective against other oral pathogens at
concentrations between 1 and 3% (v/v) due to its antimicrobial ability against bacteria, spores,
fungi, yeasts and viruses (Rashed, 2016; Boateng et al, 2011). Additionally, hydrogen peroxide
has been found effective in reducing pocket depths of 4 mm or more and reduced signs of
gingival inflammation and bleeding (Rashed, 2016). This compound is a highly reactive oxidant
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and has the potential to exert toxic effects on Gram-positive and Gram-negative organisms
sensitive to intermediate forms of oxygen (Marshall et al., 1995). For hydrogen peroxide to be
effective, as well as other antimicrobials, such as sodium bicarbonate, the duration of exposure
as well as the concentration used are important (Marshall et al., 1995; Boateng et al., 2011).
H2O2 was able to reduce plaque, gingivitis, and periodontal disease by being delivered deep into
the pockets (Marshall et al., 1995). The oxygenic affects are able to disrupt the growth of the
strict anaerobes, affecting the overall progression of the disease. Additionally, it has been also
explained that two of the yellow complex members, S. gordonii and S. sanguinis, are endogenous
sources of peroxide stress in the oral cavity. These two yellow complex members produce
bactericidal amounts of hydrogen peroxide against some other oral bacteria, such as S. mutans,
possibly as a competitive measure during biofilm development (Baldeck & Marquis, 2008;
Zheng et al., 2011). More studies have shown that the production of hydrogen peroxide causes
the release of DNA from bacteria, facilitating gene exchange, and shown to promote and support
oral biofilm formation (Baldeck & Marquis, 2008; Zheng et al., 2011; Okahashi et al., 2013).
1.6 Research Need
Periodontal disease is one of the leading causes of tooth loss worldwide with the potential to
have negative impacts on other health complications such as diabetes and Alzheimer’s (Darveau,
2000; Banthia et al., 2011). The yellow complex bacteria are considered to provide a protective
layer for other periodontal disease-causing bacteria, including the red complex bacteria, P.
gingivalis, Treponema denticola, and Tannerella forsythia, which are considered strict anaerobes
(Socransky et al., 1998; Avila et al., 2009). Additionally, the yellow complex produces
attachment sites for these red complex bacteria and other pathogenic bacteria (Socransky et al.,
1998; Avila et al., 2009). Knowing this, it is important to find a way to eliminate these
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organisms as this may be an approach to the treatment and prevention of deeper gingival
penetration and more severe periodontitis. Removing the streptococci species from the tooth
surface is beneficial because it may lead to the elimination of adherence opportunities for other
pathogenic species that also contribute to more advanced stages of periodontitis. Previous
research has investigated the ability of specific antimicrobial agents to fight against periodontal
disease (Gawande et al., 2008), but little research has focused on the specific effects against
bacteria making up the yellow complex. The goal of this research was to improve our overall
knowledge of periodontal disease and its progression by better understanding functional aspects
of yellow complex biofilm formation, which can assist with identification of measures to slow or
even stop contributors to periodontitis and its negative effects.
1.6.1 Research Question and Hypothesis
The question that was addressed throughout this research of periodontitis-associated
streptococci developed from a need for more specific and in-depth research on the yellow
complex biofilms. Specifically, this research addressed the question: Can the yellow complex
biofilm be targeted using specific treatment compounds in order to shift the biofilm formation
dynamics or eliminate the biofilm all together and help lead to treatments against chronic
periodontitis? It was hypothesized that by identifying targeted treatments it may be possible to
eliminate most or all the yellow complex species in this biofilm that may impact the further
development of deeper periodontal bacteria, leading to potential treatments against this disease.
1.6.2 Specific Research Objectives
The research goals for this project were developed from the need to identify novel
treatments against the streptococci species in the yellow complex. In order to address the
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research question stated above and test the described hypothesis, three specific objectives were
established:
(1) Characterize optimal growth conditions of the yellow complex, and further detect how
they form biofilms both independently and as a community.
(2) Treat the yellow complex biofilms with antimicrobial agents, such as sodium fluoride, in
order to eliminate some or all of the yellow complex members, which may aid in
preventing the progression of periodontal disease.
(3) Quantify and analyze the yellow complex biofilms pre and post treatment to establish
ratios of each member from the yellow complex within the community biofilm.

16

Chapter 2: Experimental Approach and Methods

Figure 2.1: Experimental Approach. Flow chart outlining the approach taken to answer the
research question by showing each objective and the techniques used to fulfill them.
2.1 Experimental Approach
To investigate the three primary research objectives different experimental methods and
techniques were used. This included molecular-based and culture-based techniques to better
understand the yellow complex microorganisms both individually and together, and how each
organism responded as a monoculture and within the complex.
2.2 Compounds Used for Experimentation
The medium used for the growth of the yellow complex both individually and as a
complex was Bacto brain heart infusion (BHI) and was purchased from Becton, Dickinson
Company (Missisauga, ON). For treatments, sodium fluoride was purchased from Matheson
Coleman and Bell (Norwood, OH) and hydrogen peroxide from Biobasic Markham, ON. For the
crystal violet protocol, crystal violet was purchased from Biobasic Markham, ON, and the acetic
acid from Thermo Fisher Scientific (Nepean, ON). The glycerol used to make stocks of each
yellow complex individual was purchased from Biobasic Markham, ON.
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2.3 Optimal Growth Conditions for Yellow Complex
2.3.1 Bacterial Storage and Growth Conditions
Streptococcus oralis ATCC 35037 and Streptococcus gordonii ATCC 10558 were
obtained from American Type Culture Collection (ATCC, Manassas, VA). Streptococcus mitis
ATCC 49456, Streptococcus sanguinis ATCC 29667, and Streptococcus intermedius ATCC
27335 were obtained from BEI Resources (BEI Resources, Manassas, VA). The strains were
kept in 25% (v/v) glycerol stock solutions and stored in the Thermo ScientificÔ FormaÔ Series 86°C upright ultra-low temperature freezer (Thermo Scientific, Waltham, MA) set to
-80°C.
All five Streptococcus organisms were grown individually in BHI broth. 100 µL of each
species were inoculated into test tubes that each contained 10 mL of the medium and incubated
at 37°C for 24 hrs. These bacteria are facultative anaerobes, meaning they can live in both oxic
and anoxic conditions (Kreth et al., 2009). Accordingly, they are able to grow under both
conditions. When grown anaerobically, the bacteria were cultivated in the Bactron II Anaerobic
Chamber with the gas mixture of 90% N2, 5% H2, and 5% CO2 by volume, at 37°C for 24 hrs.
2.3.2 Bacterial Growth and Biofilm Formation
To understand how the yellow complex forms biofilms, both individually and as a
complex, static biofilm assays were performed both aerobically and anaerobically. The static
biofilm assay follows a protocol established by a previous Slawson lab student, Sidney Nechacov
(2019). These methods were modified from O’Tootle and Kolter (1998) and Narita et al. (2014).
Static biofilms were established in a round-bottom 96-well microtiter plate (Sarstedt; Numbrecht,
Germany). The assay was performed on each individual yellow complex bacterium and on the
multispecies complex and the cultures were inoculated into the 96-well plates and grown for 24
18

hrs at 37°C. Once this protocol was optimized, the assay was used for subsequent
experimentation to test different treatments on the complex.
The assay was optimized as follows: each yellow complex species was grown
individually in test tubes of BHI broth for 24 hrs at 37°C. After this time period, the optical
density (OD) was taken at 600 nm using cuvettes containing 100 µL of each culture. This step
was performed either aerobically, using a BioDrop, equipment used to accurately and simply
quantify small volumes using spectrophotometry, or anaerobically, using a Biochrom Novaspec
III spectrophotometer (Biochrom Ltd, Cambridge, UK). Each culture was then diluted relative to
the density of the lowest OD. The bacteria were then mixed in equal proportions to allow growth
in a multispecies biofilm. 200 µL of this mixed cell suspension in BHI was then inoculated into
the 96-well plate in replicates of six. Control wells that included only brain heart infusion broth
were uninoculated in replicates of six to reduce variability. Sterile DI water was added to the
perimeter wells of the plate to provide a source of humidity and prevent as much evaporation as
possible from the plates during incubation. Parafilm was used to seal the plates, which were then
placed on top of a water bath to maintain humidity and aid in preventing evaporation.
Each plate had a designated time to be removed and analyzed. This involved determining
the OD600 nm using the spectrophotometer to assess the total cell biomass. This includes all cells
such as planktonic cells and attached biofilm material. The crystal violet assay was then
performed. When optimizing the assay, it was found that most of the yellow complex bacteria
form very loose biofilms, suggesting a fragile glycocalyx. Therefore, the assay could not be
followed as indicated by previous studies (O’Toole et al., 2000; Nechacov, 2019).
The supernatant, which includes the planktonic cells, was removed using a multichannel
pipette. Typically, these procedures use phosphate-buffered saline (PBS) to remove planktonic
19

cells before staining, but this step was removed from the protocol for the yellow complex
biofilms due to their fragile nature. When PBS was added to the 96-well microtiter plate the
biofilm cells would disperse, again due to their loose biofilm formation. Throughout different
trials it was determined that the biofilms would not disperse if a lower volume of liquid was
added to the wells. In addition to removing the PBS step, a lower volume of crystal violet stain
was added to the wells, the concentration remained the same. The attached biofilm material was
stained with a total volume of 50 µL (instead of 100 µL) of 1% (w/v) crystal violet for 15
minutes, which allowed for the biofilms to be visualized (Loo et al., 2000). After staining, the
excess stain solution was removed with a multichannel pipette, and then the stained cells were
washed twice with 100 µL of deionized water, decreased from 200 µL, in order to remove any
excess stain. The water was removed and the plate was left to dry for 18-36 hrs. After this time,
200 µL of 30% (v/v) acetic acid was added to the wells and mixed to solubilize the biofilms. An
absorbance reading was then taken of the plate using the spectrophotometer at a wavelength of
600 nm. This shows the amount of biofilm estimated to be present, where a high absorbance
value indicates higher biofilm amounts and a low absorbance value indicates lower biofilm
formation. These values were recorded as absorbance values instead of optical density values, as
used pre-crystal violet assay, because the amount of crystal violet absorbed is relative to high or
low biofilm material. Moreover, optical density values record all growth (total cell biomass),
which includes the supernatant containing BHI broth and planktonic cells. A two-sample t-test,
assuming unequal variances, was performed to identify any statistically significant differences
between the aerobic and anaerobic environments with regards to total cell biomass and biofilm
formation, where a p-value of £ 0.05 is statistically significant (Xu et al., 2017; Shakeri et al.,
2018).
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2.3.3 Testing the Effects of Treatments on the Yellow Complex Biofilms
As described above, the static biofilm assay was used to assess the effects of different
treatments on the yellow complex. In each assay, there were eight concentrations tested, 6 wells
for each concentration (Table 2.1), plus 6 positive control wells that include the yellow complex
without any treatment and 6 negative control wells, brain heart infusion broth uninoculated. The
assays were run for 10 days and analyzed to assess any changes in the biofilm formations.
Treatments were performed by co-inoculation, defined as inoculation of treatment
compound and bacteria at the same time, under both aerobic and anaerobic conditions, as well as
on pre-formed biofilms, defined as addition of a treatment after the biofilm has formed in the 96well plate for 24 hrs, under aerobic conditions. There were two methods used for co-inoculation
under aerobic conditions. First, the bacteria were pre-grown as monocultures in test tubes for 24
hrs and then mixed together and co-inoculated into the 96-well plate with differing
concentrations of a treatment. Second, the five organisms were grown together in a single test
tube for 24 hrs and co-inoculated with treatment compounds at the point of inoculation.
Hereafter, these two methods will be referred to as pre-grown monocultures and pre-grown
consortia, respectively. With regards to pre-formed biofilm experimentation, the yellow complex
members were grown individually for 24 hrs, mixed, and inoculated in a 96-well microtiter plate
for an additional 24 hrs prior to exposure. Additionally, on day 0, an OD600 nm reading was taken
to determine the total cell biomass before exposure to an antimicrobial. This experiment differed
from the co-inoculation assay as differing volumes of yellow complex cell suspension were
added to the wells on day 0 to adjust for a total well volume of 200 µL. Consequently, the wells
containing a higher volume of antimicrobial had lower cell volumes added and, therefore,
formed smaller biofilms after 24 hrs, and those with lower antimicrobial volumes had higher cell
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volumes added, forming larger initial biofilms. Sodium fluoride was dissolved in deionized water
and filter-sterilized using 0.2 µm filters (83.1826.001 Filtropur S 0.2, Sarstedt). Hydrogen
peroxide, 30% (v/v), a liquid substance was diluted in deionized water then filter sterilized.

Table 2.1: Concentrations Used for Treatment Compounds, Aerobically and Anaerobically
Treatment
Aerobic
Aerobic
Anaerobic
Aerobic
Co-inoculated
Co- inoculated
Co- inoculated
Pre-formed
Pre-grown
Pre-grown
Pre-grown
Biofilm
Monocultures
Consortia
Monocultures
NaF
5, 6, 7, 8, 9, 10, 5, 6, 7, 8, 9, 10,
5, 6, 7, 8, 9, 10,
10, 15, 20, 25,
15, 20 mg/mL
15, 20, 25, 30,
15, 20, 25, 30,
30, 35, 40, 45
35, 40, 45, 50, 55 35, 40, 45, 50, 55
mg/mL
mg/mL
mg/mL
H2O2
0.01, 0.015,
0.01, 0.015, 0.02, 0.01, 0.015, 0.02, 1, 2, 3, 4, 5, 6,
0.02, 0.025,
0.025, 0.03,
0.025, 0.03,
8, 10%
0.03, 0.035,
0.035, 0.04, 0.05, 0.035, 0.04, 0.05,
0.04, 0.05, 0.1,
0.1, 0.15, 0.2,
0.25, 0.50, 0.75,
0.15, 0.2, 0.25,
0.25, 0.3, 0.35,
1.0, 1.25, 1.50,
0.3, 0.4%
0.4, 0.5, 1, 1.5, 2,
2.0, 2.50%
2.5, 3, 4, 5%
Co-inoculated- bacteria and treatment compound are added to the wells at the same time.
Pre-formed- the biofilm is developed over 24 hours and the treatment compound is added post biofilm development.

These treatments were selected following results established by Nechacov (2019), as well
as considering current clinical treatments for periodontal disease (Mandell, 1983; Rashed, 2016;
Silhacek et al., 2005). These treatments included hydrogen peroxide and sodium fluoride based
on their presence in oral healthcare substances, such as toothpastes and mouthwashes (Rashed,
2016).
2.4 Quantitative Molecular Techniques
2.4.1 Quantitative-Polymerase Chain Reaction
Growth of each yellow complex member required a standard curve to be generated that
provides a metric for the number of gene copies per mL for each organism. This was useful in
establishing the baseline ratios for each organism in the complex. Due to competition and other
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factors such as survivability, some yellow complex organisms might be present in higher
quantities than others in consortia-grown culture.
To generate the standard growth curves for the yellow complex bacteria, a DNA
extraction was performed. 100 µL of stored cultures of verified individual species was added to
10 mL of BHI broth and grown for 24 hrs to exponential phase and the DNA was extracted from
each 24 h culture using the extraction kit protocol. The DNA extraction kit used was DNeasyÒ
PowersoilÒ Kit by Qiagen (Hilden, Germany). To begin, the bacteria were added to an
Eppendorf 5702 Centrifuge (model no. 5702 000.019; Hamburg, Germany) and centrifuged at 13
000 x g for approximately 10 min. The pellet was then added to a PowerBead microcentrifuge
tube and 60 µL of the solution C1 was added to the tube or tubes. (Refer to Table B1 in
Appendix B for explanations of solutions used during DNA extraction). The tubes were then
vortexed for 10 minutes at maximum speed. After the vortexing time, the tubes were centrifuged
at 10 000 x g for 30 s in an Eppendorf 5415D Centrifuge (model no. 22 62 120-3). The
supernatant was transferred a new tube and 250 µL of solution C2 was added and vortexed for 5
seconds to mix. Following this, the tubes were incubated at 4°C for 5 minutes and then
centrifuged for 30 seconds. Next, the supernatant was transferred to a new tube and 200 µL of
solution C3 was added and follows the same steps as previously stated for solution C2. After
transferring to a new tube, 1200 µL was added of solution C4 and vortexed for 5 seconds. 675
µL was then loaded onto a MB spin column and centrifuged for 1 minute, the flow through was
discarded and repeated until all is processed. 500 µL of solution C5 was added and centrifuged
for 30 seconds, the flow through was discarded and the spin column centrifuged again for 1
minute. The MB spin column was then put into a clean test tube and 100 µL of solution C6 was
added to the column and the tube centrifuged for 30 seconds. The MB column was removed and
23

disposed of and the contents left in the centrifuge tube was the DNA that was then stored at 80°C until needed for qPCR.
2.4.2 Primer Design
After a successful DNA extraction, qPCR was run with primers that select for a specific
gene in each individual organism. The yellow complex bacteria are all streptococci and, therefore,
share a lot of the same genes. A database (patricbrc.org) was referenced to identify specific genes
that are present in one but not the other to create unique primers. After many attempts at designing
primers through patricbrc.org it was determined that the organisms are too similar to one another.
Dr. Gabriel Moreno-Hagelsieb at Wilfrid Laurier University was able to run all five organisms
against each other using an ad hoc program to determine differences in their genomes. Based on
1000 bp differences primers were designed. Table 2.2 displays the primer sequences for each
organism that were tested, though later some were determined not to be unique.

Table 2.2: Primers Designed to Test for Specificity and Uniqueness
Organism
Primer
Primer Sequence (5’ to 3’)
Streptococcus oralis

SO F
SO R

GAAAATGGCAAAAACGGGTG
CTGACCGCAAAATCCATCTG

Streptococcus gordonii

SG F
SG R

GTCACCTTACAGTCATAGCCTG
CCGGCTCTTGATCCAAATAATC

Streptococcus
intermedius

SI F
SI R

CCACACGAAGCAGTTATGATG
CTTTTCGCCATCCAAGTAGG

Streptococcus sanguinis

SS F
SS R

GGAACCCCAATTCACTTGATTG
CCTTCTGTCCGAATCTTACC

Streptococcus mitis

SM F
SM R

CCGTATTGGGAAAAAATGGG
GCCAAAACAAAGACAAGTGGC
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2.4.3 Testing Primer Uniqueness and qPCR
To determine if primers were specific and unique to each individual organism, PCR was
performed against a specific signature of an organism’s DNA with all five sets of primers. For
example, in order to do this, five different master mixes were established that each contained S.
gordonii DNA and a different set of primers, corresponding to the five primer sets in Table 2.2.
When run on an agarose gel, bands corresponding to amplified sequences should not be present
for any other product other than the primer set designed for S. gordonii. This process was
repeated for each yellow complex member’s DNA. The agarose gel was produced using 1.8 g of
agarose into 100 mL of TAE making buffer, stained for 30 minutes using ethidium bromide and
imaged and viewed on a Bio-Radä GelDocä XR (Bio-Rad Laboratories Inc., Hercules,
California USA).
The qPCR protocol that was followed was established by Nechacov (2019), and used the
SsoFastÔ EvaGreenÒ Supermix from Biorad (Hercules, CA). The protocol in the Bio-RadÒ
iCycler IQÔ consisted of: enzyme activation at 98°C for 2 minutes. Next, 30-40 cycles of
denaturation at 98°C for 5 seconds, then 11 cycles of annealing and extension at 60°C for 10
seconds. Lastly, a melt curve was constructed at 65-95°C and each step was increased by 0.5°C
increments for 10 seconds. In the qPCR reactions they were 20 µL reactions with 10 µL of
SsofastÔ EvaGreenÒ Supermix, 0.8µL: of 10 µM forward and reverse primers, 6.4 µL
RNase/DNase-free PCR-Grade water, and 2 µL of template.
The way the DNA sequence gets visualized is through the dye in the qPCR supermix
called EvaGreen, which binds to the dsDNA. The dsDNA fluoresces exponentially over multiple
cycles due to amplification of the amplicon. The higher the fluorescence, the higher the quantity
of target sequences in the reactions. A dilution is carried out between 100 and 10-5 for the DNA
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of each yellow complex bacteria and therefore a standard curve can be formed. The curve is
formed due to the threshold cycle (Ct), the cycle at which the fluorescence level reaches a certain
amount (Rao et al., 2013), set by the iCycler software (version 3.1). Each yellow complex
bacterium was used and following this method, standard curves were generated and melt curves
were generated. (Refer to Chapter 5 and Appendix A for each individual yellow complex
member standard curves and melt curves). Melt curves are used to ensure there were no primer
dimers formed during the qPCR experiment.
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Chapter 3: Detecting How the Yellow Complex Form Biofilms Both Independently and as a
Community
3.1 Overview
The first step in assessing optimal growth conditions for the yellow complex bacteria and
further identifying how they form biofilms was done using static assays. Static assays are a
useful tool in analysis of crude growth and biofilm development and became most popular in the
1990’s as reviewed by Merritt et al. (2005). The first form of the assay was developed by
Christensen et al. (1995) and the optimal 96-well microtiter plate experimentation that is
commonly used today was prepared by O’Toole and Kolter (Merritt et al., 2005). This method
uses an abiotic surface for attachment and is beneficial due to its high-throughput capabilities.
Crystal violet, the dye used in this assay, is positively charged and, therefore, is able to bind to
negatively charged molecules on the surface of the cellular matrix. Biofilm analysis and
assessment was finalized semi-quantitively by using acetic acid to solubilize the crystal violet
stain (Merritt et al., 2005; O’Toole et al., 2000).
3.2 Methodological Approach
All five yellow complex organisms were grown in BHI broth to determine their growth
individually and as a community. 100 µL of each species, from glycerol stocks, was inoculated
into test tubes that contained 10 mL of the medium and these tubes were incubated at 37°C for
24 hrs. For the individual assays, after 24 hrs of growth, the cultures were inoculated into
SarstedtÒ 96-well round bottom microtiter plates and incubated at 37°C for another 24 hrs. For
yellow complex community biofilm assays, the OD of each bacterial culture was read after 24
hrs and then cultures were suitably diluted, appropriate volumes were mixed together to provide
equal cell numbers of each species, and inoculated into SarstedtÒ 96-well round bottom
microtiter plates and incubated at 37°C for another 24 hrs. For both individual and community
27

biofilm assays, after this time the OD at 600 nm was read on the spectrophotometer and a crystal
violet static biofilm assay was performed. Refer to Chapter 2 for methodological approach for
the crystal violet assay.
All individual and community biofilm assays, seen in Figures 3.1-3.8, were performed in
triplicate to optimize results and reduce the possibility of variability, with a total of 48 replicates
in each plate. Additionally, there were 12 control wells in each plate, 6 on each end of the plate,
containing only BHI broth to monitor potential contamination and to display the optical density
(total cell biomass) and absorption (biofilm material) data for wells containing no cells. The
negative controls are subtracted from the values shown in each graph. The error bars depicted in
each figure throughout this chapter are representative of standard deviation between plate
replicates.
The purpose of this phase of the research was to analyze how the yellow complex form
their biofilms both individually and as a community, under aerobic and anaerobic conditions.
Both aerobic and anaerobic assays were performed on individual yellow complex members as
well as for the community biofilms (all strains mixed together in the well). Due to the facultative
nature of these streptococci it is important to understand how they form their biofilms under both
conditions. The data collected from this phase of the research was used in the design of
additional experimentation when treating the biofilms with antimicrobial agents.
3.3 Results and Discussion:
The bacterial growth seen after 24 hrs and biofilm generated post crystal violet assay will
be referred to as high, moderately high, moderate or low amounts. For discussion purposes
please refer to summary Table 3.1 for total cell biomass and absorbances values and ranges for
each yellow complex organism.
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Table 3.1: Total Cell Biomass and Absorbance Ranges Defined by Biofilm Abundance
Between Yellow Complex Bacteria After 24 Hours of Growth
Total Cell Biomass
Attached Cells
Biofilm Formation
Organism
(OD 600nm)
(Absorbance 600nm)
Abundance
> 1.4

> 2.2

High

S. mitis

1.2-1.4

1.8-2.2

Moderately high

S. oralis
S. gordonii

0.5-1.1

1.4-1.7

Moderate

S. intermedius
S. sanguinis

< 0.5

< 1.4

Low

Not applicable

(Haney et al., 2018 & Nechacov, 2019)

3.3.1 Streptococcus oralis Static Biofilm Assay
Streptococcus oralis is known as one of the earlier colonizers of the tooth surface in
plaque formation (Cabal et al., 2012). It is important to study this yellow complex member as S.
oralis is a known cause of subacute bacterial endocarditis, further showing how damaging this
bacterium can be (Do et al., 2009). Total cell biomass for S. oralis both aerobically and
anaerobically reached a moderately high optical density after 24 hrs, and this encompassed all
cells, such as planktonic cells (Figure 3.1).
As displayed, S. oralis grew well independently and in the graphs shown for S. oralis
under both conditions tested, the absorbance reading post crystal violet assay presented a
moderately high biofilm forming value. The total cell biomass seen in the top figure, depicting
both aerobic and anaerobic environments, show a significant difference between the
environments, aerobically there was a higher total cell biomass, with a p-value of 0.01 (p-value
of £ 0.05 is statistically significant (Xu et al., 2017; Shakeri et al., 2018)). This means that there
was a higher number of planktonic cells under aerobic conditions. But when looking specifically
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at the biofilm formation in both aerobic and anaerobic environments (lower portion of the
figure), there was no significant difference.
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Figure 3.1: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
S. oralis. The top graph indicates total cell biomass through optical density that includes all cells,
such as planktonic cells, p-value=0.001. The bottom graph depicts only biofilm material. A pvalue of £ 0.05 is statistically significant.
This organism forms a more loosely packed biofilm, which was observed qualitatively, as
it was easily dispersed during the crystal violet assay. In a study done by Loo et al. (2000), it was
stated that for organisms to adhere to the thin pellicle layer on the tooth surface they needed
“colonization factors” that allow for binding to abiotic surfaces. Some of these factors include a
mannose-sensitive hemagglutination pilus and the type IV pili (Loo et al., 2000). In this study it
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was described that S. oralis demonstrates poor biofilm-forming capabilities and this is due to its
lack of effective colonization factors for binding to abiotic surfaces. S. oralis is a main
contributor in plaque formation and one of the early colonizers because it is able to bind to other
cells (Loo et al., 2000). Rogers et al. (2000) explained that intrageneric coaggregation is
prevalent among viridans streptococci, which S. oralis is a member of, and it is through cell-tocell adherence that these organisms can colonize with one another or the tooth surface. As seen
in subsequent experimentation on the other yellow complex members, S. oralis grows relatively
well compared to S. intermedius and S. sanguinis.
3.3.2 Streptococcus gordonii Static Biofilm Assay
Streptococcus gordonii is also among the viridans group streptococci of bacteria; these
are known human commensal organisms that colonize the genitourinary tract and oral cavity
(Doern & Burnham, 2010). The bacteria in this group are considered to have low pathogenic
potential in immunocompetent individuals but in others can cause severe invasive disease (Doern
& Burnham, 2010). S. gordonii is among the first oral bacteria that initiate plaque formation,
similar to S. oralis. These initial tooth colonizers are among the majority and most frequently
cultivated bacteria in plaque (Loo et al., 2000).
The total cell biomass, which includes planktonic cells, for S. gordonii was very similar
to that of S. oralis, reaching a moderately high optical density after 24 hrs (Figure 3.2).
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Figure 3.2: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
S. gordonii. The top graph indicates total cell biomass through optical density that includes all
cells, such as planktonic cells, p-value=0.008. The bottom graph depicts only biofilm material. A
p-value of £ 0.05 is statistically significant.
The amount of biofilm generated was relatively similar to that of S. oralis. With that,
when comparing the biofilm forming ability, qualitatively, of S. oralis to that of S. gordonii, the
S. gordonii biofilms were more tightly compact and did not disperse as easily when performing
the crystal violet assay. When S. gordonii biofilms were observed under anaerobic conditions the
results were comparable to the aerobic data. Similarily to that seen with S. oralis, there was a
significant difference in total cell biomass between the environments, with aerobic incubated
generating a higher total cell biomass, p-value=0.008, but, the biofilm material produced was not
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significantly different, again, showing that there was potentially higher planktonic cell growth
under aerobic conditions. Loo et al. (2000) stated that anaerobically the biofilms for S. gordonii
were heavier and more uniform compared to aerobic biofilms. However, in this study,
qualitatively analyzing the biofilms in the 96-wells plates, and performing the crystal violet assay
both anaerobically and aerobically on these biofilms, there was no noticeable difference detected
between the heaviness and uniformity of the biofilms, formed similar to that observed previously
with S. oralis.
S. gordonii has good biofilm-forming capabilities on abiotic surfaces, which may be due
to adhesion-related genes that other streptococci, such as S. oralis, are lacking (Loo et al., 2000).
a-Amylase is one of the most abundant enzymes in saliva and has a high binding affinity to oral
streptococci (Rogers et al., 2001). S. gordonii has multiple amylase-binding proteins,
additionally, an adhesion related gene, a-amylase-binding gene (Loo et al., 2000; Rogers et al.,
2001). Therefore, in the oral cavity, S. gordonii possessing the a-amylase-binding proteins
promotes biofilm formation on saliva-coated tooth surfaces (Loo et al., 2000; Rogers et al.,
2001). As there was no saliva used in these trials, S. gordonii must possess other adhesion related
genes to surfaces or within the individual biofilm, without the use of saliva. Current research has
been studying mannose-sensitive hemagglutination pilus and type IV pili as being important for
adhesion in biofilm formation in other bacteria. There is thought that S. gordonii may use an
overlap of factors for adhering to abiotic surfaces. As S. gordonii is one of the first colonizers of
the tooth, having adhesion mechanisms is important because if other yellow complex bacteria are
lacking adhesion to abiotic surfaces and other attachment mechanisms, they still have the
potential to form attachments to S. gordonii and persist in the biofilm.
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3.3.3 Streptococcus mitis Static Biofilm Assay
Streptococcus mitis is amongst some of the most abundant organisms identified in
healthy oral microbiomes. In recent years S. mitis has become more predominant as an important
opportunistic pathogen and not restricted to the oral cavity. When observing total cell biomass
and biofilm growth in this study for S. mitis, the optical density was high, both aerobically and
anaerobically, (Figure 3.3).
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Figure 3.3: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
S. mitis. The top graph indicates total cell biomass through optical density that includes all cells,
such as planktonic cells. The bottom graph depicts only biofilm material. A p-value of £ 0.05 is
statistically significant.
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When the planktonic cells are removed and the biofilm assay was performed, it can be
seen that there was also high biofilm growth. Additionally, when comparing the biofilm
development results aerobically and anaerobically for S. mitis, there is slightly more biofilm
generated anaerobically, although the change is not statistically significant. Even though the
optical density readings were comparable between the aerobic and anaerobic data for S. mitis,
there was also not a significant difference between the total cell biomass between the two
environments. In both experiments the biofilm was qualitatively observed to be very loosely
packed as there was high biofilm dispersal during the crystal violet assay, though containing a
high number of cells with an OD600 close to 1.5.
S. mitis is one of the most abundant organisms in the oral microbiome. It plays an
important role in the health or disease status of oral biofilms. Additionally, alike to the others, an
initial colonizer of the tooth surface, this yellow complex member is essential in the development
of the multispecies biofilm in periodontal disease. In a study performed by Avila et al. (2009), an
observation was made that S. mitis is among some of the oral streptococci that contain oral
adhesions, such as antigen I/II. With these specific adhesions, S. mitis is able to form a
relationship and partnership with P. gingivalis, along with other oral bacteria (Avila et al., 2009).
This information is important for the progression of periodontal disease as the red complex is a
well-known key player in the disease process and its members are highly destructive. In previous
research, an observation made was that the red complex organisms need each other to grow and
persist (Nechacov, 2019), therefore, adhesion is a notable step for the red complex bacteria to
begin forming a multiorganismal biofilm and advance periodontal disease. As previously stated,
S. mitis forms a loosely packed biofilm, but with a high number of cells, under anaerobic
conditions, and since P. gingivalis is a strict anaerobe, a potential conclusion can be drawn. If S.
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mitis is able to form a biofilm containing more cells under anaerobic conditions, P. gingivalis has
a higher chance of proliferation through the use of the adhesion, antigen I/II, allowing for a
greater persistence in the oral cavity. In a later study performed by Duran-Pinedo et al. (2014),
an observation made concluded that the addition of P. gingivalis to an S. mitis biofilm caused
cell death of S. mitis, but the mechanism is unknown. Considering these two studies, it may be
possible that P. gingivalis utilizes S. mitis for adherence, and when no longer needed, cell death
occurs.
3.3.4 Streptococcus intermedius Static Biofilm Assay
Streptococcus intermedius is part of a smaller group of bacteria within the VGS called the
S. anginosus group (or milleri group streptococci (MGS)) containing S. intermedius,
Streptococcus constellatus and Streptococcus anginosus (Whiley et al., 1992; Doern &
Burnham, 2010). S. intermedius along with these other bacteria are commensal organisms of the
oral microbiota, as well as the gastrointestinal and genitourinary tracts. Streptococcus
intermedius has been known to cause purulent infections and endocarditis (Tran et al., 2008) and
research performed using mice showed that S. intermedius was present within 50% of dental
plaque material, making it an important contributor to plaque and periodontal disease (Pecharki
et al., 2007).
Streptococcus intermedius was among one of the two yellow complex organisms that had
a moderate optical density reading after 24 hrs, both aerobically and anaerobically, (Table 3.1
and Figure 3.4).
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Figure 3.4: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
S. intermedius. The top graph indicates total cell biomass through optical density which includes
all cells, such as planktonic cells, p-value=0.0001. The bottom graph depicts only biofilm
material, p-value=0.0002. A p-value of £ 0.05 is statistically significant.
After planktonic cells were removed and the biofilm was assessed, the amount of material
produced was still lower than the three yellow complex bacteria previously discussed. When
comparing this organism’s ability to grow and produce biofilm material under both aerobic and
anaerobic conditions, there is a significant increase in the total cell biomass, p-value=0.0001,
from an OD of 1.0 to 1.18, as well as in the amount of biofilm generated, p-value=0.0002, from
an absorbance value of 1.0 to 1.5, in the absence of oxygen. As seen through subsequent
experimentation, the yellow complex biofilms are more uniform and have higher biofilm
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material under anaerobic conditions, likely due to their preference for these conditions in
periodontal disease progression (Avila et al., 2009). As experimentation continued with S.
intermedius, it presented moderate total cell biomass, with an OD600 of approximately 1.1,
compared to other yellow complex organisms, with an OD600 up to 1.5, when incubated under
both aerobic and anaerobic conditions.
S. intermedius, along with S. constellatus, another oral streptococcus, are the only oral
streptococci that produce hyaluronidase. Hyaluronidase is an enzyme that has the ability to
degrade hyaluronan (HA); a major component of connective tissue. The action of the
hyaluronidase promotes the spread of pathogens and toxins (Pecharki et al., 2007). Specifically,
the ability to produce hyaluronidase in the gingival cavity has detrimental effects on the
periodontal tissue (Pecharki et al., 2007). S. intermedius cells produce hyaluronidase, which has
the ability to break down the adhesions and the extracellular matrix of the S. intermedius biofilm
(Pecharki et al., 2007). This yellow complex member uses the ability to produce hyaluronidase
as a mechanism of dispersal, a critical step in the pathogenesis of S. intermedius (Pecharki et al.,
2007). This may be the cause of the moderate biofilm material seen for this member, but notably
lower compared to others in the complex. The hyaluronidase is breaking down the components
of the biofilm, decreasing the amount of biofilm material present.
3.3.5 Streptococcus sanguinis Static Biofilm Assay
Streptococcus sanguinis is another organism among those that normally inhabit the oral
cavity of humans and is part of the viridans group streptococci. S. sanguinis is one of the known
early colonizers of the tooth surface that aid in forming dental plaque (Zhu et al., 2018). This
organism is one of the main bacteria that play a role in infective endocarditis, an infection of the
heart valves (Zhu et al., 2018). S. sanguinis and S. gordonii share similar characteristics
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justifying their common classification to the viridans group streptococci. Perhaps, not
surprisingly, their biofilm formations also followed a similar profile with respect to biofilm
dispersal. When comparing the biofilm characteristics of S. sanguinis and S. gordonii, the S.
sanguinis biofilm (Figure 3.5) was not as densely packed as the S. gordonii biofilms (Figure 3.2).
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Figure 3.5: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
S. sanguinis. The top graph indicates total cell biomass through optical density that includes all
cells, such as planktonic cells. The bottom graph depicts only biofilm material. A p-value of £
0.05 is statistically significant.
There was no notable amount of biofilm dispersal throughout the crystal violet assay,
similar to S. gordonii. Therefore, the biofilm cells had a strong affinity for binding to the plate,
or to each other, even though there was a lower amount of biofilm material formed. There is a
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possibility that S. sanguinis also has the ability to generate adhesion-related products that are
similar to those S. gordonii possess due to their common classification. S. sanguinis contains
many genes that are required for biofilm development, such as purB and purl (Ge et al., 2008;
Zhu et al., 2018). These genes also play important roles in other biological processes, such as
surface protein adhesion, quorum sensing and cell wall structures (Ge et al., 2008; Zhu et al.,
2018).
Streptococcus sanguinis was the one of the two yellow complex organisms that had a
moderate biofilm growth after 24 hrs both aerobically and anaerobically. Both graphs indicate
overall moderate total cell biomass and biofilm material values, though there is a slight
significant increase in both in the anaerobic data, OD from 1.0 to 1.13 with a p-value of 0.00004,
and absorbance from 0.98 to 1.4, with a p-value of 0.00005. These results differ from S. oralis, S.
mitis and S. gordonii as there was not a significant increase in biofilm between environments
with those yellow complex individuals.
3.3.6. Yellow Complex Static Biofilm Assay
Studying the yellow complex bacteria as a multispecies biofilm is important because they
are among the early primary colonizers of the tooth surface. The streptococcal cells initially
attach to the tooth and saliva through specific surface adhesions. This complex further provides
the attachment sites for the later colonizers by expressing surface proteins that specifically
interact with components of the salivary pellicle. Once the early biofilm establishes, this allows
other organisms to join through cell-cell interactions and/or binding to extracellular substances
such as glucans, proteins, and DNA. As previously stated, the yellow complex bacteria are
facultative anaerobes and, therefore, their biofilm growth characteristics were studied under both
aerobic and anaerobic conditions.
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When grown together under aerobic conditions the multispecies biofilm was qualitatively
observed as, loosely packed and easily dispersed by the addition of liquid to the wells. There was
a well-developed biofilm for both environments across all replicates, with an overall moderately
high optical density reading recorded after 24 hrs, (Figure 3.6).
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Figure 3.6: Total Cell Biomass and Biofilm Growth for Aerobically and Anaerobically Cultured
Yellow Complex. The top graph indicates total cell biomass through optical density that includes
all cells, such as planktonic cells. The bottom graph depicts only biofilm material. A p-value of £
0.05 is statistically significant.
When considering biofilm generated, there is a high amount of biofilm present in the
wells, indicating strong biofilm forming capabilities. When comparing biofilm formation
capabilities under aerobic and anaerobic growth conditions, there is a significantly higher
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amount of biofilm material produced under anaerobic conditions, p-value=0.000004, with an
absorbance value of 2.1 under aerobic conditions and 2.3 under anaerobic conditions. These
organisms form a more densely and tightly packed biofilm under anaerobic conditions, with a
high absorbance ranking.
It is important for the yellow complex bacteria to form more uniform, dense, biofilms
anaerobically, as they play an important role in adherence for other strict anaerobic periodontaldisease causing bacteria, such as the red complex (Avila et al., 2009). For example, as follows in
later experimentation, it was much more difficult to eradicate any biofilms with treatment
compounds under anaerobic conditions when compared to aerobic conditions. This difficulty
may be due to the highly uniform, dense biofilms observed under these conditions, causing the
biofilms to be more difficult to break apart.
3.3.7 Comparison of Data
For comparative purposes, the data for all five organisms along with the multispecies
complex, were plotted on a single graph for aerobic data and a single graph for anaerobic data,
(Figures 3.7 and 3.8). These graphs depict the differences in total cell biomass and biofilm
formation across all data previously presented, and additionally, which organism formed high,
moderately high and moderate biofilms.

42

Total Cell Biomass (OD600)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
S. oralis

S. gordonii

S. mitis

S.
S. sanguinis Yellow
intermedius
Complex

S. oralis

S. gordonii

S. mitis

S.
S. sanguinis Yellow
intemedius
Complex

Biofiilm Generated (A600)

2.5
2
1.5
1
0.5
0

Figure 3.7: Total Cell Biomass and Biofilm Growth Aerobically Cultured for all Five Individual
Members and the Yellow Complex Community Biofilm. The top graph indicates total cell
biomass through optical density that includes all cells, such as planktonic cells. The bottom
graph depicts only biofilm material.
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Figure 3.8: Total Cell Biomass and Biofilm Growth Anaerobically Cultured for all Five
Individual Members and the Yellow Complex Community Biofilm. The top graph indicates total
cell biomass through optical density that includes all cells, such as planktonic cells. The bottom
graph depicts only biofilm material.
With the individual data all presented on a single graph it is easier to see the differences
in total cell biomass and biofilm formed between all organisms. When comparing biofilm
forming capabilities both aerobically and anaerobically across all five yellow complex
organisms, S. intermedius and S. sanguinis produced a moderate biofilm after 24 hrs but
contained the lowest biofilm material compared to all other members. Under anaerobic
conditions, biofilm material is approximately equal or greater compared to the aerobic data. In
the case of S. intermedius and S. sanguinis, there is an increase in biofilm material under
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anaerobic conditions compared to the other three yellow complex bacteria, which could be a key
factor in the overall increase in biofilm for the mixed community. When comparing the data
from the individual species with the data of the multispecies complex, the aerobic multispecies
biofilms represent closest to the S. oralis and S. gordonii, moderately high biofilm growth,
whereas, in the anaerobic multispecies complex data, the biofilm generated resembles that of S.
mitis with a high amount of biofilm material.
Some important possibilities can be drawn from the summary data in Figures 3.7 and 3.8.
When the five yellow complex organisms are grown in a multispecies complex they are able to
produce moderately high to high biofilm material, even though some individuals produce
moderate biofilm material, much lower than other members, when grown on their own. Most
notably, in the anaerobic data, when the bacteria are grown together in the absence of oxygen
they are able to produce a large amount of biofilm material, with an absorbance of 2.3. A
possibility that may be drawn from this data is that under anaerobic conditions the bacteria are
able to work better together to form tight densely packed biofilms. In the oral cavity the yellow
complex plays an important role in protection of strict anaerobes (Avila et al., 2009), therefore,
being able to produce a well-developed biofilm is beneficial for these organisms in periodontal
disease progression. Further, certain yellow complex bacteria, such as S. mitis, may be
predominating the biofilm, aiding in the production of high biofilm material.
3.4 Summary and Conclusions
In conclusion, the main goal for this portion of the research was to identify how the
yellow complex bacteria, individually and as a community, form their biofilms under both
aerobic and anaerobic conditions. This was important because there has been no previous
research showing differences between the aerobic and anaerobic environments with these
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organisms. Objective one, characterizing the optimal growth conditions of the yellow complex
both individually and as a community, was successfully accomplished, along with biofilm
formation under both aerobic and anaerobic conditions. The yellow complex bacteria grew
successfully in BHI broth both individually and as a community. In all assays the bacteria were
able to form biofilms on the polystyrene surfaces of the Sarstedtâ 96-well, round-bottom
mictrotiter plates. Differing total cell biomass and biofilm generation was established for all
organisms in the multispecies community. Due to the success of this assay this approach was
implemented for further experimentation involving the testing of treatment compounds on the
biofilms (Chapter 4).
Some of the important conclusions realized through these experiments included that the
biofilm growth for majority of the yellow complex organisms differed between individuals. S.
mitis had the highest biofilm growth both aerobically and anaerobically, whereas, S. oralis and S.
gordonii had moderately high growth under both conditions. When comparing the biofilm
forming capabilities of the yellow complex organisms it is important to note that even though S.
gordonii and S. oralis biofilms are considered to be of moderately high growth, this is in relation
to the high biofilm formed by S. mitis. Compared to S. sanguinis and S. intermedius, S. gordonii
and S. oralis produced more biofilm material. Finally, S. intermedius and S. sanguinis had a
moderate amount biofilm material produced both aerobically and anaerobically when compared
to the other yellow complex members. When comparing the individual biofilm data under both
aerobic and anaerobic conditions, under anaerobic conditions biofilm formation was relatively
the same or higher when compared to aerobic biofilm data. As well, when looking at the biofilm
data for the multispecies complex, there was a difference in how much biofilm was formed under
both conditions tested. Overall, the yellow complex bacteria as individuals and a mixed
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community behave more uniformly and form more densely packed biofilms under anaerobic
conditions, and this may be due to their preference for these conditions in the progression of
periodontal disease.
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Chapter 4: The Response of Yellow Complex Biofilms to Antimicrobial Agents
4.1 Overview
Antimicrobials are used in a preventative approach, as well as a form of treatment against
oral pathogens because mechanical cleaning is unable to reach pathogens when they reside deep
into the gingival tissues (Mombelli et al., 2011). Some current treatments being used against oral
pathogens are considered ineffective, such as mechanical cleaning and root planing, primarily
due to the depth that certain oral pathogens inhabit in the periodontal pocket (Mombelli et al.,
2011). As certain pathogens penetrate deeper into the pocket tissue, anaerobic conditions
predominate, becoming harder for the treatments to reach these pathogens, limiting the
effectiveness of the compounds that may be more dependent on different chemical conditions.
Little is known about the bacteria that may exist in these deep pockets and how to prevent their
growth/eliminate them, including the yellow complex. There are currently antimicrobials within
oral products that assist mechanical cleaning, such as brushing and flossing, with eliminating
bacteria that cause plaque build-up and gingival bleeding, which lead to periodontal disease
(Slots et al., 2000). These are used as more of a preventative measure rather than a treatment.
Therefore, static assays combined with antimicrobial exposure are useful tools to measure the
effectiveness of a treatment on the yellow complex community biofilms.
Sodium fluoride (NaF) was one of the antimicrobials tested on the yellow complex
biofilms, following from previous studies on the individual yellow complex bacteria and work
with the red complex bacteria (Mandell, 1983; Nechacov, 2019). NaF can be found in
toothpastes and mouthwashes in concentrations up to 1500 ppm (1.5 mg/mL) and is used to
prevent plaque build-up (Mandell, 1983; Sebastian, 2015; Walsh et al., 2019). This compound
can reduce dental caries by promoting remineralization and reducing demineralization of tooth
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enamel (Bradshaw et al., 2002). In a study done by Mandell (1983) three of the yellow complex
bacteria were individually tested against sodium fluoride and the MBEC values ranged from 256
µg/mL-512 µg/mL (Mandell, 1983). To date, sodium fluoride has not been tested on the yellow
complex biofilm as a multispecies community.
Hydrogen peroxide (H2O2) was another antimicrobial compound tested on the yellow
complex biofilms. H2O2 is another antimicrobial used in toothpastes and mouthwashes as it is an
oxidizing agent with useful and safe concentrations between 1-3% (v/v) (Rashed, 2016; Boateng
et al., 2011). Hydrogen peroxide has been used since 1913 as a useful compound for plaque
reduction, and additionally, plays a role in preventing periodontal disease (Hossainian et al.,
2011). Hydrogen peroxide can exert antimicrobial effects as a highly reactive oxidant on oxygensensitive bacteria. In a review on hydrogen peroxide application in periodontal disease, it was
shown that H2O2 is better to use for long term care as it aids in reducing the early signs of
inflammation (Hossainian et al., 2011). To date, there has been limited research on H2O2 use
against the yellow complex as a multispecies biofilm.
4.2 Methods
The treatment approach used in this research was based upon previous work with the red
complex and literature that provided potential effective antimicrobials for periodontal disease
(Mandel, 1983; Bradshaw et al., 2002; Rashed, 2016; Nechacov, 2019). These treatments were
used to assess the change in cell abundance and influence on biofilm production to identify the
concentration at which the complex could persist. The concentrations tested and compounds used
are listed in Table 2.1 and, due to a lack of information available in the literature for the use of
these antimicrobials on the yellow complex biofilm as a community, a large range was ultimately
examined.

49

The static biofilm assay was used to evaluate the impact of sodium fluoride and hydrogen
peroxide on the yellow complex biofilm. The assays were run both aerobically and anaerobically
to assess any differences in response profiles, as the yellow complex organisms are facultative
anaerobes. Each assay tested eight different concentrations and was run for 1-10 days to observe
any changes in the amount of biofilm formed. The aerobic co-inoculation assays were performed
in two different ways, exposure of a pre-grown consortium or a mixture of pre-grown
monocultures. Refer to Chapter 2 for the difference between the assays and a detailed procedure
for each assay. The anaerobic co-inoculation assays were performed using only pre-grown
monocultures due to lack of time, and, finally, the pre-grown biofilms were only tested
aerobically. A minimum biofilm eradication concentration (MBEC) was identified and listed for
any concentration of antimicrobial that eradicates the biofilm material (Macia et al., 2014;
Thieme et al., 2019).
Figures 4.1-4.14 include two graphs each: total cell biomass, which includes all cells
including planktonic cells, sessile bacteria and biofilm material; and secondly, biofilm generated,
which includes only the attached cells (biofilm material). The legend identifies the
concentrations tested, including a positive control (wells that only contained yellow complex
bacteria without an antimicrobial), and a negative control (wells that contained only BHI broth),
which was subtracted from each value. The MBEC values identified throughout this work were
based upon a few factors. These include, no visible growth, optical density values, which take
into consideration both planktonic cells and attached biofilm material, and absorbance reading
values, which include only biofilm material. There were six wells containing each concentration
tested and the error bars in each graph depict the standard deviation between wells. It should be
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noted that for the pre-formed biofilm assays (sections 4.3.5 and 4.3.6) different volumes of cells
were added to the wells prior to exposure (see as described in Chapter 2, section 2.3.3).
4.3 Results and Discussion
The aim of the following experimentation was to examine the impact of antimicrobial
treatments on biofilm formation following a 24 h establishment period of the multispecies
complex by monitoring the amount of biofilm generated during the exposure period. The
bacterial growth and biofilm results will be referred to as high, moderate, low or undetectable in
a manner similar to that described earlier. Different ranges were used to rank total cell biomass
compared to attached cells, as very low optical density values were observed in the presence of
the compounds tested. Table 4.1 summarizes the optical density and absorbances values and
ranges with respect to bacterial growth and biofilm results following antimicrobial exposure.

Table 4.1: Total Cell Biomass and Absorbance Ranges After a Treatment has been Applied
Total Cell Biomass
(OD 600nm)

Biomass Level

Attached Cells
(Absorbance 600nm)

Biofilm Level

> 1.4

High

> 2.2

High

0.5-1.4

Moderate

1.4-2.2

Moderate

< 0.5

Low

< 1.4

Low

0

Undetectable

0

Undetectable
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4.3.1 The Effects of Antimicrobials on the Multispecies Biofilm- Sodium Fluoride Under
Aerobic Conditions
Fluoride has the ability to accumulate in dental plaque and has effects on a wide range of
oral pathogens (Bradshaw et al., 1990). Sodium fluoride was tested on both mixtures of pregrown monocultures (Figure 4.1) and pre-grown consortia (Figure 4.2). The yellow complex
members may already have some resistance to antimicrobials such as fluoride, if they were
exposed to these compounds in the oral cavity from which they were isolated. This is then
reflected in the higher concentrations of the initial tests with NaF.
When considering the data seen in Figure 4.1, day 2 at 5 mg/mL and day 5 at 6 mg/mL
show a notable total biomass increase from the previous day observed, but the following day
there was a decline (Figure 4.1). It is possible that some yellow complex members may have
been able to resist NaF better than others in the initial days of testing, but total cell biomass
started to decline over time. By day 10 there was no cell biomass or biofilm material detected in
any wells from 9 mg/mL – 20 mg/mL, but once the planktonic cells were removed, the biofilms
exposed to treatments of 7 mg/mL – 20 mg/mL showed eradication. Therefore, in wells
containing 7 mg/mL and 8 mg/mL there was a higher number of planktonic cells, but once
removed, resulted in no cells or biofilm present. The bacterial biofilm formation was inhibited at
all concentrations tested (maximum of moderate ranking) when compared to unexposed control
wells (high ranking biofilm production). All concentrations at or above 7 mg/mL, with respect to
biofilm formation, resulted in an undetectable ranking, similar to that achieved in the negative
control wells. Therefore, 7 mg/mL was established as the MBEC for NaF under these conditions
for the yellow complex.
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Figure 4.1: Sodium Fluoride (NaF) Treatment Aerobically on Yellow Complex Biofilms Using
Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the graph
on the bottom is depicting biofilm amount (absorbance). As the concentration of NaF was
increased, there was a reduction in cell biomass and biofilm produced. 7 mg/mL of NaF and
above were all effective in halting biofilm development.
After the MBEC was determined for the pre-grown monocultures mix, the same conditions
were tested when the organisms were grown in the presence of one another prior to loading them
into the test wells (Figure 4.2). As before, the positive control wells had a high optical density
(1.4-1.5) throughout the 10-day exposure period. The biofilm formation (attached cells)
increased when exposed to treatment concentrations 5 mg/mL and 6 mg/mL and then decreased
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by day 10, a similar trend to that depicted in Figure 4.1. The response to the other concentrations
remained relatively the same throughout the exposure period. An absolute MBEC could not be
established as biofilm levels remained measurable throughout the exposure period and complete
inhibition of the biofilm formation was not obtained.
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Figure 4.2: Sodium Fluoride (NaF) Treatment Aerobically on Yellow Complex Biofilms Using
Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the graph on
the bottom is depicting biofilm amount (absorbance). As the concentrations of NaF were
increased, there was a slight decline in total cell biomass and biofilm material produced, but no
concentrations tested were effective at eradicating the biofilms.

54

The higher degree of antimicrobial tolerance demonstrated by the complex when grown
together prior to exposure may reflect a difference within the community dynamic, whereby,
some members with a higher tolerance had an opportunity to dominate the community profile in
advance of the exposure period. In this case, biofilm forming potential may be enhanced as
reflected by the higher antimicrobial tolerance of dominant members. When the early colonizers
are adhering to the tooth surface there is interspecies competition. For example, S. gordonii and
S. sanguinis express specific cell surface adhesion molecules with similar binding capacities and,
therefore, compete for the same receptors (Kreth et al., 2009). The observed ability of these
species to compete in the oral environment may reflect their ability to survive in the presence of
one another when grown in cultures. Additionally, some yellow complex bacteria may be better
at resisting the treatments than others and, therefore, were able to survive the treatments better
than others. As mentioned, in a study done by Mandell (1983), three individual yellow complex
members, S. mitis, S. sanguinis and S. intermedius, had low individual biofilm resistance to
sodium fluoride, with MIC values ranging from 256 µg/mL-512 µg/mL. It is possible that the
remaining two members used in this study, S. gordonii and S. oralis, were present in higher
amounts, and potentially having a higher resistance to NaF. Another possibility is that when they
are grown in the presence of one another, which has not been studied to date, their resistance
increases, rather than when being exposed individually.
When comparing the data seen in Figure 4.1 to that of 4.2, allowing community growth
prior to inoculation influences the results on the effectiveness of the antimicrobial. In Figure 4.1,
using mixtures of pre-grown monocultures, exposure to 20 mg/mL resulted in undetectable
levels by day 1, whereas, when exposed as a consortium (Figure 4.2), exposure at this
concentration never resulted in a drop to an undetectable amount over the 10-day exposure
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period. These differences are interesting as the only modification between the experiments was
allowing the five organisms to grow together prior to inoculation.
In a further effort to establish a sodium fluoride MBEC for the pre-grown consortia, the
trials were repeated to include treatment concentrations ranging from 6-25 mg/mL (refer to
Figure 4.3).
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Figure 4.3: Sodium Fluoride (NaF) Treatment Aerobically on Yellow Complex Biofilms Using
Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the graph on
the bottom is depicting biofilm amount (absorbance). As the concentration of NaF was increased,
there was a reduction in total cell biomass and biofilm generated, but no MBEC was determined.
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The highest test concentration of 25 mg/mL resulted in a lower growth performance than
20 mg/mL but not to the point of eradication or being undetectable. With no MBEC being
determined higher test concentrations were then tested (Figure 4.4). In order to determine the
minimum biofilm eradication concentration for sodium fluoride aerobically for pre-grown
consortia, experiments were repeated using concentrations up to 55 mg/mL.
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Figure 4.4: Sodium Fluoride (NaF) Treatment Aerobically on Yellow Complex Biofilms Using
Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the graph on
the bottom is depicting biofilm amount (absorbance). As the concentration of NaF was increased,
there was a reduction in total cell biomass and biofilm generated, but all concentrations below 55
mg/mL were ineffective at eradicating the biofilm.
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The MBEC was then determined to be 55 mg/mL. Antimicrobial concentrations below 55
mg/mL resulted in low growth/biofilm performance, but biofilm was still measurable. On the
other hand, exposure to 55 mg/mL of NaF resulted in undetectable, with respect to biofilm
material, by day 1, (refer to Figure 4.4).
In conclusion, the MBEC differed between both aerobic experiments with sodium
fluoride. With pre-grown monocultures the MBEC value determined was 7 mg/mL and this
would be the concentration needed to prevent yellow complex biofilm growth. While 55 mg/mL
is a substantial amount of an antimicrobial to use as a treatment, this would be the amount
needed to prevent biofilm formation with pre-formed consortia of the yellow complex bacteria.
As previously mentioned, a possibility for these differences is due to the alteration in the initial
steps performed. When grown together prior to inoculation there is potential for a shift in
community dynamics, allowing for some members to dominate more than others (Kreth et al.,
2009). These findings provided evidence that lower concentrations would be required as a
preventative measure when the bacteria are not established together, but once established as a
complex, the treatment is much less effective. Further, there is a lack of research using
antimicrobials on the yellow complex as a community, therefore, the conclusions drawn are
based on the differences observed between these two experiments.
4.3.2 The Effects of Antimicrobials on the Multispecies Biofilm- Hydrogen Peroxide Under
Aerobic Conditions
Throughout aerobic experimentation and testing the exposure of hydrogen peroxide, there
was evidence that H2O2 had noticeable effects on the pre-grown monoculture yellow complex
biofilms. These organisms were inoculated into the 96-well plate without an opportunity to grow
together prior to exposure. Therefore, specific members were not able to dominate the
community profile, ultimately lowering the biofilm forming potential in the presence of H2O2. In
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previous studies, hydrogen peroxide was shown to have oxidative stress effects on oral bacteria
and plays a notable role in plaque ecology (Baldeck & Marquis, 2008). In a study performed by
Baldeck and Marquis, hydrogen peroxide was shown to have bacteriostatic effects on S. mutans,
another oral pathogen (Baldeck & Marquis, 2008). This could mean that some of the yellow
complex bacteria react similarly to hydrogen peroxide and are susceptible to the treatment.
Interestingly, as previously mentioned, S. gordonii and S. sanguinis are endogenous sources of
peroxide in the oral cavity, and are able to tolerate higher amounts of H2O2 due to an oxidative
stress protection machinery (Baldeck & Marquis, 2008; Xu et al., 2014). Oxido-reductase
pyruvate oxidase (SpxB) catalyses the conversion of pyruvate to acetyl phosphate, CO2 and H2O2
(Xu et al., 2014). S. sanguinis and S. gordonii contain pyruvate oxidase SpxB and this is how
they produce H2O2 (Xu et al., 2014). Further research needs to be done into what exactly protects
S. sanguinis and S. gordonii against high amounts of H2O2, but some potential genes suggested
include the expression of the dps and sodA genes. These bacteria did not have a chance to
interact with each other or any other yellow complex members before the introduction of H2O2
and, therefore, the biofilm could not survive the treatment, possibly because these members were
not be present in dominating concentrations.
Treatment concentrations tested on the pre-grown monocultures ranged from 0.01-0.05%
(v/v) of hydrogen peroxide. During this exposure experiment (Figure 4.5), there was growth that
exceeded that of the positive control, which may indicate that these concentrations (0.01% and
0.015%) of hydrogen peroxide promote bacterial abundance of the yellow complex, though
nothing was found in the literature to potentially support this observation. It could reflect a shift
in the relative populations of the biofilm members at these lower, clearly non-inhibitory, levels
of hydrogen peroxide if the chemical differentially affected the members.
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Figure 4.5: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). As the concentration of H2O2 was
increased, there was a reduction in total cell biomass and biofilm material produced. All
concentrations above 0.02% were effective in eradicating the biofilm.
The MBEC was determined to be 0.02% as the growth/biofilm values were equal to that
of the negative control. All concentrations at or above 0.02% resulted in a non-detect ranking,
similar to that of the negative control. As such low concentrations of hydrogen peroxide were
tested on the biofilms it is evident that hydrogen peroxide has meaningful effects on these yellow
complex biofilms. As previously mentioned, the individual species in the biofilms did not have a
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chance to interact prior to being co-inoculated with the antimicrobial, there was a lower chance
for competition, therefore, lower chance for the proliferation of more resistant organisms such as
S. gordonii and S. sanguinis. Therefore, 0.02% of H2O2 has the potential to be used as a
preventative treatment mechanism against periodontal disease.
As performed with sodium fluoride, the same conditions were tested with the yellow
complex grown in the presence of one another prior to inoculation into the test wells, mimicking
a situation where the complex is already somewhat established within the oral cavity (Figure
4.6).
Interestingly and similar to the NaF exposure experiments, the results for this differed
from the pre-grown monoculture aerobic data collected and the MBEC established was
determined to be higher than the previous value of 0.02%. When contrasting both graphs
depicted in Figure 4.6, the amount of biomass or biofilm at the previous MBEC value of 0.02%
did not reach an undetectable value. Similarly, to the pre-grown monoculture exposure
experiment the concentration of 0.01% had high biofilm production, compared to the positive
control. Additionally, the response for all concentrations between 0.015-0.05% remained
relatively the same throughout the exposure period, moderate biofilm production, and never
dropped to undetectable levels.
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Figure 4.6: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Biofilms
with Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). As the concentration of H2O2
increased there was no notable change in total cell biomass and biofilm development.
This pattern was similar to that found in the sodium fluoride experiments. The yellow
complex biofilm was able to persist and survive better when grown together prior to inoculation
and exposure to hydrogen peroxide in the test wells. As previously explained, S. gordonii and S.
sanguinis have the ability to produce H2O2 and can survive excess peroxide in the oral cavity, as
they contain genes that are still unknown, that protect against high amounts of H2O2 (Xu et al.,
2014). It was possible that these two yellow complex members were able to outcompete and
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dominate the community profile and proliferate in higher quantities, surviving the treatment.
This is an interesting finding, as seen in Chapter 3, S. sanguinis had low biofilm-forming abilities
when grown alone, but there is a high likelihood that it was proliferating in the mixed species
biofilm due to the ability to survive in the presence of hydrogen peroxide, unlike many of the
other yellow complex members (Xu et al., 2014). Therefore, when introduced to hydrogen
peroxide, some yellow complex bacteria were able to tolerate more of the treatment and survive
at higher concentrations. It would be interesting to test these biofilms using qPCR and RT-qPCR
to determine the relative abundance of each yellow complex bacteria and determine if S.
gordonii and S. sanguinis do proliferate during exposure to hydrogen peroxide.
In order to establish a hydrogen peroxide MBEC for pre-grown consortia, the exposure
experiment was repeated to include higher concentrations of hydrogen peroxide ranging from
0.05-0.4% (Figure 4.7). Throughout the 10-day experimental period there was no notable change
in total biomass for any of the H2O2 concentrations tested. The biomass values all remained
within the same OD range, never reaching a point of undetectable. Contrasting the previous
results seen in Figure 4.6 and those results in Figure 4.7, evidence showed that eradicating the
biofilms would be difficult with pre-grown consortia yellow complex biofilms using hydrogen
peroxide. It should be noted that low concentrations of hydrogen peroxide were being tested
based upon the pre-grown monoculture MBEC data collected (0.02%) and the MBEC value
recorded (0.05%) for the Red Complex (Nechacov, 2019).
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Figure 4.7: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Biofilms
with Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). Increasing the concentration of
H2O2 did not have a notable effect on biofilm development.
Higher concentrations were tested in order to determine the MBEC for hydrogen
peroxide aerobically for pre-grown consortia (Figure 4.8). The literature states that
concentrations around 1-3% of H2O2 have effects against bacteria, spores and viruses (Rashed,
2016) and, therefore, this exposure experiment for hydrogen peroxide used treatment
concentrations ranging from 0.5-5%. By day 10, exposure to 5% H2O2 resulted in lower growth
performance but not yet to the point of eradication (Figure 4.8) and, therefore, the MBEC was
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still not determined. Due to time constraints the MBEC for pre-grown consortia using the
antimicrobial H2O2 was not completely established but would be greater than 5%.
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Figure 4.8: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Biofilms
with Pre-Grown Consortia. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). All concentrations tested, 5% and
below, did not eradicate the yellow complex biofilm.
The MBEC value for the co-inoculation of pre-grown monocultures and hydrogen
peroxide was 0.02%. The MBEC value could only be determined as greater than 5% for
hydrogen peroxide tested against yellow complex pre-grown consortia. Additionally, when the
yellow complex bacteria had the opportunity to interact prior to antimicrobial exposure, the
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results show that they have a higher survivability, as described with the sodium fluoride
experiments. Due to the competitive nature of these organisms in the oral cavity, and what was
observed with sodium fluoride, these results were expected (Kreth et al., 2009). As the literature
lacks information on the yellow complex, it is plausible that some of the members do not persist
at the same rate in the biofilms and those more persistent may be more resistant to antimicrobials
such as hydrogen peroxide. Further experimentation needs to be done on these biofilms to
identify which yellow complex members were present in higher amounts after the yellow
complex bacteria were grown together prior to inoculation into the test wells.
Previous to this work on the yellow complex community, antimicrobials had not yet been
tested on these biofilms. A study using other oral bacteria tested the effects of silver diamine
fluoride (SDF) (Mei et al., 2013). SDF is used by dentists and is a liquid topical application that
is applied directly to the tooth surface. The five test organisms in this study were S. mutans,
Streptococcus sobrinus, Lactobacillus acidophilus, Lactobacillus rhamnosus and Actinomyces
naeslundii. These bacteria were mixed in equal aliquots and applied to dentin blocks (artificial
mouth mold) for 3 days at 37°C (Mei et al., 2013). 38% SDF was then applied to the dentin
blocks and after 7 days there was a noticeable difference in both CFU counts and biofilm
material (Mei et al., 2013). The high concentration of fluoride that was used is toxic if
swallowed in large amounts, therefore this amount of SDF would not be usable in the oral cavity.
If less SDF was tested, there is a possibility that it would take a longer period of time to break
apart the already formed biofilm. These bacteria were allowed to grow together for 3 days prior
to the addition of an antimicrobial, taking longer for eradication, as seen with the pre-grown
consortia for the yellow complex. Unfortunately, this cannot be compared to pre-grown
individuals as the literature lacks data on this information.

66

Overall, it is possible to compare the results seen in pre-grown individuals exposed to
sodium fluoride and hydrogen peroxide and pre-grown consortia exposed to these antimicrobials.
Currently there is no literature that applies antimicrobials to all five members of the yellow
complex. Therefore, the findings from these experiments are novel and noteworthy. Lower
concentrations of each antimicrobial are needed to eradicate the unestablished biofilms of pregrown monocultures and this can potentially be due to the lack of competition prior to exposure.
On the other hand, when the same conditions were tested with an established complex prior to
loading them into the test wells, eradication did not take place. For sodium fluoride, much higher
test concentrations were needed to eliminate these biofilms compared to pre-grown
monocultures. The concentration needed to eradicate the biofilms with hydrogen peroxide was
not determined for pre-grown consortia due to the potential higher proliferation of more resistant
bacteria such as S. gordonii and S. sanguinis. The established biofilms were difficult to eliminate
with only 24 h of growth before the addition of an antimicrobial. Therefore, if these biofilms
were established for a longer period of time, it is possible the concentration needed to eradicate
them, or exposure time, would be even greater.
4.3.3 The Effects of Antimicrobials on the Multispecies Biofilm- Sodium Fluoride Under
Anaerobic Conditions
The yellow complex members are facultative anaerobes; therefore, treatments were also
performed under anaerobic conditions to identify any differences when compared to aerobic
results. When experiments were run under anaerobic conditions, the bacteria were grown as pregrown monocultures, not allowing any interaction prior to exposure. Given the time needed to
determine the MBEC values for the treatments aerobically and for anaerobically pre-grown
monocultures, pre-grown consortia were not tested under anaerobic conditions.
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As mentioned previously, when the yellow complex members were grown individually
and mixed at the time of inoculation the MBEC for sodium fluoride was 7 mg/mL. Therefore,
this experimental approach was repeated under anaerobic conditions. The results differed from
the aerobic data (Figure 4.1) and the biofilms were not inhibited at 7 mg/mL (Figure 4.9), rather
the lowest biomass levels seen were during exposure to 20 mg/mL.
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Figure 4.9: Sodium Fluoride (NaF) Treatment Anaerobically on Yellow Complex Biofilms with
Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the graph
on the bottom is depicting biofilm amount (absorbance). As the concentration of NaF was
increased, there was a decreased in amount of biofilm produced, although no MBEC was
determined.
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When comparing the results seen in Figure 4.1 and the anaerobic data in Figure 4.9, there
was a difference in the survivability of the complex at the lower test concentrations. Aerobically,
following exposure to 5 mg/mL and 6 mg/mL the complex was able to produce moderate biofilm
material, whereas, under anaerobic conditions, exposure resulted in low biofilm material. Even
though the biofilm forming capabilities with exposure to sodium fluoride was lower in the
anaerobic setting, all treatments were ineffective at eradicating the biofilm entirely.
This research was the first time the yellow complex biofilms have been compared
aerobically and anaerobically, therefore, the conclusions drawn are based on results seen
throughout all exposure experiments. Biofilm formation is different under aerobic and anaerobic
conditions. Through qualitative analysis (Chapter 3) the yellow complex biofilms generated
under anaerobic conditions had higher biofilm material but were not easily dispersed through a
static assay. There is a change in pH, oxygen tension, and nutrient availability in the anaerobic
environment and this shift, combined with the addition of an antimicrobial, may be affecting how
much biofilm is being produced.
As mentioned previously, the yellow complex bacteria are facultative anaerobes,
therefore have the ability to survive in both anaerobic and aerobic environments. As seen in
Chapter 3, there was notable biofilm forming difference between the two environments for some
yellow complex members, such as S. intermedius and S. sanguinis, with an increase in biofilm
material under anaerobic conditions. Considering the position of the yellow complex members in
the oral cavity, less than 3 mm deep in the gum line, they are likely cooperating with strict
anaerobes to provide attachment sites and protection against oxygen (Avila et al., 2009;
Socransky et al., 1998). Observations made throughout aerobic and anaerobic experiments with
sodium fluoride showed that the multispecies biofilm was better able to resist sodium fluoride
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when exposed to the treatment under anaerobic conditions. As reported in the literature,
streptococci have enhanced virulence characteristics in their biofilms, which forms a dysbiotic
state, under appropriate conditions for growth (Thurnheer & Belibasakis, 2018). Considering
data presented in Chapter 3, whereby anaerobic conditions generally favoured higher levels of
biofilm formation, the enhanced formation potential could be allowing for higher resistance
against sodium fluoride due to tighter, more dense biofilms. As these organisms are among the
first colonizers in the oral cavity, they play an important role in interaction with other oral
pathogens, such as strict anaerobes. Therefore, surviving anaerobic conditions is essential in
forming larger multiorganismal biofilms in the oral cavity. In a study done using an in situ model
of dental biofilms, it was seen that streptococci accounted for >20% of the initial population and
this allowed for the obligate anaerobes to predominate after a few days (Wake et al., 2016). This
information provides community-level insight as the yellow complex members may have greater
survivability against antimicrobials in order to better assist in the attachment of the obligate
anaerobes to the biofilm.
Similar to the pre-grown consortia experiments, there were further efforts to establish an
MBEC (Figure 4.10). After a previous exposure experiment determined the test concentration 25
mg/mL to be close to eradication (Figure A4 in Appendix A), the experiment was run with test
concentrations from 6-55 mg/mL to determine an MBEC.
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Figure 4.10: Sodium Fluoride (NaF) Treatment Anaerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). With an increase in
concentrations of NaF, the biofilm was eradicated at 55 mg/mL, all concentrations below this did
not halt biofilm growth.
Ultimately, the MBEC for sodium fluoride on pre-grown monocultures under anaerobic
conditions was determined to be at an exposure of 55 mg/mL, as a value of undetectable was
reached following exposure to this concentration. Exposure to all concentrations below 55
mg/mL resulted in low growth/biofilm material, but still measurable amounts. Similar trends
were seen in the aerobic data when grown as pre-grown consortia; a higher concentration of
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sodium fluoride was needed to eradicate the yellow complex biofilm. These results are
interesting as the biofilms were still able to resist the sodium fluoride treatments at higher
concentrations even in the absence of prior interaction before exposure, which was observed
previously to provide a distinct advantage under aerobic conditions (Figure 4.1).
In summary, the MBEC for sodium fluoride was determined to be 55 mg/mL for pregrown monocultures, much greater than that observed under aerobic conditions. When
comparing the aerobic data collected for sodium fluoride treatments to the anaerobic data, these
bacteria seem to have a better survivability in the anaerobic environment. A possible conclusion
that can be drawn from this is that these anaerobic conditions may be more typical of the oral
cavity from where they were isolated. Strict anaerobes, such as the red complex, utilize the
yellow complex bacterial biofilms as an attachment mechanism, for example, the fimbriae of P.
gingivalis are able to bind to S. sanguinis, S. oralis and S. gordonii (Zhu et al., 2018). Therefore,
the yellow complex survival would be important in the oral cavity for the progression of the
disease. It may be possible that when the yellow complex has a chance to interact and form a
consortium prior to the addition of an antimicrobial in the aerobic environment, or they are in
their preferred, anaerobic environment, it is harder to eradicate them entirely due to higher
resistance. The strains used for experimentation came from patients with dental caries or
periodontal disease. A higher resistance to fluoride could also be present, as well as the
environment they may have been mostly residing in might have been anaerobic and, therefore,
they would survive well under these conditions.
4.3.4 The Effects of Antimicrobials on the Multispecies Biofilm- Hydrogen Peroxide Under
Anaerobic Conditions
As performed with sodium fluoride, hydrogen peroxide was tested anaerobically on the
yellow complex when mixed together from individual cultures at the time of exposure. When
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hydrogen peroxide was tested on the pre-grown monocultures aerobically the MBEC was 0.02%.
The same approach was taken with the yellow complex grown anaerobically in order to identify
any differences in biofilm formation potential when exposed to the antimicrobial (Figure 4.11).
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Figure 4.11: Hydrogen Peroxide (H2O2) Treatment Anaerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). With an increase in H2O2 there
was a decrease in biofilm produced but no MBEC was determined.
Growing the yellow complex bacteria as individuals first does not allow for the bacteria
to interact prior to the addition of an antimicrobial. As seen throughout all previous exposure
experiments, the positive control wells had a high optical density throughout the 10-day exposure
73

period. When comparing the data seen in Figure 4.5, aerobic pre-grown mixes of monocultures,
to Figure 4.11, anaerobic pre-grown mixes of monocultures, the trends were very similar. Two of
the concentrations tested, 0.01% and 0.015%, had high growth (Figure 4.11), comparable to that
of the positive control wells, again indicating that hydrogen peroxide may promote growth at
these concentrations. All concentrations above 0.015% had low biofilm growth, and exposure to
0.05% had the lowest, but not to the point of eradication so the MBEC was not determined in this
trial. Similarly, when observing all other test concentrations there was a slight increase in total
cell biomass and biofilm material abundance in the anaerobic environment (Figure 4.11),
compared to the aerobic data (Figure 4.5). When placed in an anaerobic setting the yellow
complex bacteria were able to withstand the hydrogen peroxide and therefore, no MBEC was
determined for hydrogen peroxide.
Comparatively, the hydrogen peroxide treatment results held similar trends to the sodium
fluoride data, whereby anaerobic results differed noticeably from the aerobic results. As the
yellow complex bacteria are facultative anaerobes and interact with some strict anaerobes, these
results were expected. As mentioned previously, under best conditions for growth, the virulence
features of streptococci biofilms may be enhanced (Thurnheer & Belibasakis, 2018). Therefore,
it is possible that due to enhanced virulence characteristics the yellow complex members are
better able to resist treatments when they encounter them anaerobically.
Finally, hydrogen peroxide was tested under anaerobic conditions containing treatment
concentrations between 0.25-2.5% (Figure 4.12). The lower concentrations tested initially were
taken from previous work done with the red complex (Nechacov, 2019) and, as no MBEC was
determined, the concentrations were increased using evidence of typical ranges from the
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literature. For example, 1-3% H2O2 has been found effective against oral bacteria (Rashed, 2013;
Boateng et al., 2011).
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Figure 4.12: Hydrogen Peroxide (H2O2) Treatment Anaerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance). 2.5% was the highest
concentration of H2O2 tested and this did not halt total cell biomass and biofilm production.
As observed with NaF, the biofilms were much harder to eradicate anaerobically than
they were aerobically. Similar to observations with the aerobic pre-grown consortia exposure
experiments, an MBEC was not determined for hydrogen peroxide at these concentrations.
Exposure of the yellow complex pre-grown monocultures to 2.5% H2O2 was able to reach the
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lowest OD, but not to the point of undetectable. Due to the oxidative nature of hydrogen
peroxide, when tested on strict anaerobic bacteria there is a higher chance of eradicating the cells
and biofilm at a low concentration, as they cannot tolerate a high level of oxygen exposure
(Boateng et al., 2011). As the streptococci in the oral cavity are facultative anaerobes they have
the ability to tolerate oxygen, and, therefore, it was harder for hydrogen peroxide to eliminate
them. As mentioned in section 4.3.2, two of the yellow complex bacteria produce their own
hydrogen peroxide and are able to metabolize H2O2 (Baldeck & Marquis, 2008). Since the
yellow complex biofilms prefer the anaerobic environment, this combined with the ability of
these organisms to produce hydrogen peroxide, and survive at higher quantities, would make it
difficult to eradicate them. Furthermore, certain members of the yellow complex may have a
higher chance of being resistant to hydrogen peroxide, and, therefore, in anaerobic settings, S.
gordonii and S. sanguinis may be proliferating and surviving at these higher concentrations
(Garcia-Mendoza et al., 1993).
In a further effort to understand the differences in survivability under aerobic and
anaerobic conditions the role of oxygen limitation was investigated. In a study performed by
Borriello et al. (2004), it was discovered that Pseudomonas aeruginosa biofilms were poorly
inhibited by antibiotics under anaerobic conditions. Under anaerobic conditions, six antibiotics
had reduced efficacies compared to aerobically (Borriello et al., 2004). Further, when comparing
the older biofilms to younger biofilms under anaerobic conditions the oxygen limitation
accounted for 62-100% of the protection (Borriello et al., 2004). Therefore, oxygen limitation
can be an important factor for the survival and tolerance of P. aeruginosa (Borriello et al., 2004),
particularly in the presence of antimicrobial compounds which require an actively metabolizing
target. It is possible that the yellow complex members follow a similar trend and when oxygen is
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a limiting factor they are more resistant to the antimicrobial. Additionally, in the absence of
oxygen, the yellow complex members are not faced with oxygen associated toxicity, and may be
better able to tolerate other factors, such as the presence of NaF and H2O2.
In conclusion, hydrogen peroxide treatment concentrations would need to be continued
with much higher concentrations as no MBEC was determined anaerobically. As the aerobic data
contained two types of exposure experiments and the anaerobic data for pre-formed
monocultures took longer than expected, more tests could not be completed. Interestingly, it was
a low concentration, 0.02%, of hydrogen peroxide that eradicated the biofilm under aerobic
conditions using pre-grown monocultures. Due to the facultative anaerobic nature of the yellow
complex bacteria they were able to survive the oxidative stress that is generated in hydrogen
peroxide treatments. In addition to being facultative anaerobes, some of the yellow complex
members have the ability to survive in higher concentrations of hydrogen peroxide and this may
be beneficial in surviving the high exposure treatments. In addition to testing higher
concentrations of hydrogen peroxide on the yellow complex biofilms, H2O2 should also be tested
on pre-grown consortia to establish any differences from the aerobic data. Conclusively, under
anaerobic conditions the yellow complex bacteria have a higher survivability in both the sodium
fluoride and hydrogen peroxide experiments.
4.3.5 The Effects of Antimicrobials on Pre-formed Yellow Complex Biofilms- Sodium Fluoride
Under Aerobic Conditions
Similar to pre-grown consortia, pre-formed biofilm experimentation allows for
interaction of the yellow complex members before they are exposed to an antimicrobial allowing
for biofilm development in 96-well plates rather than test tubes (refer to Chapter 2). Due to time
constraints, only a couple experiments were attempted on these biofilms. There was no MBEC
determined for the pre-formed biofilms using sodium fluoride as an antimicrobial, within the
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concentration range tested (Figure 4.13). Once a biofilm had established and some yellow
complex members had time to proliferate in larger amounts, it was difficult to eradicate it
entirely.
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Figure 4.13: Sodium Fluoride (NaF) Treatment Aerobically on Pre-Formed Yellow Complex
Biofilms. The top graph shows total cell biomass (optical density) and the graph on the bottom is
depicting biofilm amount (absorbance). As the concentration of NaF was increased there was a
reduction in total cell biomass and biofilm produced, but not concentration tested halted biofilm
growth.
As seen previously, for exposure to sodium fluoride using pre-grown consortia it was
difficult to eradicate these biofilms, likely due to enhanced robustness following bacterial
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interaction prior to exposure. All test concentrations show a similar trend throughout the 10-day
exposure experiment. As mentioned previously, this experiment was performed by adding
differing amounts of cells for each test concentration. This altered the results as the graphs are
showing higher growth for 10 mg/mL because initially more cells were added to these wells. The
only conclusion that can be drawn from these graphs are that over the 10-day period the NaF did
not have a significant effect on the biofilms that formed as there was no notable decline.
All treatments show an overall decline after the first 2 days, with a slight increase on day
5, followed by a decrease on day 7. Therefore, the yellow complex was able to increase in
abundance for a short time, but slowly started to decrease over the experimental period, though
not significantly. There is a possibility that if higher concentrations were tested, for example 55
mg/mL, as seen in the pre-grown consortia data, a MBEC may have been established. Since the
methodology used for pre-grown consortia and pre-formed biofilms is similar in that the
members of the yellow complex are able to interact prior to exposure, the MBECs may be
similar as well.
Since the yellow complex members had a chance to interact with one another in an
attached biofilm in the 96-well plate before exposure to sodium fluoride, similar to that seen in
the previous pre-grown consortia data, this allowed for competition within the multispecies
biofilms. This competition likely allowed for the proliferation of some bacteria over others, and
to confirm which bacteria were present after 24 hrs but before the antimicrobial was added RTqPCR should be performed.
4.3.6 The Effects of Antimicrobials on Pre-formed Yellow Complex Biofilms- Hydrogen
Peroxide Under Aerobic Conditions
Hydrogen peroxide was tested under aerobic conditions on pre-formed biofilms using
concentrations ranging from 1-10% (Figure 4.14). These concentrations were tested because the
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literature states that effective treatment concentrations of hydrogen peroxide are between 1-3%
(v/v) (Rashed, 2016; Boateng et al., 2011).
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Figure 4.14: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Pre-Formed
Biofilms. The top graph shows total cell biomass (optical density) and the graph on the bottom is
depicting biofilm amount (absorbance). As the concentration of H2O2 was increased there was no
reduction of total cell biomass and biofilm material produced.
In the experiments using pre-grown consortia, observations were made and discussed that
there is a higher difficulty in eradicating the yellow complex biofilm at these concentrations of
hydrogen peroxide, 0.5-5%, likely because the bacteria had the ability to interact prior to
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exposure. Therefore, higher concentrations, 1-10%, were used during the pre-formed biofilm
experiment in anticipation of higher resistance following these culture conditions.
The data in Figure 4.14 show that biofilm material was able to persist in high quantities
throughout the 10-day period and the hydrogen peroxide was not able to eradicate the biofilm
matrix. By day 10 the total cell biomass following a 10% exposure to the antimicrobial indicated
high biofilm material. Additionally, the wells containing 1% hydrogen peroxide had more
growth than the positive control, indicating that the hydrogen peroxide was promoting biofilm
growth at this treatment concentration, similar to that seen in the previous H2O2 experiments. As
mentioned previously, it should be noted that higher volumes of the yellow complex mixture
were added to the wells on day 0 containing 1%, compared to that of 10%, in order to make the
wells the appropriate concentration. These results differed from that of NaF because even though
less cells were added to the higher test concentration wells, there was still high growth for all
wells. Over the 10-day period the hydrogen peroxide did not have a significant effect on the
biofilms that formed as there was no notable decline. Moreover, as discussed previously, S.
gordonii and S. sanguinis produce their own hydrogen peroxide (Baldeck & Marquis, 2008), as
well as contain genes that allow for a higher survival in excess H2O2 (Xu et al., 2014), and this
was potentially aiding their ability to survive the H2O2 added as an antimicrobial. Furthermore,
as seen with exposure to sodium fluoride, it was also difficult to eradicate the biofilm aerobically
with both pre-grown consortia and pre-formed biofilms. Conclusively, the total cell biomass and
biofilm material formed after 24 hrs prior to exposure are what allows for a biofilm to be more
resistant to the antimicrobial compounds. Prior to exposure to an antimicrobial, the yellow
complex members had the chance to form a tight compact biofilm in the 96-well plate.
Additionally, having the ability to interact and compete with one another for higher relative
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proliferation in the biofilm may allow for the more tolerant bacteria to accumulate in higher
quantities, but this needs to be confirmed with RT-qPCR. The literature has discussed that
biofilms can be up to 1000 times more resistant to antimicrobials than planktonic bacteria
(Drenkard, 2003). Therefore, when a biofilm is able to form, the exopolysaccharide matrix
provides a barrier to restrict penetration of antimicrobials (Sharma et al., 2019). This matrix
provides biofilms not only with resistance against harsh conditions, such as altered pH and
nutrient fluctuations, but also a higher resistance to antibiotics (Mah and O’Toole, 2001; Sharma
et al., 2019). It has been studied that biofilm community resistance to antimicrobials is due to
many strategies, not just difficulty penetrating the biofilm due to the EPS layer. A higher
resistance is also due to altered chemical microenvironments and different populations of
bacteria within the biofilm (Mah and O’Toole, 2001; Sharma et al., 2019). Cell-to-cell signalling
within the biofilm through quorum sensing is beneficial in that it leads to specific gene
expression that assists in biofilm assembly and disassembly (Sharma et al., 2019). Planktonic
cells do not have these properties and are much more susceptible to antimicrobials. Moreover,
this is helpful in identifying why these pre-formed exposure experiments were inconclusive in
establishing MBEC values for the ranges tested, as the biofilms had formed prior to the addition
of an antimicrobial.
To summarize the data presented on pre-formed biofilms, no MBEC was determined for
either sodium fluoride or hydrogen peroxide. When the antimicrobial was added 24 hrs after the
biofilm had already been growing it was harder to eliminate it entirely. One possible explanation
is that the biofilm had time to form attachments to the plate, and the bacteria to one another,
which conferred a higher level of tolerance. Additionally, since the biofilm has already
developed, the EPS layer that forms with this biofilm may be protecting the cells from the
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antimicrobial (Sharma et al., 2019). In future research higher concentrations should be tested
with both antimicrobials. Further, these biofilms should be analyzed through RT-qPCR to
identify which of the five bacteria were present in higher quantities. In this way it may be
possible to identify the more resistant bacteria in the yellow complex.
4.4 Summary and Conclusion
The major goal of this portion of the research was to assess the response of the yellow
complex biofilms to sodium fluoride and hydrogen peroxide in order to better understand their
removal potential in the oral cavity. This was partially successful as some minimum biofilm
eradication concentrations were established for the yellow complex biofilms and, therefore, this
data has the potential to be used to establish new treatments against periodontal disease as the
removal potential was explored.
The MBEC value was determined for pre-grown mixed monocultures and pre-grown
consortia aerobically for sodium fluoride, 7 mg/mL and 55 mg/mL respectively. Additionally,
under anaerobic conditions, the MBEC for sodium fluoride for pre-grown monocultures was 55
mg/mL. For exposure to hydrogen peroxide, the only MBEC determined was for pre-grown
monocultures, 0.02%. Therefore, higher concentrations of hydrogen peroxide need to be tested
aerobically on pre-grown consortia and anaerobically on pre-grown monocultures. Finally, an
MBEC was not successfully determined, within the concentrations tested, for pre-formed
biofilms and further work will need to be carried out. Conclusively, it was biofilms formed under
anaerobic conditions, the environment from where the yellow complex members may have been
isolated from the oral cavity, and pre-formed biofilms, that were most difficult to eradicate.
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Chapter 5: Primer Design, Primer Testing and qPCR for the Yellow Complex Members
5.1 Overview
The yellow complex bacteria are members of the viridans group streptococci (VGS) and
these bacteria have the ability to colonize the gastrointestinal and genitourinary tracts as well as
the oral cavity. They are Gram-positive cocci, catalase-negative and form chains (Doern &
Burnham, 2010). Within the VGS group, the yellow complex members are separated based on
phenotype, but this taxonomy lacks consistency (Doern & Burnham, 2010), therefore,
biochemical testing methods are used for identification. Over many years the bacteria have been
moved around in groups and carried many naming schemes and, as of 2010, there are 6 groups of
VGS, S. mutans group, S. salivarius group, S. anginosus group, S mitis group, S. sanguinis
group, and S. bovis group. The members of the yellow complex are not all part of the same
viridans group, S. intermedius belongs to the S. anginosus group, S. mitis and S. oralis belong to
the S. mitis group, and S. sanguinis and S. gordonii belong to the S. sanguinis group (Doern &
Burnham, 2010). Due to many similarities within the yellow complex genomes designing
primers specific and unique to each individual member was difficult.
Quantitative polymerase chain reaction (qPCR) is a quantification tool that aids in
establishing the baseline ratios of bacteria by enhancing unique genetic information. qPCR is a
widely used tool that is useful in quantifying the nucleic acids, such as DNA, present in a
sample, for example in a biofilm. qPCR is measured using fluorescence and a benefit to this is
that the fluorescence is measured through a computer program and does not need to be continued
on a gel similar to the traditional PCR technique (Cavender et al., 2004). An issue that arises
with qPCR is that all cells are detectable in the sample, which includes dead cells that have
release their cytoplasmic components including DNA (Alvarez et al., 2013). qPCR was
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performed on each of the yellow complex bacteria to generate standard curves that are
proportional to number of gene copies per mL for each organism. This technique can be further
used to help identify how much of each yellow complex member is present before and after
treatments are applied to the biofilms.
5.2 Methods
The first step in developing standard curves was to perform a DNA extraction for each
yellow complex bacterium. After a successful DNA extraction, qPCR was run with primers
(refer to Table B2 in Appendix B) that select for a specific gene in each individual organism.
EvaGreen dye binds to the dsDNA and fluoresces exponentially over multiple cycles of DNA
amplification. When reviewing results, there is a higher quantity of cells when there is a high
fluorescence signal. A melt curve was also generated during qPCR, this was a helpful way to
ensure no primer dimers are forming, which would ultimately lower the primer effectiveness.
Refer to Chapter 2 for procedure on qPCR.
Due to the yellow complex bacteria all belonging to the same genus, Streptococcus, they
share many of the same genes and, therefore, multiple primers were designed by identifying
different genes between the members, as well as differences in their sequences. Primers for
qPCR were designed though identification of a unique gene sequence present in one organism
but not in other members of the yellow complex through a database on patricbrc.org. It was later
discovered that even though the genes selected had different names, some of the gene sequences
used to create the primers were non-unique. This information became known after running a
PCR confirmation gel. One organism’s DNA was selected and tested against all five sets of
yellow complex primers to identify any banding on an agarose gel. A second attempt to find
different unique primers was made using the same database, but once ordered and tested, the
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results were the same, all primers selecting for multiple yellow complex bacteria. Refer to
Appendix A5 and B2 for the qPCR graphs established and initial primer sequences tested.
Finally, Dr. Gabriel Moreno-Hagelsieb was consulted and he used another genomics computer
program that compared the genomes of the yellow complex members to one another and
identified unique parts of their sequences to assist in a third primer design attempt. An ad hoc
program (BLASTN version 2.10.0+) was used that cut each individual genome sequence into
1000 bp-long fragments and compared these fragments against the complete genomes of all other
members (Camacho et al., 2009). The program selected 1000 bp-long sequences that did not
match any other genome in the set as “diagnostic” for each strain (Camacho et al., 2009; G.
Moreno-Hagelsieb, personal communication).
5.3 Results and Discussion
5.3.1 Designing Primers Unique to Yellow Complex Members
The separation of the yellow complex bacteria into viridans groups aids in understanding
the similarities and differences in the biofilm formation data. The yellow complex bacteria when
grouped together may show similar phenotypic traits as well as share many of the same genes
and this was a key factor in primer design difficulty. As seen in previous experimentation, S.
gordonii and S. sanguinis shared similarities in their biofilm forming capabilities. For example, it
has been discussed in the literature that S. gordonii and S. sanguinis were considered the same
species because they share 97% sequence identity (Zheng et al., 2017). It was in 1989 when they
were separated into distinct species based on biochemical, physiological and serological profiles
(Zheng et al., 2017). Additionally, S. mitis and S. oralis are closely related phylogenetically with
99% rRNA sequence identity (Do et al., 2009).
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qPCR graphs were established for the original primers prior to discovering they were not
unique. These primers were identified as not unique after completing a PCR and observing
multiple bands for one set of DNA on an agarose gel. Appendix A5 shows these initial qPCR
figures, as well as the gels established confirming the primers were selecting for more than one
set of DNA. Some characteristics that were identified for primer selection were, the primers
should be 18-24 bp in length, have a GC content of about 50% for strong binding, and the
melting temperatures for both the reverse and forward primers need to be around the same
temperature (Thornton & Basu, 2011). The software used for this selection process was
SnapGeneâ. There was no previous research on the five yellow complex organisms that
identifies the relative proportion of each member within the biofilm and, therefore, there were no
unique primer sequences available in the literature. Currently, there are primer sequences
identified for individual yellow complex members, but these can only be used for individual
species work.
Primers were designed based upon the results received from Dr. Gabriel MorenoHagelsieb (personal communication) and PCR confirmation gels were prepared using these new
primer sets for all yellow complex bacteria (refer to Tables 5.1 and 5.2). A gel contained DNA
from S. oralis and S. gordonii (Figure 5.1). S. gordonii DNA can be observed in lanes 3-7, the
band seen in lane 3 was for S. gordonii primers, and the band seen in lane 4 was for S. oralis
primers. Therefore, S. oralis primers amplify S. gordonii DNA and could not be applied to
planned studies investigating the proportion of each individual within the biofilm matrix. Also
apparent in Figure 5.1, lanes 8-12 contained S. oralis DNA and only one band was apparent and
this was for S. oralis primers. This means that S. oralis primers target S. oralis DNA, but they
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also target S. gordonii DNA (Figure 5.1, lanes 4, 9). However, the S. gordonii primers do not
target S. oralis, (although they too are not unique, as Figure 5.1 reveals).
A gel was produced using S. intermedius, S. mitis and S. sanguinis DNA against all
primer sets (Figure 5.2). S. intermedius DNA mixtures were loaded into lanes 2-6 and a band
was only seen for S. sanguinis primers in lane 6. S. mitis DNA was shown in lanes 7-11 and there
was banding observed for S. gordonii primers, lane 7, showing that S. gordonii primers bind to
another yellow complex members DNA. S. sanguinis DNA was run in lanes 12-16 and there was
banding again for S. gordonii primers, lane 12, as well as for its own primers, lane 16. Please
refer to Table 5.3 for a summary of primer targets and DNA matches.
The results show that all primers tested are either not unique (S. gordonii, S. oralis and S.
sanguinis), or undetermined (S. intermedius and S. mitis) as they didn’t target and amplify the
desired DNA sequence (at least under the conditions tested). The database used to design these
primers cut each yellow complex members genome sequence into 1000 bp-long fragments and
compared these fragments against all other members. Through these differences, primers were
designed. Though these were thought to be specific and unique, an error could have occurred
during the design of the primers, qPCR, or through the database used. In future research, the
1000 bp differences should be reviewed again to further develop unique primer sequences. The
primers confirmed to amplify their intended DNA sequence, S. gordonii, S. oralis and S.
sanguinis, can be used for individual work with these members, as others have done (Li et al.,
2003; Park & Kook, 2013; Banas et al., 2016).
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Table 5.1: Primer Sequences Used for qPCR Data That Were Not Unique to a Single
Organism
Organism
Primer
Primer Sequence (5’ to 3’)
Streptococcus gordonii

SG F
SG R

GTCACCTTACAGTCATAGCCTG
CCGGCTCTTGATCCAAATAATC

Streptococcus sanguinis

SS F
SS R

GGAACCCCAATTCACTTGATTG
CCTTCTGTCCGAATCTTACC

Streptococcus oralis

SO F
SO R

GAAAATGGCAAAAACGGGTG
CTGACCGCAAAATCCATCTG

F= forward primer
R= reverse primer

Table 5.2: Unsuccessful qPCR Primer Sequences Tested
Organism
Primer
Primer Sequence (5’ to 3’)
Streptococcus
intermedius

SI F
SI R

CCACACCGAAGCAGTTATGATG
CTTTTCGCCATCCAAGTAGG

Streptococcus mitis

SM F
SM R

CCGTATTGGGAAAAAATGG
GCCAAAACAAAGACAAGTGGC

Table 5.3: Yellow Complex Bacteria Primer Sets and DNA Binding Patterns
Primer Set Target
DNA Match
Uniqueness
S. gordonii

S. mitis, S. sanguinis, S.
gordonii,

Not unique

S. oralis

S. gordonii, S. oralis

Not unique

S. mitis

None

Undetermined

S. intermedius

None

Undetermined

S. sanguinis

S. sanguinis, S. intermedius

Not unique
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Figure 5.1: PCR 1.8X Agarose Gel for S. gordonii and S. oralis. The gel was run at 100 volts for
55 minutes. S. gordonii (lanes 3-7) and S. oralis DNA (lanes 8-12). S. gordonii primers in lanes 3
and 8, S. oralis primers in lanes 4 and 9, S. mitis primers in lanes 5 and 10, S. intermedius
primers in lanes 6 and 11, and S. sanguinis primers in lanes 7 and 12, all other lanes were empty.
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Figure 5.2: PCR 1.8X Agarose Gel for S. intermedius and S. sanguinis. The gel was run at 100
volts for 55 minutes. S. intermedius (lanes 2-6), S. mitis DNA (lanes 7-11), and S. sanguinis
DNA (lanes 12-16). S. gordonii primers in lanes 2, 7 and 12, S. oralis primers in lanes 3, 8 and
13, S. mitis primers in lanes 4, 9 and 14, S. intermedius primers in lanes 5, 10 and 15, and S.
sanguinis primers in lanes 6, 11 and 16, all other lanes were empty.
5.3.2 Quantitative Polymerase Chain Reaction Studies
Three graphs were generated for each yellow complex bacterium. In Figure 5.3-5.5,
graph A is the PCR cycle graph, graph B shows the melt curve and graph C displays the standard
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curve. Graph A, the PCR cycle graph, was generated to identify the threshold cycle (Ct) (Rao et
al., 2013). The red line in graph A was indicative of the threshold and was placed during the
linear phase. The Ct was the point where the PCR curve crosses the threshold (Pabinger et al.,
2014). A higher Ct value (30-35) means there was less DNA detected and more cycles are
needed to identify any fluorescence, and a smaller Ct value (10-15) means that the gene was
highly expressed. Graph B, the melt curve, showed the negative derivative of fluorescence
against temperature. After the amplification cycles are finished the thermocycler was
programmed to produce a melt curve (Ahmed et al., 2017). The temperature increased as it read
fluorescence, and once the temperature was high enough the dsDNA denatured and the dye
started dissociating, resulting in the decrease of fluorescence, producing the curve. There should
be only one peak that identifies that there was a DNA product from a single species (Ahmed et
al., 2017). A reason for multiple peaks in a melt curve (observable in Appendix A5) is that some
sequence-specific characteristics or the GC content of the sequence can go through multi-stage
melting transitions, therefore producing more than one peak. This can still be treated as a
successful qPCR (Ahmed et al., 2017). Graph C, the standard curve, was generated from DNA
serial dilutions, in these experiments the dilutions used ranged from 100 to 10-5. There was a
linear relationship between the Ct and the logarithm of the initial amount of total template DNA
(Pabinger et al., 2014). The line formed was a line of best fit and each dilution was done in
triplicate, therefore, the line was generated based on the location of all replicates. The slope of
the standard curve was used to estimate the efficiency of the amplification of qPCR (Svec et al.,
2015). A slope of -3.3 is indicative of a PCR with 100% efficiency. When PCR is 100%
efficient there is a 10-fold increase in the amplicon every 3.32 cycles. If the slope is more
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negative the PCR is less than 100% efficient and if the slope is more positive, this is likely due to
human error such as a pipetting error (Svec et al., 2015).
For the qPCR data seen in Figures 5.3-5.5, S. gordonii, S. oralis and S. sanguinis primers
are used. Though these are not unique, the data was helpful in establishing baseline ratios of each
organism. There are no qPCR results for S. intermedius and S. mitis qPCR because the primers
designed did not amplify their intended DNA sequences. None of the primers considered here
can be used in future experiments, such as RT-qPCR, examining the proportion or relative
abundance of each yellow complex member. As mentioned previously, due to high relatedness in
the genetic sequences of the yellow complex members it was very difficult to design primers that
only select for one bacterium in the yellow complex (Kreth et al., 2009; Doern & Burnham,
2010). Even though all primers tested were not useful for future experimentation on the
multispecies biofilm they still can be used in studies assessing information about the individual
organisms.
A)

B)

C)

Figure 5.3: qPCR Data for S. gordonii. Graph A) PCR cycle graph B) melt curve and C)
standard curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
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A)

B)

C)

Figure 5.4: qPCR Data for S. oralis. Graph A) PCR cycle graph B) melt curve and C) standard
curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.

A)

B)

C)

Figure 5.5: qPCR Data for S. sanguinis. Graph A) PCR cycle graph B) melt curve and C)
standard curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
In order to fully understand which bacteria are resisting the treatments and identifying the
relative proportion of individual members within the biofilms, unique primers that select for only
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one organism are needed. In future research the unique primer sets for all members need to be
established so that can RT-qPCR can be performed on biofilms post treatment to generate this
more detailed information.
5.4 Summary and Conclusion
The aim of this portion of the research was to design unique primers for each yellow
complex member, establish baseline ratios within the community biofilm and ultimately quantify
the yellow complex members within the community biofilm post treatment with an
antimicrobial. Objective three was not successfully completed. Due to time restrictions and
difficulties with primer designs, RT-qPCR and the baseline ratios of each organism were not
fulfilled. The purpose of confirming the primers for uniqueness was to ultimately perform RTqPCR. RT-qPCR was to be implemented after the yellow complex biofilms had been treated
with an antimicrobial such as sodium fluoride or hydrogen peroxide to identify which organisms
were still present in the biofilms post treatment. The primers used were not unique to any yellow
complex member tested and even after identifying differences in the sequences, three of the five
members, S. gordonii, S. sanguinis and S. oralis primers were still able to bind to other
streptococcal DNA in the yellow complex. Therefore, new sets of primers for all members would
need to be tested for specificity and uniqueness again and after successfully finding unique
primers for all five yellow complex organisms, RT-qPCR could be performed. Furthermore,
being able to identify specific primer sequences for yellow complex members will be beneficial
for future research with all five yellow complex bacteria as this will allow for the identification
of the bacteria as individual members in the biofilms, as some may be more persistent than
others over time.
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Chapter 6: Summary and Future Work with Yellow Complex Biofilms
6.1 Conclusions
The research explored has further developed the current knowledge on the yellow
complex bacteria, most importantly their biofilm capabilities. Due to a lack of previous research
performed on the yellow complex as a whole community this research has been beneficial in the
field of biofilms and periodontal disease. The research has provided insight on the yellow
complex biofilms as individual species and as a community, as well as how they respond to
antimicrobials in both aerobic and anaerobic settings. The use of sodium fluoride and hydrogen
peroxide on these biofilms has provided information that can benefit treatment strategies against
periodontal disease. The novel findings throughout the investigation of each objective have
allowed for a more comprehensive insight into the yellow complex bacteria.
The overall goal of this research on the yellow complex bacteria was to evaluate their
biofilm formation under aerobic and anaerobic conditions to better understand how to eliminate
them in order to provide a targeted approach to periodontal disease. Objective one examined the
optimal growth conditions for the yellow complex bacteria, detecting their biofilm-forming
abilities as pure cultures and as a community. The goal of the second objective was to identify
effective treatment compounds that could be used to eradicate the biofilms to further aid research
against periodontal disease. Lastly, the third objective focused on designing primers specific and
unique to each member that makes up the yellow complex and on quantifying the yellow
complex biofilms to establish ratios of each organism.
6.1.1 Objective 1
The completion of objective one led to a better understanding of the biofilm dynamics of
the yellow complex bacteria as individual species and as a community. The crystal violet assay
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was adapted and optimized to better assess the yellow complex biofilms as most members form
very loose biofilms. Due to their loose nature, adding a large volume of liquid to the wells
caused the biofilms to disperse, therefore, less liquid was added to allow for the biofilm to
remain intact. Each yellow complex organism is able to grow in both aerobic and anaerobic
atmospheres and produce slightly different levels of biofilm under each set of conditions. The
biofilms in the anaerobic environment were qualitatively found to be more compact when
compared to the aerobic biofilms. Some yellow complex members, S. sanguinis and S.
intermedius, as well as the community biofilm, showed significantly higher levels of biofilm
material in anaerobic conditions. Through experimentation, S. intermedius and S. sanguinis were
found to grow slower and with a moderate total cell biomass in both aerobic and anaerobic
atmospheres, much lower compared to the other three organisms. The yellow complex bacteria
were successfully able to be co-cultured, which was helpful in subsequent analyses involving
antimicrobial treatments on the biofilms. Finally, when comparing all data, it was determined
that the multispecies biofilm had better growth and biofilm generation under anaerobic
conditions when compared to those formed under aerobic conditions.
6.1.2 Objective 2
After determining how the yellow complex organisms form their biofilms as a
community in both aerobic and anaerobic settings, treatments with antimicrobials were applied.
Sodium fluoride and hydrogen peroxide were successful in eradicating the co-inoculated
biofilms under aerobic conditions. Seven mg/mL of sodium fluoride had the ability to eliminate
the yellow complex biofilm for pre-grown monocultures and 55 mg/mL for pre-grown consortia.
The MBEC under aerobic conditions was 0.02% for hydrogen peroxide for pre-grown
monocultures but no MBEC was determined for pre-grown consortia. When the biofilms were
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treated under anaerobic conditions, the minimum biofilm eradication concentration was not
determined for hydrogen peroxide. The MBEC value for sodium fluoride under anaerobic
conditions was 55 mg/mL, which is notably higher than the results for the aerobic data and this is
most likely due to the tight, compact biofilm that developed under anaerobic conditions. These
organisms are facultative anaerobes and have shown, through these results, to thrive much better
in anaerobic settings as seen during objective one investigations and confirmed in objective two
studies. When the yellow complex bacteria have the opportunity to interact for 24 h prior to
exposure of an antimicrobial it was harder to eradicate the ensuing biofilms. The interaction
likely allows for more resistant and persistent bacteria to form in higher amounts in the biofilms
and, therefore, a higher degree of antimicrobial is needed to eradicate the yellow complex when
grown under these conditions. This finding is important as these conditions may better reflect the
natural situation in the oral cavity.
The effects of the treatments should be further verified through procedures such as RTqPCR to more specifically identify which organisms are present during exposure to a particular
concentration of antimicrobial. This would give a better idea as to what complex member(s) can
survive such harsh treatments to further aid research into eradicating these biofilms.
6.1.3 Objective 3
After establishing successful biofilm growth both individually and as a community in
objective one and determining potential treatment concentrations against the yellow complex in
objective two, the last objective was essential. Generating standard curves was not completely
successful for all five yellow complex organisms, as some of the primers tested did not amplify
their intended DNA sequences. Since many primers tested were not specific and amplified
multiple organism’s DNA, this data could not be used in further experiments involving RT-
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qPCR, which would be implemented after exposure of biofilms to an antimicrobial. Due to the
yellow complex bacteria all belonging to the Streptococcus genus they share many of the same
genes and similar genomes and, therefore, it was difficult to design primers specific to each
organism. Primer design was attempted three times but no unique primers were determined,
therefore, all of objective three could not be completed. Nonetheless, the qPCR data provided
can be used in future research to compare to RT-qPCR data pre- and post-treatment with
antimicrobials once unique primer sets are found.
6.2 Future Work
The research completed on the yellow complex can be expanded on from the knowledge
gained in this research on the biofilm capabilities under both aerobic and anaerobic conditions.
Due to the yellow complex being facultative anaerobes the treatment compounds need to be
tested both aerobically and anaerobically. The difficulty in eradicating these biofilms and the
genetic similarity of the organisms caused the time required for objectives two and three to take
much longer than expected, not allowing time to fully complete objective three. Some
recommendations needed to further assess the yellow complex bacteria individually and as a
community include:
1. Test the hydrogen peroxide aerobically after it has been sitting in the anaerobic chamber.
Since a MBEC value could not be determined anaerobically for hydrogen peroxide this
compound could potentially be losing some of its properties while it is sitting in the
anaerobic chamber. To further understand why the MBEC was not able to be determined
the H2O2 should be removed and tested to confirm it works aerobically.
2. Continuing to work with the yellow complex pre-formed biofilms, perhaps considering
biofilms with lower absorbance values as a starting point. Due to time constraints and co-
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inoculation treatments requiring an extended period of time, the pre-formed biofilm
treatments were not completed. Understanding how the biofilms are affected by
treatments after they have already formed is important for periodontal disease
investigations.
3. Repeat and adjust the protocol followed for pre-formed biofilms without varying the cell
concentrations, similarly to what was done with the co-inoculation assays.
4. Treatment of the yellow complex biofilms with other antimicrobial agents such as sodium
bicarbonate to identify compounds that can eradicate the biofilms at lower
concentrations.
5. This research focused on treating the yellow complex biofilms as a community, it would
be helpful to expose the individual species to sodium fluoride and hydrogen peroxide, as
well as other antimicrobials, as seen with the red complex. Finding the concentration of
antimicrobials that eliminate individual members may help to slow the progression of
periodontal disease.
6. Continue this project with RT-qPCR using the unique primers and the qPCR standard
curves provided. The biofilms should be tested pre and post treatment to identify which
organisms are present in the biofilm and at what ratios. It would be interesting to see the
shift in biofilm dynamics over multiple days to better understand the balance of
organisms that can survive treatments at selected concentrations.
7. For the bacteria whose primers could not be confirmed, continuing to test primers for
specificity and uniqueness based on differences in their genomes and using these primers
to run qPCR and RT-qPCR.
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8. To determine if there is complementarity (DNA binding), perform a blast N search with
primers against the organism of interest.
9. The yellow complex pathogens should also be tested alongside other oral pathogens that
have effects on periodontal disease, such as the red complex (Nechacov, 2019). Being
able to test biofilm forming capabilities and the effects of treatments on multiple
complexes can be beneficial in understanding how the communities interact with one
another.
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Chapter 7. Integrative Biology
The research done on the yellow complex biofilms was part of a larger project involving
other sub-disciplines such as biochemistry and protein biology. The complexity and scope of the
broader research program requires investigation by researchers from a variety of backgrounds,
and in this manner can be considered integrative. Many perspectives are required to achieve the
longer-term goals of this research. For example, understanding the potential mechanisms of
action of sodium fluoride and hydrogen peroxide plays an important role in finding the correct
concentrations that will eradicate the yellow complex biofilms. Additionally, having knowledge
of the oral anatomy and cavity as an environment from an epidemiological standpoint is
important. Understanding how the gum tissue becomes inflamed and what bacteria play a role in
periodontal disease is essential in establishing effective treatments against the yellow complex.
Therefore, this work can be integrated into the medical field of periodontal disease as it
contributes information important to ongoing research for treatment against the yellow complex
biofilms.
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Appendix A:
Appendix A1: The Effects of Antimicrobials on the Multispecies Biofilm- Sodium Fluoride
Under Aerobic Conditions
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Figure A1: Sodium Fluoride (NaF) Treatment Aerobically on Yellow Complex Biofilms with
Pre-Grown Monocultures, Confirmation Results. The top graph shows total cell biomass (optical
density) and the graph on the bottom is depicting biofilm amount (absorbance).
Testing sodium fluoride on the multispecies complex was the first antimicrobial
experiment performed. Therefore, a confirmation experiment was performed initially (Figure
A1) to ensure the procedure worked correctly. The same trends were seen for the replicated
experiment in Figure 4.1 seen in Chapter 4.
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Appendix A2: The Effects of Antimicrobials on the Multispecies Biofilm- Hydrogen Peroxide
Under Aerobic Conditions
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Figure A2: Hydrogen Peroxide (H2O2) Treatment Aerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance).
An initial exposure experiment was performed on the yellow complex biofilms using
hydrogen peroxide and all concentrations tested showed an undetectable amount of biofilm
material, with an exception for 0.01% (Figure A2). Due to the large gap seen in the treatment
compounds, between 0.01% and 0.05%, this experiment was redone to include smaller treatment
concentrations between these values (Chapter 4, Figure 4.5).
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Appendix A3: Effects of Antimicrobials on the Multispecies Biofilm- Sodium Fluoride
Treatment Under Anaerobic Conditions
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Figure A3: Sodium Fluoride (NaF) Treatment Anaerobically on Yellow Complex Biofilms with
Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the graph
on the bottom is depicting biofilm amount (absorbance).
Sodium fluoride was tested on the anaerobically grown yellow complex biofilms (Figure
A3), and on day 10, the biofilm exposed to 25 mg/mL reached a value very close to undetectable.
It can be observed that all test concentrations exhibited a low amount of biofilm material, when
compared to the control wells. Due to 25 mg/mL being so close to eradication, slightly higher
concentrations should be tested to determine the MBEC.
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Appendix A4: Effects of Antimicrobials on the Multispecies Biofilm- Hydrogen Peroxide
Treatment Under Anaerobic Conditions
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Figure A4: Hydrogen Peroxide (H2O2) Treatment Anaerobically on Yellow Complex Biofilms
with Pre-Grown Monocultures. The top graph shows total cell biomass (optical density) and the
graph on the bottom is depicting biofilm amount (absorbance).
Concentrations 0.01-0.05% of H2O2 were tested again for confirmation (Chapter 4,
Figure 4.11). Again, over the 10-day experimental period no MBEC was determined as the
biofilms were all able to resist the treatments they were given (Figure A4). The biofilms were
still able to grow even in the presence of high H2O2 concentrations. These results were similar to
Figure 4.11 in that 0.01% and 0.015% had high total cell biomass and all others were low, but
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biofilm material was present at all concentrations. When observing Figure A4, it can be seen that
hydrogen peroxide was promoting growth at concentrations of 0.01% and 0.015% when
compared to the positive control. The concentrations of 0.02-0.05% had similar total cell
biomass to that of the previous experiment in Figure 4.11, Chapter 4. The test concentration of
0.05% had the lowest total cell biomass after 10 days, but not to the value of non-detect.
Appendix A5: Initial qPCR Data Established for Yellow Complex Individuals Using NonUnique Primers
Using primers designed through SnapGeneâ, which were eventually found to be not
unique to each yellow complex member, qPCR was performed. Through PCR and an agarose
gel, it was confirmed that the primers being used for qPCR were not unique to each individual
yellow complex member. Figures A5-A9 provide A) PCR cycle graph B) melt curve and C)
standard curve. The primers used to generate these data are presented in Appendix B, Table B2.
When viewing these images, it should be noted that some primer dimer formation was
present and the protocol should be changed to make the conditions more optimal for the yellow
complex organisms. It should also be noted that for qPCR to show the best results, the efficiency
should be 100% and the slope should be -3.3. The results for the yellow complex bacteria qPCR
efficiency were not 100%, and the slopes are close to -3.3 but not exact.

113

A)

B)

C)

Figure A5: qPCR Data for S. gordonii. Graph A) PCR cycle graph B) melt curve and C)
standard curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
A)

B)

C)

Figure A6: qPCR Data for S. oralis. Graph A) PCR cycle graph B) melt curve and C) standard
curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
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A)

B)

C)

Figure A7: qPCR Data for S. sanguinis. Graph A) PCR cycle graph B) melt curve and C)
standard curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.

A)

B)

C)

Figure A8: qPCR Data for S.mitis. Graph A) PCR cycle graph B) melt curve and C) standard
curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
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A)

B)

C)

Figure A9: qPCR Data for S. intermedius. Graph A) PCR cycle graph B) melt curve and C)
standard curve. The relationship between DNA and number of gene copies with n=3. SsofastÔ
EvaGreenÒ qPCR kit and protocol were used.
Appendix A6: 1.8X Agarose Gel Primer Confirmation
The first set of DNA and primers to be tested for specificity and uniqueness to each
organism was performed with S. intermedius and S. sanguinis. S. intermedius DNA was tested
individually with all five sets of yellow complex primers (Figure A10). The primers of S.
gordonii, S. mitis and S. intermedius were able to amplify S. intermedius DNA, therefore the S.
gordonii and S. mitis primers were not unique. Similarly, for the DNA of S. sanguinis a band is
seen for S. gordonii, S. oralis, S. mitis and S. sanguinis primers. Therefore, these primers could
not be used in further experimentation in this research as they were not unique and specific to
one organism. Further, new primers were tested and similar results were found (Figure A11). S.
oralis and S. mitis DNA are shown. Both sets of DNA examined presented banding for S.
gordonii, S. mitis and S. oralis primers, identifying that these are not unique.
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Figure A10: PCR 1.8X Agarose Gel with S. intermedius (lanes 1-5) and S. sanguinis (lanes 1620) DNA. S. gordonii primers used in lanes 1 and 16, S. oralis primers used in lanes 2 and 17, S.
mitis primers used in lanes 3 and 18, S. intermedius primers used in lanes 4 and 19, and S.
sanguinis primers used in lanes 5 and 20.
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Figure A11: PCR 1.8X Agarose Gel with S. oralis (lanes 2-6) and S. mitis (lanes 7-11) DNA. S.
gordonii primers used in lanes 2 and 7, S. oralis primers used in lanes 3 and 8, S. mitis primers
used in lanes 4 and 9, S. intermedius primers used in lanes 5 and 10, and S. sanguinis primers
used in lanes 6 and 11.
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Appendix B.
Appendix B1: DNA Extraction Solutions
DNA was extracted from each yellow complex member, to ultimately perform qPCR.
The DNA was extracted after 24 hrs of growth at 37°C. As explained in Chapter 2, many
solutions were used throughout the DNA extract and it was the DNeasyÒ PowersoilÒ Kit by
Qiagen that was used. The solutions and their descriptions are listed and explained in Table B1.

Table B1: Solutions Used During DNA Extraction Based Upon DNeasyÒ PowersoilÒ Kit
by Qiagen Handbook
Solution
Description
C1
Contains SDS and disruption agents that aid in
cell lysis. SDS breaks down fatty acids and
lipids.
C2
Patented Inhibitor Removal Technology (IRT),
the reagent precipitates non-DNA material. It
aids in removal of contaminates that have the
ability to reduce DNA purity.
C3
Patented Inhibitor Removal Technology (IRT)
precipitates non-DNA material and removes
contaminants that reduce DNA purity.
C4
This solution has a high salt concentration that
adjusts the DNA solution salt concentrations
that further aids in binding of DNA, non-DNA
material may still be present in low levels.
C5
Ethanol wash solution that cleans the DNA
that is bound to the filter membrane on the MB
spin column. Removing salt and other
contaminants while the DNA stays bound to
the filter.
C6
10 mM tris lacks salt. This solution is a sterile
elution buffer that aids in releasing the DNA
from the filter. DNA that was bound in the
presence of high salt concentrations is
selectively released.
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Appendix B2: Initial Primer Sequences Tested for Specificity and Uniqueness
Prior to understanding that initial primer sequences used were not unique, those listed in
Table B2 were used to develop qPCR graphs for each yellow complex member. The graphs that
correlate with these primers can be found in Appendix A5.

Table B2: Primer Sequences Used for Initial qPCR Data of Yellow Complex Bacteria
Organism
Primer
Primer Sequence (5’ to 3’)

Streptococcus oralis

SO F
SO R

CCTGAAGCAGAAGAGATTGTTG
GGTTTGAATTCGTGGACTTTCC

Streptococcus gordonii

SG F
SG R

CCTGGTCCAGTCGTCATTG
CCGCATAGCTGATACCACC

Streptococcus
intermedius

SI F
SI R

GGTGATAATGCTGCCAATCCAC
CCCGTTGAGCTTCAAGTGTTAG

Streptococcus sanguinis

SS F

CCTATCTGGATTGACTGTGG
CTTGCCAAAGCAAGACGAAG

SS R
Streptococcus mitis

SM F
SM R

CGAAACCTAGCAGATGAAGC
CTCGCTTAAATTGTTCACGGC
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