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ABSTRACT 
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Dental prophylaxis is a routinely practiced veterinary procedure. Its effect on the 

plaque and oral microbiotas of dogs is not fully understood. Thirty dogs received a 

dental prophylaxis. Supragingival plaque and composite oral swabs were collected 

just prior to, and one week after dental prophylaxis. A subsample of 10 dogs was 

followed, and samples collected two and five weeks post-prophylaxis. The V4 region 

of the 16S rRNA gene was used for next-generation sequencing. Results reveal 

prophylaxis had a profound impact on both the plaque and oral microbiota. Rapid 

transition back to the pre-dental prophylaxis microbiota by five weeks post-treatment 

was seen for both environments. Study results suggest there are clear differences 

between the plaque and composite oral niches, which need to be studied and 

treated independently. It is evident prophylaxis alone is not enough to disrupt the 

course of the canine oral microbiota that is set towards increasing periodontal 

disease. 
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CHAPTER ONE: LITERATURE REVIEW 
  

1.1 Introduction 
It is estimated there are over 1030 individual bacteria worldwide (Schloss and 

Handelsman 2004), with more than 99% of all bacteria on Earth residing within 

biofilms (DuPont 1997). A biofilm is a complex colony consisting of many species of 

microorganisms living together synergistically in a matrix of their own making (Hale 

2003). In the human body, only 10% of living cells are actually human; 90% are 

microbial cells that reside on, and in the host (Savage 1977). By definition, this 90% 

is the human microbiota – the sum of microorganisms that inhabit a particular niche. 

When the overall genetic makeup of the microbiota is considered, the term 

microbiome is applied. Recent advances in laboratory and bioinformatics methods 

have led to profound increases in understanding of the composition and function of 

various microbiotas and microbiomes, and it is becoming abundantly clear these 

complex microbial populations play key roles in health and disease. 

 

Woese and Fox first proposed using the 16S small ribosomal (16S rRNA) subunit 

gene to help place organisms on the evolutionary tree (Woese and Fox 1977). In 

1985, Pace and colleagues described using the 16S rRNA gene to classify 

uncultivable bacteria (Pace et al. 1985; Schloss and Handelsman 2004), a major 

step in microbial ecology as, at that point, most bacteria had never been cultured in 

a laboratory. Environmental microbiologists have suggested that less than 2% of all 

bacteria can be cultured (Wade, 2002), although this estimate is now thought to be 

low. Within the oral cavity, estimates are higher, and 50% or more of bacteria in that 

environment are thought to be culturable (Wade, 2002). Regardless, the unexplored 

nature of a large proportion of bacteria limits understanding of microbiotas. 

 

Bacterial biofilms in the mouth can cause various forms of dental disease, 

particularly periodontal disease. Humans can proactively work towards mitigating 

periodontal disease by preventing the overgrowth of bacterial biofilms. Tooth 
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brushing, flossing, and regular dental check-ups and cleanings are all part of 

maintaining a healthy mouth. It is much more difficult to implement these measures 

in dogs and cats. As a result, it is not surprising periodontal disease is the most 

common ailment in our domestic pets (Harvey 1998; Kyllar and Witter 2005; 

Kortegaard et al. 2008). While it is known that periodontal disease is common in cats 

and dogs, the full scope of which bacteria causes disease is not. Next-generation 

sequencing technology provides researchers an opportunity to gain a better 

understanding of the breadth of bacteria involved in the periodontal disease process 

and to begin to determine their roles as causative agents. 

 
 
1.2 Microbial Aspects of Periodontal Disease 
 

1.2.1 Colonization of Enamel 
The oral cavity has a rich bacterial population, and is among the most diverse sites 

of the human body (Bowden and Hamilton 1998). Within the mouth, teeth have the 

largest microbial load (Kolenbrander 2000). This load is most often in the form of the 

dental biofilm, plaque. The formation of dental plaque is a complex, multi-layered 

process that begins with the adsorption of salivary proteins to the surface of the 

tooth enamel (Lenander-Lumikari and Loimaranta 2000). This forms the dental 

pellicle, the base to which bacteria can attach. Colonization of the pellicle proceeds 

in a unidirectional pattern, with only certain bacteria – primary colonizers – having 

the ability to bind at the outset and initiate biofilm formation (Holcombe et al. 2014). 

Secondary and subsequent colonizing bacteria require a prepared environment for 

them to co-adhere and be recruited into the biofilm. Co-adhesion continues in this 

manner and layers of different bacteria, salivary proteins, and inorganic compounds 

accumulate on the surface of teeth.  

 

Holcombe et al. (2014) conducted a study to elucidate the important bacterial 

species in early canine biofilms and to use this knowledge to understand the 

sequential processes that take place during initial colonization of enamel. This study 



 

 

3 

found that unlike in humans, streptococcal species – which have been determined to 

be primary colonizers in humans (Kolenbrander 1988; Kolenbrander 2000; Diaz et 

al. 2006; Kistler et al. 2013; Holcombe et al. 2014; Aruni et al. 2015) – had low 

relative abundance and the genus Neisseria was instead the main primary colonizer 

(Holcombe et al. 2014). Holcombe et al. (2014) also put forward new, canine-specific 

models of early plaque biofilm formation (see Figure 1.1). 

 

Biofilms play a crucial role in retention of bacteria (both healthy and disease-

causing) in the oral cavity. Biofilms also serve to protect these bacteria from physical 

dislocation, physiological disruption, and chemical stress (Bowden and Hamilton 

1998). If left unchecked, oral biofilms can continue to thicken, forming dental plaque 

on the teeth, along the gum line and underneath the gums. 

 

1.2.2 Gingivitis and Periodontitis 
When oral plaque is not disrupted (usually through mechanical means, such as tooth 

brushing or cleaning), it can harden to form tartar (calculus), which further promotes 

bacterial growth (DuPont 1997). Plaque can be 90% hardened into calculus within 

12 days of a dental prophylaxis (Hinrichs 2002). The presence of plaque, and thus 

calculus – long-term – on teeth can cause the development of periodontal disease 

(Hale 2003), a complex polymicrobial and multifactorial infection that develops in a 

two-stage process: gingivitis, and subsequently, periodontitis. 

 

Gingivitis is the body’s response to plaque and calculus accumulation on teeth 

above the gingival margin (Hale 2003; Aruni et al. 2015). Calculus provides a rough 

and porous surface to which bacteria can attach, contributing to the disease (Hale 

2003). Reddened and swollen gums are characteristic signs of gingivitis (Davis et al. 

2013). Bleeding gums are also common, especially during tooth brushing (U.S. NLM 

2014). Gingivitis is the reversible stage of periodontal disease (Kistler et al. 2013), 

and thus regular tooth brushing and flossing (in humans) is of great importance in 

maintaining a healthy oral cavity (Berchier et al. 2008).  
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Periodontitis, on the other hand, is non-reversible and can develop if gingivitis is left 

untreated (Dietrich et al. 2006; U.S. NLM 2014). Subgingival plaque and calculus are 

associated with the development of periodontitis (Aruni et al. 2015). In addition to the 

reddened, swollen, and bleeding gums of gingivitis, periodontitis is also 

distinguished by periodontal pockets (which occur when attachment is lost between 

the teeth and the gingiva (Wade, 2013)), sensitive teeth, oral pain, and bad breath 
(U.S. NLM 2014). In this stage of disease, the host inflammatory response causes 

the formation of periodontal pockets (Pihlstrom et al. 2005). The end result of the 

body’s response can be destruction of connective tissue attachment to the tooth and 

alveolar bone resorption (Hernández et al. 2011; Abusleme et al. 2013). 

Consequently, teeth can loosen, fall out completely or need to be removed 

(Pihlstrom et al. 2005; U.S. NLM 2014).  

 

In humans, the switch from gingivitis to periodontitis occurs in 10-15% of the 

population (Petersen and Ogawa 2005). Conversely, both gingivitis and periodontitis 

are common in dogs and cats. Canine periodontal disease prevalence estimates 

range from 44% (Davis et al. 2013; Holcombe et al. 2014) to 80% (Riggio et al. 

2011; Sturgeon et al. 2013). Over 60% of all domestic cats over 3 years of age are 

affected by periodontal disease (Clarke 1999). 

 

1.2.3 Impacts of Periodontal Disease 
Periodontal disease can have debilitating local effects: bleeding gums, sensitive 

teeth, oral pain, and loss of dentition (U.S. NLM 2014). Additionally, animals affected 

by periodontal disease may be reluctant to eat or drink, especially cats (Mallonee et 

al. 1988). Furthermore, periodontal disease has been associated with multiple 

systemic diseases. In humans, periodontal disease is thought to play a role in 

cardiovascular disease (Reyes et al. 2013), pneumonia (Azarpazhooh and Leake 

2006; Labeau et al. 2011), chronic kidney disease (Chen et al. 2011), cancer (Ahn et 

al. 2012), and cognitive impairment (Sparks Stein et al. 2012). Further, it has been 

suggested that periodontal disease may play a role in pre-eclampsia (Boggess et al. 

2003), diabetes (Borgnakke et al. 2013), chronic obstructive pulmonary disease 
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(Leuckfeld et al., 2008), and rheumatoid arthritis (Moen et al. 2006), although 

additional studies are required to strengthen these associations. 

 

In veterinary medicine, periodontal disease has been associated with bacterial 

endocarditis (DeBowes 1998; Glickman et al. 2009), and liver (Pavlica et al. 2008), 

kidney (Pavlica et al. 2008; Glickman et al. 2011), and respiratory diseases in dogs 

(DeBowes, 1998), and a generalized inflammatory state (Kouki et al. 2013). In cats, 

the findings are less conclusive; however, systemic inflammatory markers have been 

shown to be associated with severity of dental disease (the antibody Immunoglobulin 

G being the predominant marker), and that systemic consequences can be modified 

with treatment (Cave et al. 2012). 

 

This research, spanning humans, dogs, and cats, shows that periodontal disease is 

not just a local infection, and that it can have real and devastating effects on the 

broader body. While there is more research to be done to prove not only association, 

but also causation, these studies put into context why periodontal disease must be 

treated seriously. 

 
 
1.3 The Oral Microbiota 
 

1.3.1 Human Oral Microbiota 
Anton van Leeuwenhoek was the first individual to study human plaque in 1683 

(Dewhirst et al. 2012). In 1897, James Leon Williams first described dental plaque 

as an accumulation of bacteria attached to the tooth surface (Cassai et al. 2003; 

Aruni et al. 2015). Much progress was made in the following 100 years. In 2001, 

Paster et al. estimated there were 700 unique bacterial species within the human 

oral cavity; a decade later (Paster et al. 2001), that richness estimate jumped to 

1000 bacterial species (Dewhirst et al. 2010; Wade 2013). Next to the colon, the oral 

cavity is the most bacterially complex site in the body (Wade, 2013). (Paster et al. 

2001) 
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The phyla Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes 

and Fusobacteria comprise 96% of bacteria detected (Dewhirst et al. 2010; Wade 

2013). Kistler et al. (2013) found the phylum Proteobacteria had a significantly 

higher relative abundance in individuals with healthy mouths, while the phyla 

Bacteroidetes, Synergistetes, Spirochaetes, and Chloroflexi were implicated in 

periodontal status. Fusobacteria have also been implicated in periodontitis (Park et 

al. 2015), and Firmicutes have been shown to be the dominant phylum in patients 

with gingivitis (Park et al. 2015).  

 

Research has shown that certain bacteria belonging to the genera Actinomyces, 

Rothia, and Streptococcus are primary colonizers in human plaque formation 

(Kolenbrander 1988; Kolenbrander 2000; Kistler et al. 2013; Holcombe et al. 2014; 

Aruni et al. 2015), with streptococci comprising over 80% of the initial biofilm (Aruni 

et al. 2015). Human secondary, or bridging, colonizers have been identified as 

Prevotella intermedia, Prevotella loescheii, Capnocytophaga spp, and 

Fusobacterium nucleatum (Aruni et al. 2015; Park et al. 2015). Red-complex 

bacteria – Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola 

– are bacteria associated with periodontal disease (Socransky et al. 1998; Aruni et 

al. 2015). In humans, pathogenic members of the oral microbiota – such as 

Streptococcus mutans – can cause dental caries (cavities) in addition to gingivitis 

and periodontitis (Wade 2013).  

 

Several studies have found the primary colonizers are mainly Gram-positive cocci 

and short rods, while many bacteria in mature plaque are Gram-negative rods and 

filamentous bacteria (Aruni et al. 2015; Kistler et al. 2013; Wade 2013). Thus, the 

transition from health to disease in the human mouth is characterized by a shift from 

the presence of mainly Gram-positive to mainly Gram-negative bacteria (Haffajee et 

al. 2005; Holcombe et al. 2014). Many people do not practice oral hygiene to a 

standard sufficient to prevent gingivitis (Kistler et al. 2013), as evidenced by the 

roughly 3.9 billion people globally that have oral diseases (Marcenes et al. 2013; 

Aruni et al. 2015). The oral microbiota is a key component in human health; its mere 
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presence restricts the number of bacterial binding sites available for colonization by 

pathogens (Wade 2013).  

 

1.3.2 Canine Oral Microbiota 
Studies of the canine oral microbiota began in earnest in 1960 (Krasse and Brill 

1960); by that time, human oral microbiota studies had been underway for nearly 

300 years (Dewhirst et al. 2012). The first studies used culture-based methods to 

determine what bacteria were present in the canine oral cavity. Counts of colony 

forming units (CFUs) were a primary method of quantifying bacteria (Krasse and Brill  

1960; Syed et al. 1980; Svanberg et al. 1982; Boyce et al. 1995). Aerobic bacteria, 

including Actinomyces, Corynebacterium, Lactobacillus, Streptococcus, 

Staphylococcus, Fusobacterium, and Veillonella were found in subgingival plaque 

(Newman et al. 1977; Isogai et al. 1988,). Also found in subgingival plaque were 

many anaerobic bacteria including Porphyromonas asaccharolyticus, Fusobacterium 

nucleatum, Peptostreptococcus spp., Campylobacter, Capnocytophaga, 

Actinomyces, Corynebacterium, Lactobacilli, Bifidobacterium, Proprionobacterium, 

and Eubacterium (Courant et al. 1968; Newman et al. 1977; Syed et al. 1980; 

Korman et al. 1982; Svanberg et al. 1982; Loret 1990). Given the methods for 

microbial assessment available to researchers at the time, it was difficult to generate 

a deeper understanding of the bacterial microbiota in the canine oral cavity.  

 

Difficulties in gaining a deeper understanding of the canine oral microbiota were 

compounded by the numerous taxonomical reclassifications of the genera 

Bacteroides and Clostridium that occurred from the late 1980s through the early 

1990s (Shah and Collins 1988; Shah and Collins 1989; Shah and Collins 1990; Love 

et al. 1992b; Collins et al. 1994). With the adoption of molecular methods in studying 

the canine oral microbiota around the turn of the millennium, it became possible to 

not only isolate pathogens directly from samples, but also to identify non-cultivable 

bacteria (Cai et al. 2003b; Cai et al. 2014). During this time, studies used various 

molecular techniques – often in combination with traditional culture-based methods 

to investigate the bacterial microbiota of the canine oral cavity (Elliott et al. 2005; 
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Nordhoff et al. 2008; Rober et al. 2008; Van Dam et al. 2009; Riggio et al. 2011; 

Senhorinho et al. 2011; Dahlén et al. 2012). Riggio et al. (2011), in parallel with 

culture methods, used 16S rRNA gene sequencing to identify the bacterial taxa 

associated with periodontal disease. They noted that some bacteria identified by 

sequencing did not grow in culture and conversely, some bacteria that grew in 

culture were not identified by sequencing (Riggio et al. 2011). It was suggested the 

use of standard culture media and incubation conditions, as well as primer bias, 

resulted in these discrepancies (Riggio et al. 2011). 

 

The year 2012 marked a turning point in the study of the canine oral microbiota. 

Dewhirst et al. (2012) was the first research group to use solely culture-independent 

techniques to identify bacteria present in the canine oral microbiota. Fourteen 

bacterial phyla were identified (Firmicutes, Tenericutes, Actinobacteria, 

Proteobacteria, Spirochaetes, Bacteroidetes, Chlorobi, Fusobacteria, GN02, SR1, 

TM7, WPS-2, Chloroflexi, and Synergistetes), along with 148 genera, and 353 

bacterial phylotypes (Dewhirst et al. 2012). They used the full length of the 16S 

rRNA gene to create reference sequences, setting the benchmark for future studies. 

The following year, the first use of next-generation sequencing to identify canine oral 

bacteria was published (Sturgeon et al. 2013). This study used pyrosequencing to 

examine oral samples from six healthy dogs and found the phyla Bacteroidetes, 

Proteobacteria, Firmicutes, Fusobacteria and Spirochaetes predominated, and that 

Porphyromonas was the most commonly identified genus – 39.2% of sequences 

(Sturgeon et al. 2013).  

 

Later that same year, Davis et al. (2013) published a study that also used 

pyrosequencing, and that investigated the bacterial species found in the plaque of 

dogs with healthy gingiva, gingivitis, or mild periodontitis. It was found that in all 

disease stages, Porphyromonas was the genus with the highest relative abundance, 

especially in health, along with Moraxella and Bergeyella. It was also found that 

relatively few species were associated solely with gingivitis, and that 

Peptostreptococcus, Actinomyces, and Peptostreptococcaceae sp. were the genera 
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with the highest relative abundances in mild periodontitis (Davis et al. 2013). Davis 

et al. (2013) also observed a reversal of the human paradigm – that a switch from 

predominantly Gram-positive bacterial species to predominantly Gram-negative 

bacterial species characterizes transitions from oral health states to oral disease 

states (Haffajee et al. 2005).  

 

The year 2014 saw the publication of a study investigating the development of early 

canine biofilms at 24 and 48 hours post-dental prophylaxis, and it found that 

Bergeyella zoohelcum, Neisseria shayeganii, and a Moraxella species had the 

highest relative abundances (Holcombe et al. 2014). The study also found that 

streptococcal species – a dominant human early plaque primary colonizer – was 

virtually absent in the early canine plaque biofilm (Holcombe et al. 2014). This 

finding, along with the remaining results from the study, adds further evidence to the 

observed paradigm reversal from the study conducted by Davis et al. (2013). In 

2015, a study used pyrosequencing to compare the oral microbiota of dogs and their 

owners. Results indicated the microbiotas were appreciably different – with just 4.9% 

of operational taxonomic units (OTUs) in common between the two species – and 

that only four OTUs seem to have been shared from canines to their owners (Oh et 

al. 2015). The lack of shared bacteria has been attributed to the more alkaline saliva 

of dogs, and the inability for canine oral bacteria to survive in the neutral human oral 

environment (Holcombe et al. 2014; Oh et al. 2015). Also in 2015, Wallis et al. 

published a study that used pyrosequencing to identify changes in subgingival 

plaque from dogs whose health status changed from that of mild gingivitis to early 

periodontitis over a year-long timeframe (Wallis et al. 2015). The authors of the 

study found that bacteria associated with canine oral health status, including 

Bergeyella zoohelcum, Moraxella sp., Pasteurellaceae sp., and Neisseria 

shayeganiii, decreased in proportion as teeth progressed from gingivitis to mild 

periodontitis. The results also indicate that while community membership remains 

stable over time, the proportions of bacteria change during disease progression 

(Wallis et al. 2015). 
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1.3.3 Feline Oral Microbiota 
The feline oral microbiota has been studied since 1978 (Love et al. 1978). These 

initial studies used culture methods to identify bacteria associated with the feline oral 

cavity from subcutaneous fight wound abscesses (Love et al. 1978; Love et al. 1979; 

Love et al. 1982; Love et al. 1984; Love et al. 1987; Love et al. 1989; Love et al. 

1992a). Study of the feline oral microbiota, with particular focus on periodontal 

disease, has been on-going since 1988 (Mallonee et al. 1988). This seminal study 

used culture-dependent methods to assess bacteria directly from the oral cavity of 

cats with varying stages of periodontal disease. The study found the predominant 

group of bacteria present in the oral cavity was Bacteroides, which increased in 

proportion from the least-affected to most-affected sites in the oral cavity. 

Peptostreptococcus also followed this trend (Mallonee et al. 1988). Cultivation has 

revealed Actinomyces, Pasteurella, Tannerella, Bacteroides, and Fusobacterium to 

be the most prevalent genera in the healthy feline oral cavity (Mallonee et al. 1988; 

Love et al. 1990; Dolieslager et al. 2011), with Bacteroides, Peptostreptococcus, 

Staphylococcus, Streptococcus, Tannerella, Porphyromonas, and Prevotella most 

common under disease conditions (Mallonee et al. 1988; Harvey et al. 1995).  

 

Feline oral microbiota researchers adopted molecular methods as a means of 

identifying bacteria in the mid-to-late 1990s. These studies used molecular 

techniques to identify specific periodontal pathogens: Porphyromonas gingivalis, 

Porphyromonas circumdentaria, Porphyromonas salivosa, Porphyromonas gulae, 

and Tannerella forsythia (Norris and Love 1995; Norris and Love 1999; Booij-Vrieling 

et al. 2010). For the first time, in 2011, Dolieslager et al. used 16S rRNA gene 

cloning in tandem with traditional culture methods to identify bacteria from the feline 

oral cavity. As with the study Riggio et al. (2011) conducted in dogs, there were 

differences in the bacterial species identified by the culture-dependent and culture-

independent methods used (Dolieslager et al. 2011). Furthermore, they concluded 

that the use of standard media and incubation conditions may have affected the 

identification of some fastidious bacterial species, and that primer bias also played a 

role in the true numbers of species present in the sample (Dolieslager et al. 2011). 
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The same research group conducted a follow-up study in 2013, to identify novel 

bacterial phylotypes from clones previously and tentatively identified as such 

(Dolieslager et al. 2013). Eighteen clones were identified as novel using 16S rRNA 

gene cloning methods (Dolieslager et al. 2013). 

 

Since 2013, there have only been three studies published on the feline oral 

microbiota. The first use of next-generation sequencing to characterize the oral 

microbiota of healthy cats was conducted by Sturgeon et al. in 2014 (Sturgeon et al. 

2014). Next-generation sequencing of composite oral swabs identified 18 bacterial 

phyla and 273 genera in the mouths of 11 clinically healthy cats, and seven of these 

phyla – Proteobacteria, Bacteroidetes, Firmicutes, SR1, Spirochaetes, Fusobacteria, 

and Actinobacteria – comprised nearly 98% of sequences (Sturgeon et al. 2014). In 

2015, the most comprehensive study to-date was published on the feline oral 

microbiota (Dewhirst et al. 2015). The researchers produced clones and culture 

isolates from subginigival plaque from both healthy and periodontally diseased cats. 

They used the full length of the 16S rRNA gene to create reference sequences and 

were able to identify bacteria representing 171 feline bacterial taxa from 11 phyla: 

Firmicutes, Proteobacteria, Bacteroidetes, Spirochaetes, Actinobacteria, 

Synergistetes, Chlorobi, Chloroflexi, Fusobacteria, SR1, and TM7 (Dewhirst et al. 

2015). Also in 2015, Harris et al. used pyrosequencing to identify bacterial species 

associated with health, gingivitis, or mild periodontitis (Harris et al. 2015). The study 

found that Porphyromonas had the highest relative abundance across all gingival 

health categories and that Moraxella and bacteria from the phylum Fusobacteria had 

the highest relative abundances in the gingival health state, while the 

Peptostreptococcaceae family had the highest relative abundance in gingivitis and 

mild periodontitis. Differences were observed in the proportions of aerobes, 

anaerobes, and facultative anaerobes between the different health states, with a low 

abundance of aerobic species in plaque from cats with mild periodontitis. 

Furthermore, the study found the bacteria present in feline subgingival plaque is 

more closely similar to that of dogs than that of humans, across disease states 

(Harris et al. 2015). 
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1.4 Methods for Microbial Assessment 
 

1.4.1 Culture-Based Methods 
The historical manner in which bacteria from the oral cavity have been identified has 

been to use culture-based methods. The cultivation of bacteria is a valuable tool in 

the detailed analysis of an organism’s physiology and function (Wagner et al. 1993). 

Cultivation also allows for the targeting of specific pathogens from clinical settings, 

assessment of the viability of organisms, determination of antimicrobial sensitivity 

and virulence factors, and the characterization of metabolic properties (Parahitiyawa 

et al. 2010; Suchodolski 2011). However, culture-based studies are biased because 

bacteria can only be cultured after their physiological niche is duplicated in the lab 

(Wagner et al. 1993). This results in gross underestimations of the bacterial 

diversity, especially in periodontal disease – which is a polymicrobial infection – and 

thus renders culture-based methods insufficient for characterizing complex microbial 

communities (Parahitiyawa et al. 2010; Suchodolski 2011). 

 

Underestimations of bacterial diversity result from numerous factors that include 

suboptimal growth conditions due to missing essential nutrients, toxicity of the 

culture media, or a mutualistic dependence on other bacterial species (Wade 2002; 

Suchodolski 2011; Davis et al. 2014). Additionally, inhibitory substances produced 

by some bacteria can limit growth of others, cytokine networks can be interrupted, 

and the length of time bacteria are cultured are all factors that can result in the 

underestimation of bacterial diversity (Wade 2002; Bhat 2014; Arathi et al. 2015). 

Furthermore, overestimation of the importance of certain taxa can occur due to their 

ability to grow readily in culture and crowd out other more fastidious or slow growing 

taxa (Arathi et al. 2015). In light of the many biases of culture-dependent methods, 

cultivation as the sole means of identifying bacteria is no longer sufficient 

(Dolieslager et al. 2011; Riggio et al. 2011). 
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1.4.2 Culture-Independent Methods 
 
1.4.2.1 DGGE/TGGE 
In conjunction with cultivation, or alone, culture-independent methods can be used to 

more accurately characterize and assess the diversity of a bacterial population. 

Molecular fingerprinting is a common molecular technique and is typically based on 

the amplification of the entire 16S rRNA gene. Denaturing gradient gel 

electrophoresis (DGGE) is a method that uses polymerase chain reaction (PCR) to 

amplify the 16S rRNA gene and the product is then analysed on a denaturing gel 

(Hiyari and Bennett 2011). The denaturing gel contains several chemicals in a linear 

gradient which, when a current is applied, denature the bacterial DNA to different 

degrees (Muyzer et al. 1993; Muyzer 1999). A unique banding pattern develops 

based on the characteristics – particularly guanine-cytosine (G-C) content – of each 

DNA amplicon (Muyzer et al. 1993; Hiyari and Bennett 2011). These banding 

patterns can be used for comparisons of diversity and dynamics among bacterial 

communities (Muyzer, 1999). Temperature gradient gel electrophoresis (TGGE) 

operates in a similar manner to DGGE, except that it uses increasing temperature 

instead of chemical denaturants (Muyzer, 1999). 

 

While individual bands from DGGE and TGGE gels can be excised and sequenced 

to determine the identity of a bacterial species, similar nucleotide proportions 

between species may result in indistinguishable banding patterns (Hiyari and 

Bennett 2011). Further, while they can detect some changes in microbial 

compositions, they cannot indicate what those changes represent or what taxa are 

responsible. Despite this limitation, DGGE and TGGE are cost-effective and can 

capture changes in predominant bacterial groups, making them valuable methods 

for the characterization of the oral microbiota (Suchodolski 2011). 

  

1.4.2.2 First-Generation Sequencing 
In 1977, Frederick Sanger developed a method of DNA sequencing which was 

based on dideoxy chain-termination, and could consistently produce sequences 15 

to 200 nucleotides in length, occasionally reaching 300 nucleotides in length (Sanger 
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et al. 1977). Years of improvements to this method, termed Sanger sequencing by 

the scientific community, have resulted in automated sequencing via capillary 

electrophoresis that allowed for faster and more accurate sequencing (Liu et al. 

2012). This expedited version of Sanger sequencing has allowed sequence lengths 

to reach between 800 and 1000 bases, and raw accuracies as high as 99.999% 

(Shendure and Ji 2008; Schadt et al. 2010).  

 

Despite the improvements that have been made, several limitations still exist with 

Sanger sequencing. There is limited scalability to the traditional Sanger sequencing 

method (Fang et al. 2011), as only small amounts of DNA can be processed at a 

time (Schadt et al. 2010). Moreover, Sanger sequencing is expensive, with a cost of 

$2400 USD per million bases (Liu et al. 2012). To sequence the genome of a 

complex higher organism using Sanger sequencing, it has been estimated it would 

cost $25 million USD, and take several years (Hudson 2008). Furthermore, G-C rich 

sequences can be troublesome to sequence via the Sanger method, leading to 

premature termination by DNA polymerase (Shendure et al. 2011). 

 
 
1.5 Next-Generation Sequencing  
 

1.5.1 454 Pyrosequencing 
The first next-generation sequencing technology to be commercially available was 

the 454 sequencing platform, and it led the way in solving three bottlenecks of 

Sanger sequencing: library preparation, template preparation, and sequencing 

(Rothberg and Leamon 2008). This platform uses pyrosequencing technology to 

determine the identity of a target sequence (Liu et al. 2012). The DNA template 

library used in pyrosequencing is constructed by emulsion PCR and the products are 

deposited into individual pico-titre plate wells, which are where enzymatic 

sequencing reactions take place without interference from adjacent wells (Fang et al. 

2011). Sequentially, a solution containing the template, enzymes, enzymatic 

substrates, and one of four nucleotides (dATP, dCTP, dGTP, dTTP) is flooded into 
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the reaction wells (Liu et al. 2012). Instead of using the dideoxynucleotides of 

Sanger sequencing to terminate chain amplification, pyrosequencing relies on the 

detection of light from inorganic pyrophosphate when one of the supplemented 

nucleotides is incorporated into the sequence (Liu et al. 2012). 

 

Many improvements have been made since pyrosequencing came into use, most 

notably an increase in reads and output – from a maximum of 150 base-pairs and 

20Mb output per run in 2005 – to 700 base-pairs and an output of 700Mb in 2008 

(Liu et al. 2012). Another benefit of the pyrosequencing platform is its speed; it only 

takes 10 hours to complete sequencing (Fang et al. 2011). However, there are 

several limitations with this technology, including a high error rate when sequencing 

homopolymers larger than six base pairs long (Liu et al. 2012; Loman et al. 2012), 

which causes insertion or deletion errors (Metzker 2010; Loman et al. 2012), and low 

throughput (Liu et al. 2012; Loman et al. 2012). While pyrosequencing is much less 

expensive than Sanger sequencing – $10 per million base-pairs compared to $2400 

per million base-pairs, respectively – it is still much more expensive than other next-

generation sequencing platforms (Liu et al. 2012). 

 

1.5.2 Illumina Sequencing by Synthesis 
In 2006, what is now known as the Illumina Genome Analyzer was released, and in 

early 2010, the Illumina HiSeq 2000 was launched. Both sequencing platforms use 

sequencing-by-synthesis technology. Clonal DNA templates are paired with 

fluorescently labelled reversible-terminator nucleotides and then fixed to a glass flow 

cell by bridge amplification before undergoing sequencing (Quail et al. 2012). The 

reversible-terminator nucleotides ensure that incorporation of each nucleotide occurs 

only when the terminator blocking group is removed (Liu et al. 2012). When the 

terminator group is removed, the next nucleotide can be incorporated into the 

growing sequence. Read lengths on the Genome Analyzer and HiSeq are paired-

ended sequences that are 150 base-pairs long, although upon initial release, the 

HiSeq system had a capacity of 100 base-pair lengths (Liu et al. 2012). 
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In 2011, another platform using the same technology – the Illumina Miseq – was 

released. Sequencing by synthesis, cluster generation, and data analysis are all 

integrated within this new platform, and analysed data can be generated within a 

single day, which is much faster than the HiSeq platform (Liu et al. 2012). The 

reduced run time is due to a smaller flow cell, and improvements made to imaging 

time and microfluidics (Loman et al. 2012). Read lengths on the MiSeq have 

reached up to 300 base-pairs, in paired-end reads (Schirmer et al. 2015). This 

brings sequencing-by-synthesis effective read lengths in line with those of 

pyrosequencing and provides an even higher number of sequences (Wade 2013; 

Fadrosh et al. 2014).  

 

Illumina MiSeq is more cost effective than the 454 sequencing platform (Sinclair et 

al. 2015). The Illumina platform also bests that of 454 with respect to insertion and 

deletion errors, with <0.001 such errors on Illumina and 0.38 such errors per 100 

bases on the 454 platform (Loman et al. 2012). Furthermore, only minimal DNA 

input is required for sequencing to be successful (<1 nanogram) and homopolymer 

errors only become an issue after more than 20 bases (Quail et al. 2012). However, 

Illumina MiSeq has limitations including errors in sequencing due to guanine-

guanine-cytosine (GGC) motifs, PCR primer biases due to selection, low template 

concentrations, and differential DNA extraction protocol (Caporaso et al. 2012; Quail 

et al. 2012; Kennedy et al. 2014). Nevertheless, the Illumina MiSeq is a scaled, high-

throughput and streamlined sequencing platform, ideal for surveying oral microbiota 

community composition. 

 

1.5.3 Primer and Variable Region Selection 
The 16S small ribosomal subunit (16S rRNA) gene has been used since the 1980s, 

and while other target genes can be used, this gene is widely considered the gold 

standard technique for phylogenetic analysis and taxonomic classification of bacteria 

(Cai et al. 2003a). The 16S rRNA gene is present in all bacteria and contains 

sections that are conserved among species as well as variable regions. Nine 
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variable regions along the roughly 1,540 base-pair long gene have been identified 

and termed V1-V9 (see Figure 1.2) (Van de Peer et al. 1996; Cai et al. 2003a). 

 

The variable regions of the 16S rRNA gene allow for the differentiation and 

classification of bacteria, while the conserved regions allow for the design of 

universal, targeted bacterial primers. However, study results suggest that different 

variable regions might introduce a systematic bias into the results (Lozupone et al., 

2013). Sun and colleagues have indicated that sequencing the V1 and V6 regions 

may result in an overestimation of bacterial species diversity (Sun et al. 2013) and 

the V6-V9 region results in the worst taxonomic classification at the genus level (Wu 

et al. 2010). The V2 region has also been implicated in bacterial species 

overestimation, while the V3, V7, and V8 regions have been shown to underestimate 

species diversity (Youssef et al. 2009). Furthermore, it has been suggested that 

sequencing the full length of the 16S rRNA gene can lead to a 123% overestimation 

of bacterial diversity (Sun et al. 2013). 

 

Both Sun et al. (2013) and Klindworth et al. (2013) recommend the use of the V4 

region (and primers that target it) in bacterial microbiota studies due to minimal over- 

or underestimation of bacterial species. Moreover, the primer pair of S-D-Bact-0564-

a-S-15/ S-D-Bact-0785-b-A-18 is recommended for use with the V4 region due to its 

high overall coverage of Bacteria (89%), with only four bacterial phyla failing to be 

detected (Cholorflexi, Elusimicrobia, BHI80-139, and Candidate division OP11) and 

reasonably good domain specificity (Klindworth et al. 2013). When this region and 

primer combination is used, OTU numbers are comparable to those obtained from 

full-length sequences of the 16S rRNA gene (Youssef et al. 2009). After 

bioinformatics processing, the V4 region also provides the lowest error rates when 

compared to the combined V3-V4 and V4-V5 regions (Kozich et al. 2013). Despite 

the shorter V4 region (only approximately 250 base-pairs long) being poor at 

identifying bacteria to species level, as is the case with many of the variable regions 

(Wade 2013), it is sufficiently discriminatory to the genus level and is commonly 

used in next-generation sequencing microbiota studies. 
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1.6 Analysis of Next-Generation Data 
 

1.6.1 Mothur 
The changes in DNA sequencing methodologies – primarily greatly increased output 

– have placed additional demands on researchers for analysis. The volumes of data 

are so great with next-generation sequencing technologies that it is no longer 

practical to manually analyze the data. There are several computational tools 

available to facilitate the analysis of the numerous and lengthy DNA sequences 

generated as output from next-generation sequencing. Programs include QIIME, 

RDPipline, VAMPS, and mothur, among others, and of these, QIIME and mothur are 

the most popular packages (Nilakanta et al. 2014). As of May 2015, mothur was the 

most cited bioinformatics tool in microbiome studies (Schloss, 2015). 

 

mothur (Schloss 2009; Schloss et al. 2009) is a comprehensive, open-source, and 

expandable bioinformatics software package that processes output generated from 

sequencing platforms into manipulable DNA sequences. Data analysis in mothur can 

be done in a step-wise and logical manner, following their standard operating 

procedure (Kozich et al. 2013). Sequences are first screened for sequencing errors 

and poor quality data, including ambiguous base calls and chimeras, and those not 

meeting inclusion criteria are discarded. Sequences can then be aligned against a 

reference bacterial genome; subsequent to this, sequence reads can be classified 

into operational taxonomic units (OTUs) or binned into phylotypes. An OTU is a 

taxon-independent classification of a 16S rRNA subunit gene sequence. A phylotype 

is a way of grouping bacterial taxa based on observable traits. Genetic sequences 

are grouped into OTUs based on a similarity threshold, usually 97% (Schloss and 

Handelsman 2004). Once grouped into OTUs or binned into phylotypes, numerous 

statistical and biodiversity indices can be performed, both at the community and 

population levels. 
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1.6.2 Statistical and Biodiversity Indices 
An important aspect of dealing with output from microbial ecological studies is the 

concept of population diversity (Morgan and Huttenhower 2012). There are two main 

methods for measuring diversity: alpha diversity, which was initially defined as the 

species richness of a particular community (Whittaker 1972); and beta diversity, 

which is defined as the difference in species diversity between communities 

(Whittaker 1972).  

 

In more recent years, the definition of alpha diversity has expanded to include not 

only species richness, but also the number of species (abundance) and their 

proportional representation in the community (evenness). Common alpha diversity 

indices include Shannon diversity (Shannon and Weaver 1948), Simpson diversity 

(Simpson 1949), and Chao1 (Chao 1984). The Shannon diversity index measures 

richness and evenness and is most effective when taxa abundance is equal (Hill et 

al. 2003). The Simpson diversity index measures the probability of two samples 

taken at random representing the same type, with 0 indicating complete diversity 

and 1 indicating no diversity (Lemos et al. 2011). The Chao1 index is a method of 

estimating richness and it uses rare OTUs (singletons or doubletons) to do so (Chao 

1984). Rarefaction curves are an additional method of measuring richness, wherein 

as the number of sequences sampled increases, so too should the observed 

richness until a plateau is reached. A plateau indicates sampling is adequate and 

only the rarest species may have been missed; in effect, rarefaction evaluates the 

efficiency of sampling. 

 

Not only is beta diversity the difference in species diversity between communities, it 

has also come to represent the difference in community structure between 

communities. Beta diversity, like alpha diversity, can be measured in several ways. 

The Jaccard index and the Yue and Clayton index (Yue and Clayton 2005) are 

indices that measure community membership and community structure, respectively. 

The Jaccard index specifically measures the similarity of microbial communities 

based on either the presence or absence of variables and also provides a ratio of 
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shared species to unshared species. The Yue and Clayton index measures the 

structural similarity of microbial populations on a scale of 0 to 1 (0 being dissimilarity 

and 1 being identical); this is done by calculating the proportions (not just presence 

or absence) of the populations that are represented by shared and unshared species 

(Yue and Clayton 2005). Phylogenetic trees and dendrograms can be created using 

these indices, providing a way to visualize beta diversity. UniFrac unweighted 

(Lozupone and Knight 2005) is another method of comparing beta diversity. It 

describes whether communities have the same community structure by analysing a 

phylogenetic tree and by calculating the ratio of branch lengths unique to any 

community to the total branch length in the tree (Schloss 2008).  

 

Statistical analyses can be applied to beta diversity analysis results. Principal 

Coordinate Analysis (PCoA) can be used to visualize patterns in data point 

clustering. Linear Discriminant Analysis Effect Size (LEfSe) can also be used in the 

statistical analysis of beta diversity (Segata et al. 2011). LEfSe is an algorithm that 

identifies the bacterial taxa that are different between biological conditions and 

estimates their effect size relative to the denoted biological conditions. Analysis of 

Molecular Variance (AMOVA) and Homogeneity of Molecular Variance (HOMOVA) 

are two further statistical tests that can be used on beta diversity results. AMOVA 

tests whether the genetic diversity within each community is significantly different 

from the average diversity of all communities put together, while HOMOVA tests 

whether genetic diversity is the same in multiple communities (Schloss 2008). The 

Classify.rf algorithm is based on Random Forest decision-making trees, and it helps 

describe differences and similarities in taxa between environments and indicates 

which taxa are useful in discriminating between groups (Tin Kam Ho 1995; Breiman 

2001). 

 

 
1.7 Biases and Limitations of Next-Generation Sequencing 
Next-generation sequencing has revolutionized the study of bacteria and 

microbiotas. New bacteria have been added to the tree of life and niches have been 
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investigated in greater detail than ever before. While next-generation sequencing 

has many benefits over culture and molecular methods, as with any technology, 

there are several biases and limitations. Different DNA extraction methods can result 

in increased or decreased recovery of different bacteria. In fact, it has been shown 

that a chemical or enzymatic lysis extraction method in conjunction with column-

based DNA isolation improves the recovery of bacteria in the phyla Actinobacteria, 

Bacteroidetes, and Spirochaetes (Abusleme et al. 2014). Variable region and primer 

bias is also an issue with next-generation sequencing. Certain variable regions can 

introduce a systematic bias into results (Lozupone et al. 2013), while certain primers 

are better than others at selecting solely for bacteria (Klindworth et al. 2013). 

Additionally, certain primers are better at ensuring a broader range of bacteria are 

included in a study (Klindworth et al. 2013). Accuracy of next-generation sequencing 

studies is affected by primer choice, so care must be taken when choosing primer 

pairs. Moreover, reagents used in DNA extraction or PCR preparation can be 

contaminated with DNA from environmental bacteria (Wade 2013). Negative controls 

should be run at these stages to ensure reagents are clean. Furthermore, template 

concentration, number of PCR cycles, G-C rich motifs, and low abundance of certain 

bacteria all have the potential to introduce bias during amplification (Farris and 

Olson 2007; Kennedy et al. 2014). 

 

There are a number of factors that affect next-generation sequencing platform 

choice. The 454 pyrosequencing platform was the first to be commercially available, 

and thus researchers wishing to conduct high-throughput microbiota studies adopted 

this platform. When Illumina first came out, it was not as accurate, nor could it 

deliver as much data as output. As a result, despite its lower cost than 454, fewer 

research laboratories adopted the Illumina platform. With improvements in accuracy 

and volume of output, along with the lower cost, Illumina has now surpassed 

pyrosequencing as the preferred next-generation sequencing platform. With 

declining sales of machines and associated accoutrements, Roche – the parent 

company that makes the 454 platform – has shut down that branch of operations 

and ceased support of sequencers in mid-2016 (Bio-IT World 2013; GenomeWeb 
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2013). Notwithstanding Illumina’s lead in the next-generation sequencing sales 

market, there are still technical limitations with the platform. Specifically, Illumina’s 

shorter read lengths (despite reaching 300 base-pairs long, in paired-end reads) 

makes it difficult to resolve bacterial identity to the species level (Wade 2013). 

 

The alpha and beta diversity tests mentioned here are only a few of the many ways 

to evaluate microbial communities. Furthermore, there are several different 

computational platforms, each with their own set of standard analyses, which can be 

used to analyse next-generation sequencing output. As a result, there is no standard 

approach to data cleaning, processing, and analysis. Platforms and tests are 

typically chosen based on existing familiarity with the programs and on the particular 

objectives of each individual study. The lack of a standardized approach to 

bioinformatics and microbiota studies makes it difficult to make meaningful 

comparisons between studies in the same field. 

 

 

1.8 Thesis Research Objectives 
 

Periodontal disease is one of the most common and commonly diagnosed diseases 

to affect our canine companions. Numerous studies have investigated the canine 

plaque microbiota and how it forms (Elliott et al. 2005; Dewhirst et al. 2012; Davis et 

al. 2013; Holcombe et al. 2014; Wallis et al. 2015). While the study by Wallis et al. 

(2015) examined longitudinal changes in plaque during periodontal disease 

progression, it did not investigate the impact of dental prophylaxis on the microbiota. 

Dental prophylaxis is a routinely practiced veterinary procedure, but its effect on both 

the plaque and oral microbiota is not fully understood. The study conducted by 

Holcombe et al. (2014) has provided a basis for the investigation of how canine oral 

biofilms form. However, the scope of this study was limited to 48 hours post-dental 

prophylaxis. The longer-term impact of a dental prophylaxis on the canine oral 

microbiota has yet to be elucidated. 

 



 

 

23 

Therefore, based on the knowledge gaps in the current scientific literature, this 

research will evaluate the impact of dental prophylaxis on the oral microbiota of 

dogs. The objectives and hypotheses for this research are as follows: 

 

First objective: To describe the effects of dental prophylaxis on both the plaque and 

composite oral microbiotas of dogs. 

• It is hypothesized that dental cleaning will have a significant impact on the 

plaque and composite oral microbiotas. 

• It is also hypothesized that a transition back to the pre-dental state for both 

ecological niches will occur rapidly. 

 

Second objective: To compare the plaque and composite oral microbiotas. 

• It is hypothesized the plaque microbiota will be less diverse than the 

composite oral microbiota, with early canine oral biofilm colonizing bacteria 

and periodontal pathogens predominating. 

• It is hypothesized the plaque and composite oral microbiotas will substantially 

differ from each other, both prior to and after prophylaxis. 

• It is also hypothesized the composite oral microbiota will provide only a partial 

representation of the composition of dental plaque. 

  



 

 

24 

1.9 References 
 
Abusleme L, Dupuy AK, Dutzan N, Silva N, Burleson JA, Strausbaugh LD, Gamonal 

J, Diaz PI. 2013. The subgingival microbiome in health and periodontitis and its 
relationship with community biomass and inflammation. The ISME journal 
7(5):1016–1025. http://doi.org/10.1038/ismej.2012.174 

Abusleme L, Hong BY, Dupuy AK, Strausbaugh LD, Diaz PI. 2014. Influence of DNA 
extraction on oral microbial profiles obtained via 16S rRNA gene sequencing. 
Journal of Oral Microbiology 6(1):1–7. http://doi.org/10.3402/jom.v6.23990 

Ahn J, Segers S, Hayes RB. 2012. Periodontal disease, Porphyromonas gingivalis 
serum antibody levels and orodigestive cancer mortality. Carcinogenesis 
33(5):1055–1058. http://doi.org/10.1093/carcin/bgs112 

Arathi K, Prasad G, Shetty SJ, Iype AK. 2015. Uncultivable Bacteria in the Oral 
Cavity : A Review. International Journal of Advanced Health Sciences 1(11):16–
19. 

Aruni AW, Dou Y, Mishra A, Fletcher HM. 2015. The Biofilm Community: Rebels with 
a Cause. Current Oral Health Reports 2(1):48–56. http://doi.org/10.1007/s40496-
014-0044-5 

Azarpazhooh A, Leake JL. 2006. Systematic review of the association between 
respiratory diseases and oral health. Journal of Periodontology 77(9):1465–1482. 
http://doi.org/10.1902/jop.2006.060010 

Berchier CE, Slot DE, Haps S, Van der Weijden GA. 2008. The efficacy of dental 
floss in addition to a toothbrush on plaque and parameters of gingival 
inflammation: a systematic review. International journal of dental hygiene 6:265–
279. http://doi.org/10.1111/j.1601-5037.2008.00336.x 

Bhat K. 2014. Recent advances in periodontal microbiology: An update on cultivation 
techniques. Journal of the International Clinical Dental Research Organization 
6(1):16. http://doi.org/10.4103/2231-0754.139087 

Bio-IT World. October 16, 2013. Six years after acquisition, Roche quietly shutters 
454. Retrieved from http://www.bio-itworld.com/BioIT_Article.aspx?id=131053 on 
July 23rd, 2015. 

Boggess KA, Lieff S, Murtha AP, Moss K, Beck J, Offenbacher S. 2003. Maternal 
periodontal disease is associated with an increased risk for preeclampsia. 
Obstetrics and Gynecology 101(2):227–231. http://doi.org/10.1016/S0029-
7844(02)02314-1 

Booij-Vrieling HE, van der Reijden WA, Houwers DJ, de Wit WEAJ, Bosch-Tijhof CJ, 
Penning LC, van Winkelhoff AJ, Hazewinkel HAW. 2010. Comparison of 



 

 

25 

periodontal pathogens between cats and their owners. Veterinary Microbiology 
144(1-2):147–152. http://doi.org/10.1016/j.vetmic.2009.12.046 

Borgnakke WS, Ylöstalo PV, Taylor GW, Genco RJ. 2013. Effect of periodontal 
disease on diabetes: Systematic review of epidemiologic observational evidence. 
Journal of Clinical Periodontology 40(SUPPL. 14):S135–S152. S135–S152. 
http://doi.org/10.1111/jcpe.12080 

Bowden GHW, Hamilton IR. 1998. Survival of Oral Bacteria. Critical Reviews in Oral 
Biology & Medicine 9:54–85. 

Bowman JP. 2006. The Genus Psychrobacter. In: Dworkin M, Falkow S, Rosenberg 
E, Schleifer K-H, Stackebrandt E, editors. The Prokaryotes. Vol. Volume 6. 3rd 
ed. New York: Springer New York. p. 920–930. 

Boyce EN, Ching RJ, Logan EI, Hunt JH, Maseman DC, Gaeddert KL, King CT, 
Reid EE, Hefferren JJ. 1995. Occurrence of gram-negative black-pigmented 
anaerobes in subgingival plaque during the development of canine periodontal 
disease. Clinical Infectious Diseases : An Official Publication of the Infectious 
Diseases Society of America 20 Suppl 2:S317–S319. 

Breiman L. 2001. Random forests. Machine Learning 45:5–32. 
http://dx.doi.org/10.1023%2FA%3A1010933404324 

Cai H, Archambault M, Prescott JF. 2003a. 16S ribosomal RNA sequence – based 
identification of veterinary clinical bacteria. Journal of the American Veterinary 
Medical Association (JAVMA) 9:465–469. 

Cai HY, Archambault M, Gyles CL, Prescott JF. 2003b. Molecular genetic methods 
in the veterinary clinical bacteriology laboratory: current usage and future 
applications. Animal Health Research Reviews / Conference of Research 
Workers in Animal Diseases 4(2):73–93. http://doi.org/10.1079/AHR200359 

Cai HY, Caswell JL, Prescott JF. 2014. Nonculture molecular techniques for 
diagnosis of bacterial disease in animals: a diagnostic laboratory perspective. 
Veterinary pathology 51(2):341–50. http://doi.org/10.1177/0300985813511132 

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, Owens 
SM, Betley J, Fraser L, Bauer M, et al. 2012. Ultra-high-throughput microbial 
community analysis on the Illumina HiSeq and MiSeq platforms. The ISME 
Journal 6(8):1621–1624. http://doi.org/10.1038/ismej.2012.8 

Cassai E, Galvan M, Trombelli L, Rotola A. 2003. HHV-6, HHV-7, HHV-8 in gingival 
biopsies from chronic adult periodontitis patients. A case-control study. Journal of 
clinical periodontology 30(3):184–191. http://doi.org/220 [pii] 

 



 

 

26 

Cave NJ, Bridges JP, Thomas DG. 2012. Systemic effects of periodontal disease in 
cats. Veterinary Quarterly 32:37–41. 
http://doi.org/10.1080/01652176.2012.745957 

Chao A. 1984. Nonparametric estimation of the number of classes in a population. 
Scandinavian Journal of Statistics 11:265–270. 

Chen L-P, Chiang C-K, Peng Y-S, Hsu S-P, Lin C-Y, Lai C-F, Hung K-Y. 2011. 
Relationship between periodontal disease and mortality in patients treated with 
maintenance hemodialysis. American Journal of Kidney Diseases 57(2):276–82. 
http://doi.org/10.1053/j.ajkd.2010.09.016 

Clarke DE. 1999. The crystalline components of dental calculus in the domestic cat. 
Journal of veterinary dentistry 16(4):165–168. 

Collins MD, Lawson PA, Willems A, Cordoba JJ, Fernandez-Garayzabal J, Garcia P, 
Cai J, Hippe H, Farrow JA. 1994. The phylogeny of the genus Clostridium: 
proposal of five new genera and eleven new species combinations. International 
journal of systematic bacteriology 44(4):812–826. 
http://doi.org/10.1099/00207713-44-4-812 

Courant PR, Saxe SR, Nash l, Roddy S. 1968. Sulcular bacteria in the Beagle dog. 
Periodontics, 6(6): 250-252. 

Dahlén G, Charalampakis G, Abrahamsson I, Bengtsson L, Falsen E. 2012. 
Predominant bacterial species in subgingival plaque in dogs. Journal of 
Periodontal Research 47(3):354–364. http://doi.org/10.1111/j.1600-
0765.2011.01440.x 

Davis IJ, Bull C, Horsfall A, Morley I, Harris S. 2014. The Unculturables: targeted 
isolation of bacterial species associated with canine periodontal health or disease 
from dental plaque. BMC microbiology 14(1):196. http://doi.org/10.1186/1471-
2180-14-196 

Davis IJ, Wallis C, Deusch O, Colyer A, Milella L, Loman N, Harris S. 2013. A cross-
sectional survey of bacterial species in plaque from client owned dogs with 
healthy gingiva, gingivitis. PLoS ONE 8(12):8:e83158. 
http://doi.org/10.1371/journal.pone.0083158 

DeBowes LJ. 1998. The effects of dental disease on systemic disease. The 
Veterinary clinics of North America. Small animal practice 28(5):1057–1062. 

Dewhirst FE, Chen T, Izard J, Paster BJ, Tanner ACR, Yu WH, Lakshmanan A, 
Wade WG. 2010. The human oral microbiome. Journal of Bacteriology 
192(19):5002–5017. http://doi.org/10.1128/JB.00542-10 

 



 

 

27 

Dewhirst FE, Klein EA, Bennett M-L, Croft JM, Harris SJ, Marshall-Jones Z V. 2015. 
The feline oral microbiome: A provisional 16S rRNA gene based taxonomy with 
full-length reference sequences. Veterinary Microbiology 175(2-4):294–303. 
http://doi.org/10.1016/j.vetmic.2014.11.019 

Dewhirst FE, Klein EA, Thompson EC, Blanton JM, Chen T, Milella L, Buckley CMF, 
Davis IJ, Bennett ML, Marshall-Jones Z V. 2012. The canine oral microbiome. 
PLoS ONE 7(4):7:e36067. http://doi.org/10.1371/journal.pone.0036067 

Diaz PI, Chalmers NI, Rickard AH, Kong C, Milburn CL, Palmer RJ, Kolenbrander 
PE. 2006. Molecular characterization of subject-specific oral microflora during 
initial colonization of enamel. Applied and Environmental Microbiology 
72(4):2837–2848. http://doi.org/10.1128/AEM.72.4.2837-2848.2006 

Dietrich T, Kaye EK, Nunn ME, Van Dyke T, Garcia RI. 2006. Gingivitis susceptibility 
and its relation to periodontitis in men. Journal of dental research 85(12):1134–
1137. http://doi.org/10.1177/154405910608501213 

Dolieslager SMJ, Bennett D, Johnston N, Riggio MP. 2013. Novel bacterial 
phylotypes associated with the healthy feline oral cavity and feline chronic 
gingivostomatitis. Research in Veterinary Science 94(3):428–432. 
http://doi.org/10.1016/j.rvsc.2012.11.003 

Dolieslager SMJ, Riggio MP, Lennon A, Lappin DF, Johnston N, Taylor D, Bennett 
D. 2011. Identification of bacteria associated with feline chronic gingivostomatitis 
using culture-dependent and culture-independent methods. Veterinary 
Microbiology 148(1):93–98. http://doi.org/10.1016/j.vetmic.2010.08.002 

DuPont GA. 1997. Understanding dental plaque; biofilm dynamics. Journal of 
veterinary dentistry 14(3):91–94. 

Elliott DR, Wilson M, Buckley CMF, Spratt DA. 2005. Cultivable oral microbiota of 
domestic dogs. Journal of Clinical Microbiology 43(11):5470–5476. 
http://doi.org/10.1128/JCM.43.11.5470-5476.2005 

Fadrosh DW, Ma B, Gajer P, Sengamalay N, Ott S, Brotman RM, Ravel J. 2014. An 
improved dual-indexing approach for multiplexed 16S rRNA gene sequencing on 
the Illumina MiSeq platform. Microbiome 2(1):6. http://doi.org/10.1186/2049-2618-
2-6 

Fang H, Hong H, Ning B, Perkins R, Shi L, Zhenqiang S. 2011. Next-generation 
sequencing and its application in molecular diagnostics. Expert Review of 
Molecular Diagnostics 11(3):1–16. http://doi.org/http://dx.doi.org/10.1586/erm.11.3 

Farris MH, Olson JB. 2007. Detection of Actinobacteria cultivated from 
environmental samples reveals bias in universal primers. Letters in Applied 
Microbiology 45(4):376–381. http://doi.org/10.1111/j.1472-765X.2007.02198.x 



 

 

28 

GenomeWeb. October 15, 2013. Roche shutting down 454 sequencing business. 
Retrieved from 
https://webcache.googleusercontent.com/search?q=cache:2r1Lk_YGWgIJ:https://
w ww.genomeweb.com/sequencing/roche-shutting-down-454-sequencing- 
business+&cd=9&hl=en&ct=clnk&gl=ca on July 23rd, 2015. 

Glickman LT, Glickman NW, Moore GE, Goldstein GS, Lewis HB. 2009. Evaluation 
of the risk of endocarditis and other cardiovascular events on the basis of the 
severity of periodontal disease in dogs. Journal of the American Veterinary 
Medical Association 234(4):486–494. http://doi.org/10.2460/javma.234.4.486 

Glickman LT, Glickman NW, Moore GE, Lund EM, Lantz GC, Pressler BM. 2011. 
Association between chronic azotemic kidney disease and the severity of 
periodontal disease in dogs. Prev Vet Med 99(2-4):193–200. http://doi.org/S0167-
5877(11)00029-8 [pii]\r10.1016/j.prevetmed.2011.01.011 [doi] 

Haffajee AD, Japlit M, Bogren A, Kent RL, Goodson JM, Socransky SS. 2005. 
Differences in the subgingival microbiota of Swedish and USA subjects who were 
periodontally healthy or exhibited minimal periodontal disease. Journal of Clinical 
Periodontology 32(1):33–39. http://doi.org/10.1111/j.1600-051X.2004.00624.x 

Hale FA. 2003. Periodontal Disease in Dogs and Cats. In: Hill’s 2003 European 
Symposium on Oral Care. p. 18–26. 

Harris S, Croft J, O’Flynn C, Deusch O, Colyer A, Allsopp J, Milella L, Davis IJ. 
2015. A pyrosequencing investigation of differences in the feline subgingival 
microbiota in health, gingivitis and mild periodontitis. PLoS ONE 10(11):1–22. 
http://doi.org/10.1371/journal.pone.0136986 

Harvey CE. 1998. Periodontal Disease in Dogs. Veterinary Clinics of North America: 
Small Animal Practice 28(5):1111–1128. http://doi.org/10.1016/S0195-
5616(98)50105-2 

Harvey CE, Thornsberry C, Miller BR. 1995. Subgingival bacteria - comparison of 
culture results in dogs and cats with gingivitis. Journal of Veterinary Dentistry 
12(4):147–150. 

Hernández M, Dutzan N, García-Sesnich J, Abusleme L, Dezerega A, Silva N, 
González FE, Vernal R, Sorsa T, Gamonal J. 2011. Host-pathogen interactions in 
progressive chronic periodontitis. Journal of Dental Research 90(10):1164–1170. 
http://doi.org/10.1177/0022034511401405 

Hill TCJ, Walsh KA, Harris JA, Moffett BF. 2003. Using ecological diversity 
measures with bacterial communities. Fems Microbiology Ecology 43(1):1–11. 
http://doi.org/10.1111/j.1574-6941.2003.tb01040.x 

 



 

 

29 

Hinrichs JE. 2002. The Role of Dental Calculus and Other Predisposing Factors. In: 
Newman M G; Takei H H; Carranza F A, editors. Carranza’s Clinical 
Periodontology. 9th ed. Philadelphia, PA, USA: WB Saunders Company. p. 182–
203. 

Hiyari S, Bennett KM. 2011. Dental diagnostics: molecular analysis of oral biofilms. 
The Journal of Dental Hygiene 85(4):256–263. 

Holcombe LJ, Patel N, Colyer A, Deusch O, O’Flynn C, Harris S. 2014. Early Canine 
Plaque Biofilms: Characterization of Key Bacterial Interactions Involved in Initial 
Colonization of Enamel. PLoS ONE 9(12): 9:e113744. 
http://doi.org/10.1371/journal.pone.0113744 

Hudson ME. 2008. Sequencing breakthroughs for genomic ecology and evolutionary 
biology. Molecular Ecology Resources 8(1):3–17. http://doi.org/10.1111/j.1471-
8286.2007.02019.x 

Isogai E, Isogai H, Miura H, Takano K, Aoi Y, Hayashi M, Namioka S. 1988. Oral 
flora of mongrel and beagle dogs with periodontal disease. Nippon juigaku zasshi. 
The Japanese journal of veterinary science 51(1):110–118. 
http://doi.org/10.1292/jvms1939.51.110 

Kennedy K, Hall MW, Lynch MDJ, Moreno-Hagelsieb G, Neufeld JD. 2014. 
Evaluating bias of Illumina-based bacterial 16S rRNA gene profiles. Applied and 
environmental microbiology 80(18):5717–5722. 
http://doi.org/10.1128/AEM.01451-14 

Kistler JO, Booth V, Bradshaw DJ, Wade WG. 2013. Bacterial Community 
Development in Experimental Gingivitis. PLoS ONE 8(8). 
http://doi.org/10.1371/journal.pone.0071227 

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glöckner FO. 
2013. Evaluation of general 16S ribosomal RNA gene PCR primers for classical 
and next-generation sequencing-based diversity studies. Nucleic Acids Research 
41(1):1–11. http://doi.org/10.1093/nar/gks808 

Kolenbrander PE. 1988. Intergenic Coaggregation Among Human Oral Bacteria and 
Ecology of Dental Plaque. Annual Reviews in Microbiology 42:627–656. 

Kolenbrander PE. 2000. Oral Microbial Communities: Biofilms, Interactions, and 
Genetic Systems. Annual Reviews in Microbiology 54:413–437. 

Korman KS, Siegrist B, Soskolnc WA, Nuki K. 1981. The predominant cultivable 
subgingival flora of Beagle dogs following ligature placement and metronidazole 
therapy. Journal of Periodontology, 16:251-258. 

 



 

 

30 

Kortegaard HE, Eriksen T, Baelum V. 2008. Periodontal disease in research beagle 
dogs--an epidemiological study. The Journal of small animal practice 49(12):610–
616. http://doi.org/10.1111/j.1748-5827.2008.00609.x 

Kouki MI, Papadimitriou SA, Kazakos GM, Savas I, Bitchava D. 2013. Periodontal 
disease as a potential factor for systemic inflammatory response in the dog. 
Journal of veterinary dentistry 30(1):26–29. 

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. Development 
of a dual-index sequencing strategy and curation pipeline for analyzing amplicon 
sequence data on the miseq illumina sequencing platform. Applied and 
Environmental Microbiology 79(17):5112–5120. 
http://doi.org/10.1128/AEM.01043-13 

Krasse B, Brill N. 1960. Effect of consistency of diet on bacteria in gingival pocket in 
dogs. Odontology Review 11:152–165. 

Kyllar M, Witter K. 2005. Prevalence of dental disorders in pet dogs. Veterinarni 
Medicina 50(11):496–505. 

Labeau SO, van de Vyver K, Brusselaers N, Vogelaers D, Blot SI. 2011. Prevention 
of ventilator-associated pneumonia with oral antiseptics: A systematic review and 
meta-analysis. The Lancet Infectious Diseases 11(11):845–854. 
http://doi.org/10.1016/S1473-3099(11)70127-X 

Lemos LN, Fulthorpe RR, Triplett EW, Roesch LFW. 2011. Rethinking microbial 
diversity analysis in the high throughput sequencing era. Journal of 
microbiological methods 86(1):42–51. 

Lenander-Lumikari M, Loimaranta V. 2000. Saliva and dental caries. Advances in 
dental research 14:40–47. http://doi.org/10.1177/08959374000140010601 

Leuckfeld I, Obregon-Whittle M V., Lund MB, Geiran O, Bjørtuft Ø, Olsen I. 2008. 
Severe chronic obstructive pulmonary disease: Association with marginal bone 
loss in periodontitis. Respiratory Medicine 102(4):488–494. 
http://doi.org/10.1016/j.rmed.2007.12.001 

Liu L, Li Y, Li S, Hu N, He Y, Pong R, Lin D, Lu L, Law M. 2012. Comparison of next-
generation sequencing systems. Journal of Biomedicine and Biotechnology 2012. 
http://doi.org/10.1155/2012/251364 

Loman NJ, Misra R V, Dallman TJ, Constantinidou C, Gharbia SE, Wain J, Pallen 
MJ. 2012. Performance comparison of benchtop high-throughput sequencing 
platforms. 30(5):434-439. http://doi.org/10.1038/nbt.2198 

Loret J. 1990. Etude de l'efficacite in vivo in vitro de l'association spiramycine- 
metronidazole sue la flore parodontale apres induction experimentale d'une 
parodontite chez le chien. Universite Paul Sabatier. 



 

 

31 

Love DN, Bailey GD, Bastin D. 1992a. Chromosomal DNA probes for the 
identification of asaccharolytic anaerobic pigmented bacterial rods from the oral 
cavity of cats. Veterinary Microbiology 31:287-295. 

Love DN, Bailey GD, Collings S, Briscoe DA. 1992b. Description of Porphyromonas 
circumdentaria sp. nov. and reassignment of Bacteroides salivosus (Love, 
Johnson, Jones, and Calverley 1987) as Porphyromonas (Shah and Collins 1988) 
salivosa comb. nov. International journal of systematic bacteriology 42(3):434–
438. http://doi.org/10.1099/00207713-43-3-630c 

Love DN, Cato EP, Johnson JL, Jones RF, Bailey M. 1987. Deoxyribonucleic acid 
hybridization among strains of Fusobacteria isolated from soft tissue infections of 
cats: comparison with human and animal type strains from oral and other sites. 
International Journal of Systematic Bacteriology 37:23-26. 

Love DN, Johnson JL, Moore LVH. 1989. Bacteroides species from the oral cavity 
and the oral-associated diseases of cats. Veterinary Microbiology 19:275- 281. 

Love DN, Jones RF, Bailey M, Canfield R, McNaught H. 1978. Bacteria isolated from 
subcutaneous abscesses in cats. Australian Veterinary Practice 8:87-90. 

Love DN, Jones RF, Bailey M, Johnson RS. 1979. Isolation and charaterisation of 
bacteria from abscesses in the subcutis of cats. Journal of Medical Microbiology 
12:207-212.   

Love DN, Jones RF, Bailey M, Johnson RS, Gamble N. 1982. Isolation and 
characterisation of bacteria from pyothorax (empyema) in cats. Veterinary 
Microbiology 7:455-461.   

Love DN, Jones RF, Calverley A. 1984. Asaccharolytic black pigmented Bacteroides 
strains from soft tissue infections in cats. International Journal of Systematic 
Bacteriology 34:300-303. 

Lozupone CA, Stombaugh J, Gonzalez A, Ackermann G, Wendel D, Vázquez-Baeza 
Y, Jansson JK, Gordon JI, Knight R. 2013. Meta-analyses of studies of the human 
microbiota. Genome Research 23(10):1704–1714. 
http://doi.org/10.1101/gr.151803.112 

Lozupone C, Knight R. 2005. UniFrac : a New Phylogenetic Method for Comparing 
Microbial Communities. Applied and environmental microbiology 71(12):8228–
8235. http://doi.org/10.1128/AEM.71.12.8228 

Mallonee DH, Harvey CE, Venner M, Hammond BF. 1988. Bacteriology of 
periodontal disease in the cat. Archives of oral biology 33(9):677–683. 
http://doi.org/10.1016/0003-9969(88)90123-9 

 



 

 

32 

Marcenes W, Kassebaum NJ, Bernabé E, Flaxman A, Naghavi M, Lopez A, Murray 
CJL. 2013. Global burden of oral conditions in 1990-2010: a systematic analysis. 
Journal of dental research 92(7):592–597. 
http://doi.org/10.1177/0022034513490168 

Metzker ML. 2010. Sequencing technologies - the next generation. Nature reviews. 
Genetics 11(1):31–46. http://doi.org/10.1038/nrg2626 

Moen K, Brun JG, Valen M, Skartveit L, Ribs Eribe EK, Olsen I, Jonsson R. 2006. 
Synovial inflammation in active rheumatoid arthritis and psoriatic arthritis 
facilitates trapping of a variety of oral bacterial DNAs. Clinical and Experimental 
Rheumatology 24(6):656–663. http://doi.org/1956 [pii] 

Morgan XC, Huttenhower C. 2012. Chapter 12: Human Microbiome Analysis. PLoS 
Computational Biology 8(12):1–14. http://doi.org/10.1371/journal.pcbi.1002808 

Muyzer G. 1999. DGGE/TGGE a method for identifying genes from natural 
ecosystems. Current Opinion in Microbiology 2(3):317–322. 
http://doi.org/10.1016/S1369-5274(99)80055-1 

Muyzer G, de Waal EC, Uitterlinden A. 1993. Profiling of complex microbial 
populations by denaturing gradient gel electrophoresis analysis of polymerase 
chain reaction-amplified genes coding for 16S rRNA. Apply Environmental 
Microbiology 59(3):695–700. 

Newman MG, Sandler M, Ormerod W. Angel L, Goldhaber P. 1977. The effect of 
dietary Gantrisin supplements on the flora of periodontal pockets in four Beagle 
dogs. Journal of Periodontal Research, 12(2):129-134. 

Nilakanta H, Drews KL, Firrell S, Foulkes MA, Jablonski KA. 2014. A review of 
software for analyzing molecular sequences. BMC Research Notes 7(1):830. 
http://doi.org/10.1186/1756-0500-7-830 

Nordhoff M, Rühe B, Kellermeier C, Moter A, Schmitz R, Brunnberg L, Wieler LH. 
2008. Association of Treponema spp. with canine periodontitis. Veterinary 
Microbiology 127(3-4):334–342. http://doi.org/10.1016/j.vetmic.2007.09.011 

Norris JM, Love DN. 1995. Serum responses of cats with periodontal/gingival 
disease to members of the genus Porphyromonas. Clinical Infectious Diseases 20 
Suppl 2:S314–S316. 

Norris JM, Love DN. 1999. Associations amongst Three Feline Porphyromonas 
Species from the Gingival Margins of Cats with Various Grades of Periodontal 
Disease. Anaerobe 5(3-4):329–331. http://doi.org/10.1006/anae.1999.0280 

 

 



 

 

33 

Oh C, Lee K, Cheong Y, Lee S-W, Park S-Y, Song C-S, Choi I-S, Lee J-B. 2015. 
Comparison of the Oral Microbiomes of Canines and Their Owners Using Next-
Generation Sequencing. Plos One 10(7):e0131468. 
http://doi.org/10.1371/journal.pone.0131468 

Pace N, Stahl D, Lane D, Olsen G. 1985. Analyzing natural microbial populations by 
rRNA sequences. ASM American Society for Microbiology News 51(1):4–12. 
Retrieved from 
http://md1.csa.com/partners/viewrecord.php?requester=gs&collection=ENV&recid
=913954&q=analyzing+natural+microbial+populations+by+rrna+sequences&uid=
791975411&setcookie=yes 

Parahitiyawa NB, Scully C, Leung WK, Yam WC, Jin LJ, Samaranayake LP. 2010. 
Exploring the oral bacterial flora: Current status and future directions. Oral 
Diseases 16(2):136–145. http://doi.org/10.1111/j.1601-0825.2009.01607.x 

Park O-J, Yi H, Jeon JH, Kang S-S, Koo K-T, Kum K-Y, Chun J, Yun C-H, Han SH. 
2015. Pyrosequencing Analysis of Subgingival Microbiota in Distinct Periodontal 
Conditions. Journal of Dental Research 94(7):927–927. 
http://doi.org/10.1177/0022034515583531 

Paster BJ, Boches SK, Galvin JL, Ericson RE, Lau CN, Levanos VA, Sahasrabudhe 
A, Dewhirst FE. 2001. Bacterial diversity in human subgingival plaque. Journal of 
Bacteriology 183(12):3770–3783. http://doi.org/10.1128/JB.183.12.3770-
3783.2001 

Pavlica Z, Petelin M, Juntes P, Erzen D, Crossley DA, Skaleric U. 2008. Periodontal 
disease burden and pathological changes in organs of dogs. Journal of Veterinary 
Dentistry 25(2):97–105. 

Petersen PE, Ogawa H. 2005. Strengthening the prevention of periodontal disease: 
the WHO approach. The Journal of Periodontology 76(12):2187–2193. 
http://doi.org/10.1902/jop.2005.76.12.2187 

Pihlstrom BL, Michalowicz BS, Johnson NW. 2005. Periodontal diseases. Lancet 
366(9499):1809–1820. http://doi.org/10.1016/S0140-6736(05)67728-8 

Quail M, Smith ME, Coupland P, Otto TD, Harris SR, Connor TR, Bertoni A, 
Swerdlow HP, Gu Y. 2012. A tale of three next generation sequencing platforms: 
comparison of Ion torrent, pacific biosciences and illumina MiSeq sequencers. 
BMC Genomics 13(1):1. http://doi.org/10.1186/1471-2164-13-341 

Reyes L, Herrera D, Kozarov E, Roldán S, Progulske-Fox A. 2013. Periodontal 
bacterial invasion and infection: Contribution to atherosclerotic pathology. Journal 
of Clinical Periodontology 40(SUPPL 14). http://doi.org/10.1111/jcpe.12079 

 



 

 

34 

Riggio MP, Lennon A, Taylor DJ, Bennett D. 2011. Molecular identification of 
bacteria associated with canine periodontal disease. Veterinary Microbiology 
150(3-4):394–400. http://doi.org/10.1016/j.vetmic.2011.03.001 

Rober M, Quirynen M, Haffajee AD, Schepers E, Teughels W. 2008. Intra-oral 
microbial profiles of beagle dogs assessed by checkerboard DNA-DNA 
hybridization using human probes. Veterinary Microbiology 127(1-2):79–88. 
http://doi.org/10.1016/j.vetmic.2007.08.007 

Rothberg JM, Leamon JH. 2008. The development and impact of 454 sequencing. 
Nature Biotechnology 26(10):1117–1124. http://doi.org/10.1038/nbt1485 

Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing with chain-terminating 
inhibitors. Proceedings of the National Academy of Sciences of the United States 
of America 74(12):5463–5467. http://doi.org/10.1073/pnas.74.12.5463 

Savage DC. 1977. Microbial ecology of the gastrointestinal tract. Annual Review of 
Microbiology 31:107–133. http://doi.org/10.1146/annurev.mi.31.100177.000543 

Schadt EE, Turner S, Kasarskis A. 2010. A window into third-generation sequencing. 
Human Molecular Genetics 19(R2):227–240. http://doi.org/10.1093/hmg/ddq416 

Schirmer M, Ijaz UZ, D’Amore R, Hall N, Sloan WT, Quince C. 2015. Insight into 
biases and sequencing errors for amplicon sequencing with the Illumina MiSeq 
platform. Nucleic Acids Research 43(6). http://doi.org/10.1093/nar/gku1341 

Schloss PD. 2008. Evaluating different approaches that test whether microbial 
communities have the same structure. The ISME journal 2(3):265–275. 
http://doi.org/10.1038/ismej.2008.5 

Schloss PD. 2009. A high-throughput DNA sequence aligner for microbial ecology 
studies. PLoS ONE 4(12). http://doi.org/10.1371/journal.pone.0008230 

Schloss, P. D. (2015). mothur. Retrieved from http://www.mothur.org/ on May 30th, 
2015 

Schloss PD, Handelsman J. 2004. Status of the microbial census. Microbiology and 
molecular biology reviews : MMBR 68(4):686–691. 
http://doi.org/10.1128/MMBR.68.4.686-691.2004 

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski 
RA, Oakley BB, Parks DH, Robinson CJ, et al. 2009. Introducing mothur: Open-
source, platform-independent, community-supported software for describing and 
comparing microbial communities. Applied and Environmental Microbiology 
75(23):7537–7541. http://doi.org/10.1128/AEM.01541-09 

 



 

 

35 

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C. 
2011. Metagenomic biomarker discovery and explanation. Genome Biology 
12:R60. http://doi.org/10.1186/gb-2011-12-6-r60 

Senhorinho GNA, Nakano V, Liu C, Song Y, Finegold SM, Avila-Campos MJ. 2011. 
Detection of Porphyromonas gulae from subgingival biofilms of dogs with and 
without periodontitis. Anaerobe 17(5):257–258. 
http://doi.org/10.1016/j.anaerobe.2011.06.002 

Shah HN, Collins MD. 1988. Proposal for Reclassification of Bacteroides 
asaccharolyticus, Bacteroides gingivalis, and Bacteroides endodontalis in a New 
Genus, Porphyromonas. International Journal of Systematic Bacteriology 38:128–
131. http://doi.org/10.1099/00207713-38-1-128 

Shah HN, Collins MD. 1989. Proposal To Restrict the Genus Bacteroides (Castellani 
and Chalmers) to Bacteroides fragilis and Closely Related Species. International 
Journal of Systematic Bacteriology 39:85–87. http://doi.org/10.1099/00207713-39-
1-85 

Shah HN, Collins MD. 1990. Prevotella, a new genus to include Bacteroides 
melaninogenicus and related species formerly classified in the genus Bacteroides. 
International journal of systematic bacteriology 40(2):205–208. 
http://doi.org/10.1099/00207713-40-2-205 

Shannon CE, Weaver W. 1948. A mathematical theory of communication. The Bell 
System Technical Journal 27:379–423. http://doi.org/10.1145/584091.584093 

Shendure JA, Porreca GJ, Church GM, Gardner AF, Hendrickson CL, Kieleczawa J, 
Slatko BE. 2011. Overview of DNA sequencing strategies. Current Protocols in 
Molecular Biology (SUPPL. 96):1–23. 
http://doi.org/10.1002/0471142727.mb0701s96 

Shendure J, Ji H. 2008. Next-generation DNA sequencing. Nature biotechnology 
26(10):1135–1145. 

Simpson, E. H. (1949). Measurement of diversity. Nature 163: 688. 
doi:10.1038/163688a0 

Sinclair L, Osman OA, Bertilsson S, Eiler A. 2015. Microbial Community 
Composition and Diversity via 16S rRNA Gene Amplicons: Evaluating the Illumina 
Platform. Plos One 10(2):e0116955. http://doi.org/10.1371/journal.pone.0116955 

Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL. 1998. Microbial 
complexes in subgingival plaque. Journal of clinical periodontology 25(2):134–
144. http://doi.org/10.1111/j.1600-051X.1998.tb02419.x 

 



 

 

36 

Sparks Stein P, Steffen MJ, Smith C, Jicha G, Ebersole JL, Abner E, Dawson D. 
2012. Serum antibodies to periodontal pathogens are a risk factor for Alzheimer’s 
disease. Alzheimer’s and Dementia 8(3):196–203. 
http://doi.org/10.1016/j.jalz.2011.04.006 

Sturgeon A, Pinder SL, Costa MC, Weese JS. 2014. Characterization of the oral 
microbiota of healthy cats using next-generation sequencing. Veterinary Journal 
201(2):223–229. http://doi.org/10.1016/j.tvjl.2014.01.024 

Sturgeon A, Stull JW, Costa MC, Weese JS. 2013. Metagenomic analysis of the 
canine oral cavity as revealed by high-throughput pyrosequencing of the 16S 
rRNA gene. Veterinary Microbiology 162(2-4):891–898. 
http://doi.org/10.1016/j.vetmic.2012.11.018 

Suchodolski JS. 2011. Intestinal Microbiota of Dogs and Cats: A Bigger World than 
We Thought. Veterinary Clinics of North America - Small Animal Practice 
41(2):261–272. http://doi.org/10.1016/j.cvsm.2010.12.006 

Sun DL, Jiang X, Wu QL, Zhou NY. 2013. Intragenomic heterogeneity of 16S rRNA 
genes causes overestimation of prokaryotic diversity. Applied and Environmental 
Microbiology 79(19):5962–5969. http://doi.org/10.1128/AEM.01282-13 

Svanberg GK, Syed SA, Scott BW. 1982. Differences between gingivitis and 
periodontitis associated microbial flora in the beagle dog. Relationship of plaque 
parameters to histological parameters of periodontal disease. Journal of 
Periodontal Tesearch 17(1):1–11. 

Syed SA, Svanberg M, Svanberg G. 1980. The predominant cultivable dental plaque 
flora of beagle dogs with periodontitis. Journal of Clinical Periodontology 8(1):45–
56. 

Tin Kam Ho. 1995. Random decision forests. Proceedings of 3rd International 
Conference on Document Analysis and Recognition 1:278–282. 

[U.S. NLM] U.S. National Library of Medicine. 2014. Gingivitis and periodontitis: 
Overview - National Library of Medicine - PubMed Health. PubMed Health. 
[accessed 2015 Jul 1]. http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0072777/ 

Van Dam AP, Van Weert A, Harmanus C, Hovius KE, Claas ECJ, Reubsaet FAG. 
2009. Molecular characterization of Capnocytophaga canimorsus and other 
canine Capnocytophaga spp. and assessment by PCR of their frequencies in 
dogs. Journal of Clinical Microbiology, 47(10), 3218–3225. 
http://doi.org/10.1128/JCM.01246-09 

Van de Peer Y, Chapelle S, De Wachter R. 1996. A quantitative map of nucleotide 
substitution rates in bacterial rRNA. Nucleic acids research 24(17):3381–3391. 
http://doi.org/6b0127 [pii] 



 

 

37 

Wade W. 2002. Unculturable bacteria--the uncharacterized organisms that cause 
oral infections. Journal of the Royal Society of Medicine 95(2):81–83. 
http://doi.org/10.1258/jrsm.95.2.81 

Wade WG. 2013. The oral microbiome in health and disease. Pharmacological 
Research 69(1):137–143. http://doi.org/10.1016/j.phrs.2012.11.006 

Wagner M, Amann R, Lemmer H, Schleifer KH. 1993. Probing activated sludge with 
oligonucleotides specific for proteobacteria: Inadequacy of culture-dependent 
methods for describing microbial community structure. Applied and Environmental 
Microbiology 59(5):1520–1525. 

Wallis C, Marshall M, Colyer A, O’Flynn C, Deusch O, Harris S. 2015. A longitudinal 
assessment of changes in bacterial community composition associated with the 
development of periodontal disease in dogs. Veterinary Microbiology 181(3-
4):271–282. http://doi.org/10.1016/j.vetmic.2015.09.003 

Whittaker RH. 1972. Evolution and Measurement of Species Diversity. Taxon 
21(2):213–251. http://doi.org/10.2307/1218190 

Woese CR, Fox GE. 1977. Phylogenetic structure of the prokaryotic domain: the 
primary kingdoms. Proceedings of the National Academy of Sciences of the 
United States of America 74(11):5088–5090. 
http://doi.org/10.1073/pnas.74.11.5088 

Wu GD, Lewis JD, Hoffmann C, Chen Y-Y, Knight R, Bittinger K, Hwang J, Chen J, 
Berkowsky R, Nessel L, et al. 2010. Sampling and pyrosequencing methods for 
characterizing bacterial communities in the human gut using 16S sequence tags. 
BMC microbiology 10:206. http://doi.org/10.1186/1471-2180-10-206 

Youssef N, Sheik CS, Krumholz LR, Najar FZ, Roe BA, Elshahed MS. 2009. 
Comparison of species richness estimates obtained using nearly complete 
fragments and simulated pyrosequencing-generated fragments in 16S rRNA 
gene-based environmental surveys. Applied and Environmental Microbiology 
75(16):5227–5236. http://doi.org/10.1128/AEM.00592-09 

Yue JC, Clayton MK. 2005. A Similarity Measure Based on Species Proportions. 
Communications in Statistics - Theory and Methods 34(11):2123–2131. 
http://doi.org/10.1080/STA-200066418 

  



 

 

38 

1.10 Figures 
 
 
 

 
Figure 1.1. Schematic of proposed early canine biofilm formation (adapted from 

Holcombe et al. 2014). Blue forms on the acquired pellicle represent salivary 

proteins, while red forms indicate primary colonizer species. Green and turquoise 

forms represent secondary and tertiary colonizing species, respectively. Purple 

forms also represent early colonizing species; however, these interactions are 

tentative. 
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Figure 1.2. 16S rRNA gene (adapted from Cai et al. 2003a) depicting the 

approximate locations of the conserved and variable regions. Diagram is not to 

scale. 
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CHAPTER TWO: THE EFFECTS OF DENTAL PROPHYLAXIS 
ON THE PLAQUE AND COMPOSITE ORAL MICROBIOTAS OF 
DOGS 
 

2.1 Background 
Periodontal disease is one of the most commonly diagnosed diseases to affect our 

canine companions. Numerous studies have investigated the canine plaque 

microbiota and how it forms (Elliott et al. 2005; Dewhirst et al. 2012; Davis et al. 

2013; Holcombe et al. 2014; Wallis et al. 2015). However, plaque is not the sole 

ecological community within the oral cavity. A study conducted by Segata et al. 

(2012) found that within the human mouth, samples from seven different surfaces 

were colonized by three distinct bacterial communities: buccal mucosa, keratinized 

gingiva, hard palate; and saliva, tongue, tonsils, throat; and sub- and supra-gingival 

plaques (Segata et al. 2012).  

 

Dental prophylaxis is a routinely practiced veterinary procedure, but its effect on both 

the plaque and oral microbiota is not fully understood. Previous research has 

provided an in vitro model for initial canine enamel colonization (Holcombe et al. 

2014) and has examined the longitudinal changes in plaque during periodontal 

disease progression (Wallis et al. 2015). The longer-term impact of a dental 

prophylaxis on the canine oral microbiota has yet to be elucidated. An understanding 

of how the plaque and composite oral ecological niches within the canine oral cavity 

change over time is crucial to understanding the effects of dental prophylaxis, with 

any degree of accuracy. 

 
 
2.2 Methods 
 
Sample collection 

Thirty healthy, adult beagle dogs (males and females) from a research colony were 

enrolled. All dogs were clinically normal, had no history of dental or oral disease, and 
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had no history of antimicrobial exposure in the preceding three months. Dogs were 

fed a commercial dry diet (Purina Dog Chow), to which they had been acclimated. 

 

All dogs received a dental prophylaxis under general anesthesia on the first day of 

the study (Pre). Antimicrobials were not administered as part of the procedure. Prior 

to the procedure, supragingival plaque was collected from the lingual and buccal 

surfaces of the dental arcades and composite oral swabs were collected by 

swabbing the gums, teeth, and cheeks for 10-15 seconds. One week after the dental 

prophylaxis, plaque and composite oral swabs were collected in the same manner 

from all 30 dogs. Gingivitis index scoring was performed one week after the dental 

prophylaxis. A random subsample of 10 of the 30 dogs was also sampled in the 

same manner, two and five weeks post-dental prophylaxis.  

 

All samples were collected onto sterile nylon-tipped swabs (Becton, Dickinson and 

Company, USA), and placed in TE buffer, and kept at 4°C. Samples were shipped 

within 48 hours of collection, by courier, to the laboratory on dry ice. 

 

DNA extraction, 16S rRNA gene PCR amplification, and purification 

DNA extraction was performed using a commercial kit (E.Z.N.A. Forensic DNA Kit, 

Buccal Swabs Protocol, Omega Bio-Tek Inc., USA). DNA concentrations were 

measured by spectrophotometry (NanoDrop, Thermo Scientific, USA).  

PCR amplification of the V4 region of the 16S rRNA gene was performed and the 

protocol was based on Klindworth et al. (2013). The forward primer S-D-Bact-0564-a-

S-15 (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAYTGGGYDTAAAGNG-3’) 

and reverse primer S-D-Bact-0785-b-A-18 (5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACNVGGGTATCTAATCC-3’) 

were used for the amplification (Klindworth et al. 2013). Briefly, for a final volume of 

25 μL, 2.5 μL of each DNA sample was added to a solution containing 12.5 μL 

KAPA 2G Fast HotStart ReadyMix (KAPA Biosystems, Wilmington, Massachusetts), 

9 μL of HyClone, HyPure Molecular Biology Grade Water (GE Healthcare 

Lifesciences, Hyclone Laboratories, Logan, Utah), and 0.5 μL of each 16S primer 
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(10 pM/ μL). The samples, including a negative control, were amplified on a 

Mastercycler pro S thermal cycler (Eppendorf, Germany) at the following PCR 

conditions: 5 minutes at 94°C for denaturing; 27 cycles of 45 seconds at 94°C for 

denaturing; 60 seconds at 53°C for annealing; and 90 seconds at 72°C for 

elongation. This was then followed by a final elongation period of 10 minutes at 

72°C. Samples were refrigerated at 4°C until further processing. The PCR products 

were evaluated by electrophoresis in 1.5% agarose gel and visualised under UV 

light using the GeneGenius bioimaging system (Syngene, USA).  

 

The amplicon library was purified using Agencourt AMPure XP beads (Beckman 

Coulter Inc., Canada). Briefly, 20 μL of AMPure XP beads were added to the PCR 

product and then moved to a micro-titre plate. The micro-tire plate was placed 

overtop a magnetic plate, and then the products were washed with 200 μL of 80% 

ethanol twice, and dried for 10 minutes. The magnetic plate was then removed, and 

the products were re-suspended in 52.5 μL of 10mM Tris buffer, pH 8.5.  

 

Approximately 5% of the samples did not amplify and were reprocessed, using a 

modified protocol. Before proceeding with the PCR amplification, the unaltered DNA 

was purified using Agencourt AMPure XP beads with the procedure outlined above. 

Once amplified, this same purification procedure was performed a second time. 

 

Indexing, Purification, and DNA sequencing 

A second PCR was performed to attach the Illumina sequencing adaptors and dual-

indexing barcodes to the amplicons. For a final volume of 40 μL, 4 μL of each 

purified PCR product was added to a solution containing 20 μL KAPA ReadyMix, 9.6 

μL of molecular biology-grade water, and 3.2 μL of both Illumina forward index 

primer S5XX (2.5 pM/ μL) and Illumina reverse index primer N7XX (2.5 pM/ μL). A 

short amplification cycle was performed to anneal the index primer to the amplicons 

under the following conditions: 3 minutes at 94°C for denaturing; 8 cycles of 45 

seconds at 94°C for denaturing; 60 seconds at 50°C for annealing; and 90 seconds 
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at 72°C for elongation. This was then followed by a final elongation period of 10 

minutes at 72°C. 

 

 

A final purification procedure was performed. 40 μL of AMPure XP beads were 

added to the amplicons, washed with 200 μL of 80% ethanol twice, dried for 10 

minutes, and re-suspended in 32 μL of 10 mM Tris buffer, pH 8.5. 30 μL from each 

sample was transferred to a 96-well plate. 

 

5 μL of the amplicon library was used for evaluation by electrophoresis in 1.5% 

agarose gel and visualised under UV light. The remaining 25 μL of each sample was 

sent to the University of Guelph’s Advanced Analysis Centre, for DNA sequencing 

on the Illumina MiSeq platform (San Diego, USA) using 2x250 chemistry. 

 

Sequence analysis and statistical methods 

The DNA sequences were analysed using the open-source bioinformatics software 

package, mothur (v1.34) (Schloss et al. 2009). The mothur standard operating 

procedure was used (Kozich et al. 2013). Sequences were aligned using the SILVA 

16S rRNA gene reference database (Quast et al. 2013), and those with ambiguous 

base calls, inappropriate lengths ( >242 or <239 bp), long runs of homopolymers  

(>8 bp), and sequences corresponding to chloroplasts, mitochondria, Archaea, and 

Eukaryotes were removed. Chimeras were detected using uchime (Edgar et al. 

2011) and removed. The remaining sequences from plaque samples were binned 

into operational taxonomic units (OTUs) at a 3% (0.03) dissimilarity level, and 

taxonomy was assigned using the Ribosomal Database Project database (Cole et al. 

2014). Remaining sequences from composite oral swab sequences were binned into 

phylotypes, according to the sequence taxonomic classification and taxonomy was 

assigned using the Ribosomal Database Project database (Cole et al. 2014). 

 

Random subsampling was performed (based on 1000 random iterations) to 

normalize the sequence numbers. Alpha diversity was calculated from within mothur, 
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using Good’s coverage, richness (Chao1), evenness (Shannon’s evenness) and 

diversity (inverse Simpson’s) indices. These indices were compared using the 

Wilcoxon test (Pre and 1Week time points) or Steel-Dwass multiple comparisons 

test (all study time points), with a p-value of ≤ 0.05 considered significant. 

 

Relative abundances were calculated and 100% stacked column graphs comparing 

the relative abundances of the main phyla (abundance > 0.5%) were generated; 54 

genera were selected a priori on the basis of biological significance and high relative 

abundance for inclusion in a chart which included time point statistical significance 

comparisons. A fit model with response screening was performed for all time points, 

with p-values of ≤ 0.05 considered significant. False discovery rate analysis was 

performed on the time points where 30 samples had been taken. False discovery 

rate p-values (PFDR) of ≤ 0.05 were considered significant. 

 

Beta diversity was measured using the Jaccard and the Yue and Clayton indices, 

which measure community membership and community structure, respectively. 

These were visualized by generating dendrograms of the relationships between the 

samples. Unweighted UniFrac and analysis of molecular variance (AMOVA) tests 

(Lozupone and Knight 2005) were also conducted to evaluate the impact of group 

(day of sampling) on the microbial community membership and structure. Principal 

Coordinate Analysis (PCoA) was performed on both the Jaccard and the Yue and 

Clayton indices with results visualized using JMP (SAS Institute Inc.).  

 

Linear discriminant analysis effect size (LEfSe) (Segata et al. 2011) was used to 

evaluate the genetic sequences and to identify genera that were enriched at the 

various time points. The classify.rf algorithm (from within mothur, and which is based 

on Random Forest decision-making trees) was used as an additional tool to help 

describe differences and similarities in taxa between the four composite oral 

microbiota time points (Tin Kam Ho 1995; Breiman 2001; Kozich et al. 2013).  
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2.3 Results 
 
Thirty beagle dogs from a research colony were enrolled. Dogs were between 1 and 

4 years of age (mean age = 2.13 y), with a mean weight of 8.87 kg (range 7.00 – 

13.14 kg) and consisted of 25 spayed females and 5 neutered males. All dogs were 

clinically normal, and had no overt signs of systemic, dental, or oral disease. 

Gingivitis index scores from one week after the dental prophylaxis ranged from 0.44 

to 1.72 (mean = 1.25) (Table 2.1). 

 
2.3.1 The Plaque Microbiota 
Sequencing generated a total of 5,984,826 reads that passed all screening tests. 

Sequence numbers ranged from 10,858 to 70,814 per plaque sample (mean = 

49,127, median = 48,887). A total of 846 genera were identified, with the top five 

genera covering over 50% of total sequences. 

  

Comparison of pre-dental and one week post-dental prophylaxis plaque 
samples (n=30) 
  

Sequence quality 

A random subsample of 31,278 sequences per sample was used to normalize the 

sequence numbers for the pre-dental and one week post-dental prophylaxis 

samples. With that subsample, coverage ranged from 89.2% to 98.6% (median = 

96.8%). 

  

Relative abundances 

Sequences were assigned to 26 different bacteria phyla, although only five phyla 

(Proteobacteria, Spirochaetes, Firmicutes, Bacteroidetes, and 

Actinobacteria) accounted for ≥ 1% of total sequences, and only 14 had median 

relative abundances greater than zero. Three phyla predominated both prior to the 

dental prophylaxis and one week afterwards: Proteobacteria, Spirochaetes, and 

Firmicutes (Figure 2.1). Spirochaetes decreased dramatically one week after the 
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cleaning, from 32.9% to 11.8% (false discovery rate p-value (PFDR) = 0.003), while 

Proteobacteria increased from 18.0% to 31.8% (PFDR < 0.001) to become the most 

common phylum. Interestingly, Actinobacteria, which had a relative abundance of 

less then 1% prior to treatment, increased in relative abundance to 4.2%, one week 

afterwards (PFDR < 0.001). 

 

The relative abundances, p-values, and false discovery rate p-values of 54 selected 

genera from the pre-dental and one week post-prophylaxis plaque samples are 

presented in Table 2.2. These genera were selected a priori, on the basis of 

biological significance and high relative abundance. Treponema, Unclassified 

Clostridiales, and Unclassified Peptostreptococcaceae were the three most 

prevalent genera both prior to dental prophylaxis and one week afterwards, 

respectively, with the difference of Treponema between the time points being 

statistically significant (PFDR = 0.004). Multiple genera were significantly different 

between time points, and in total, 25 of the 54 genera had statistically significant 

changes in relative abundance. 

 

Early canine oral biofilm colonizing genera Bergeyella, Moraxella, and Neisseria 

(Holcombe et al. 2014) had higher relative abundances one week after dental 

prophylaxis. The difference in abundance was significant for Moraxella and 

Neisseria (PFDR = 0.006; PFDR = 0.03, respectively). Putative canine periodontal 

pathogens Actinomyces, Corynebacterium, Porphyromonas, and Tannerella, along 

with Treponema were identified in all plaque samples. Actinomyces, 

Corynebacterium, and Tannerella all had higher relative abundances one week post-

dental prophylaxis than before treatment, with the differences being statistically 

significant (PFDR < 0.01). Two genera with zoonotic potential, Capnocytophaga and 

Pasteurella, were also identified and had higher relative abundances one week after 

dental prophylaxis (PFDR < 0.001; PFDR = 0.003, respectively). Streptobacillus, a third 

genus with zoonotic potential had a higher relative abundance prior to treatment 

(PFDR = 0.03). 
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Alpha and beta diversity analyses 

There were significant differences in all tested population alpha diversity measures 

(Figures 2.2 a-d). Good’s coverage increased one week after the dental prophylaxis 

(P < 0.0001) and Chao’s richness, Shannon’s evenness, and Inverse Simpson’s 

diversity all decreased from prior to the dental cleaning to one week after 

treatment (P < 0.0001). Principal coordinate analysis (PCoA) plots based on the 

Jaccard (community membership) and the Yue and Clayton (community structure) 

indices are displayed in Figures 2.3a and 2.3b. Unweighted UniFrac tests 

demonstrate significant differences in both community membership and community 

structure (P <0.001). Similarly, results of AMOVA analysis of both the Jaccard and 

the Yue and Clayton indices also indicate significant differences between 

groups (P <0.001). 

            

Linear discriminant analysis effect size (LEfSe) identified 129 genera that were 

significantly enriched either prior to the dental prophylaxis, or one week afterwards. 

Thirty-three of these had linear discriminant analysis (LDA) scores ≥ 3, with 13 from 

prior to the dental cleaning and 20 from one week afterwards (Figure 2.4). 

  

  

Comparison of pre-dental and one week, two weeks, and five weeks post-
dental prophylaxis plaque samples (n=10) 

  

Sequence quality 

A random subsample of 10,858 sequences per sample was used to normalize the 

samples from all four time points. Coverage ranged from 80.8% to 97.3% (median = 

94.1%). 

  

Relative abundances 

Sequences were assigned to 26 different bacteria phyla although, once again, only 

five (Spirochaetes, Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria) 

accounted for ≥1% or more of total of sequences, and 19 had median relative 



 

 

48 

abundances greater than zero. As with the Pre-1Week comparison, Spirochaetes, 

Proteobacteria, and Firmicutes predominated at all four time points (Figure 2.5). 

Spirochaetes was the most abundant phyla prior to the dental prophylaxis, as well as 

at two and five weeks post-treatment, with 29.7%, 29.2%, and 51.4% relative 

abundances respectively, while Proteobacteria predominated at the one week post-

dental prophylaxis time point (39.7%). Marked differences existed in the phyla 

Actinobacteria and Spirochaetes between the 1Week-5Weeks time point, and for 

Fusobacteria and Verrucomicrobia at the Pre-2Weeks and 1Week-2Weeks time 

points comparisons, respectively (Table 2.3).  

 

The relative abundances of 54 genera from plaque samples that were selected a 

priori on the basis of biological significance and high relative abundance are 

presented in Table 2.4. Also included in this table are the time point comparison 

significances for the genera highlighted below. Treponema was the most abundant 

genus both prior to dental prophylaxis and at all time points afterwards, with 

differences between the 1Week-5Weeks time points comparison being statistically 

significant. Unclassified Clostridiales was the second most prevalent genus at the 

pre-dental, two weeks, and five weeks post-dental prophylaxis time points. One 

week after treatment, the second most prevalent genus was Pasteurella, and the 

difference between prior to the dental cleaning and one week afterwards was 

statistically significant.  

 

Early canine oral biofilm colonizing genera Bergeyella, Moraxella, and Neisseria 

(Holcombe et al. 2014) were identified in the plaque samples from all time points, 

with differences in Moraxella being statistically significant between the Pre-1Week 

and 1Week-5Weeks time points comparisons. Neisseria approached significance in 

the 1Week-5Weeks comparison (P = 0.0551). The relative abundances for these 

early colonizing bacteria increased from prior to dental prophylaxis to one week 

afterwards, followed by a return to the pre-treatment abundances by five weeks after 

prophylaxis. As with the pre and one week post-dental prophylaxis comparison, the 

putative canine periodontal pathogens Actinomyces, Corynebacterium, 
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Porphyromonas, and Tannerella were also identified, along with Treponema at all 

four time points, with statistical differences seen amongst various time point 

comparisons for Corynebacterium, Porphyromonas, and Treponema (Table 2.4). 

Three genera with zoonotic potential, Capnocytophaga, Pasteurella, and 

Streptobacillus were also identified, with statistical differences seen at the Pre-

1Week time points comparison for Capnocytophaga and Pasteurella and the Pre-

2Weeks time points comparison for Streptobacillus. 

 

Alpha and beta diversity analyses 

The alpha diversity measures are shown in Figures 2.6 a-d. There were significant 

differences in two of the four tested population alpha diversity measures. Chao’s 

richness, Shannon’s evenness, and Inverse Simpson’s diversity all decreased from 

prior to the dental cleaning to one week after treatment, before slowly climbing back 

to near pre-dental treatment levels by five weeks post-treatment. Shannon’s 

evenness (P = 0.004) and Inverse Simpson’s diversity (P = 0.009) both decreased 

between the Pre-5Weeks time points. No other time points comparisons were 

statistically significant. Principal coordinate analysis (PCoA) plots based on the 

Jaccard (community membership) and the Yue and Clayton (community structure) 

indices are displayed in Figures 2.7a and 2.7b. 

 

Unweighted UniFrac tests of community membership demonstrated significant 

differences at all time points comparisons, except 2Weeks-5weeks (Table 2.5). 

Unweighted UniFrac tests also demonstrated significant differences at the Pre-

1Week (P = 0.003), Pre-2Weeks (P = 0.03), and Pre-5Weeks (P = 0.04) time points 

comparisons of community structure. The results of AMOVA analysis of the Jaccard 

and the Yue and Clayton indices also indicate significant differences between all 

time points for both indices (all p-values ≤ 0.04), except for the Pre-2Weeks time 

points comparison of community membership (Jaccard index). 

 

Linear discriminant analysis effect size (LEfSe) identified 79 genera that were 

significantly enriched over the course of all study time points. Fourteen genera had 
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linear discriminant analysis scores ≥ 3, with six being enriched prior to the dental 

cleaning, three at one week, two at two weeks, and three at five weeks post-

prophylaxis (Table 2.6). 

 

 
2.3.2 The Composite Oral Microbiota 
Sequencing generated a total of 10,252,679 reads that passed all screening tests. 

Sequence numbers ranged from 30,268 to 149,814 per composite oral swab sample 

(mean = 86,023, median = 86,559). A total of 588 genera were identified, with the 

top five genera composing nearly 60% of total sequences. 

 

Comparison of pre-dental and one week post-dental prophylaxis composite 
oral swab samples (n=30) 
 
Sequence quality 

A random subsample of 33,457 sequences per sample was used to normalize the 

sequence numbers for the pre-dental and one week post-dental prophylaxis 

composite oral swab samples, with a median Good’s coverage of 99.9%. 

 

Relative abundances 

Sequences were assigned to 25 different bacteria phyla, although only five phyla 

(Proteobacteria, Firmicutes, Spirochaetes, Bacteroidetes, and Actinobacteria) 

accounted for ≥ 1% of total sequences, and only 12 had median relative abundances 

greater than zero. Prior to dental prophylaxis, Proteobacteria (58.5%) and Firmicutes 

(19.0%) predominated (Figure 2.8). One week after dental prophylaxis, 

Proteobacteria accounted for 92.6% of all sequences, while there was a 

corresponding decrease in Firmicutes relative abundance to 3.7% (PFDR < 0.0001 for 

both). Additionally, there were significant decreases in Actinobacteria (2.5% to 0.2%, 

PFDR < 0.0001), Bacteroidetes (6.0% to 0.7%, PFDR < 0.0001), and Spirochaetes 

(6.7% to 1.0%, PFDR < 0.0001). 
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The relative abundances, p-values, and false discovery rate p-values of 54 selected 

genera from the pre-dental and one week post-prophylaxis oral swab samples are 

presented in Table 2.7. These genera were selected a priori, on the basis of 

biological significance and high relative abundance. Psychrobacter, Unclassified 

Clostridiales, Treponema, and Unclassified Pasteurellaceae were the most abundant 

genera prior to dental prophylaxis (median relative abundance ≥ 5%) while 

Pseudomonas was the only genus to have a relative abundance of 5% or greater 

after prophylaxis (median = 79.7%). The increase in relative abundance between 

time points for Pseudomonas and the decreases in relative abundance for the 

remaining four genera were all statistically significant (PFDR < 0.0001). In total, 48 of 

the 54 genera had statistically significant changes in relative abundance, with PFDR 

values for a further two genera approaching significance (Mannheimia PFDR = 0.053; 

Acholeplasma PFDR = 0.054). 

 

In addition to the Pseudomonas, other water-dwelling genera Fusibacter and 

Psychrobacter had statistically significant differences in abundance between time 

points (PFDR < 0.0001). Genera containing putative canine periodontal pathogens 

Actinomyces, Fusobacterium, Porphyromonas, Tannerella, and Treponema all had 

significant decreases in relative abundances after dental cleaning (PFDR < 0.0001).  

Two other genera of additional interest due to their zoonotic potential, Pasteurella, 

and Streptobacillus, also significantly decreased after dental prophylaxis (PFDR < 

0.0001).  

 

Marked inter-individual variation was apparent (Figures 2.9a and 2.9b), particularly 

prior to dental prophylaxis, with some taxa being very common in some individuals 

and rare or absent in others. For example, Aerococcus and Acinetobacter had near-

zero pre-dental prophylaxis relative abundance medians, yet had maximums of 12% 

and 62%, respectively. 

 

The relative abundances of genera accounting for a minimum of ≥ 0.5% (median) 

are shown in Figures 2.9a and 2.9b, respectively. Psychrobacter had a median 20% 
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relative abundance prior to dental prophylaxis, but was not detected at that level in 

any sample one week later. However, there was profound inter-sample variation in 

this genus pre-treatment, with 8/30 dogs having no Psychrobacter present prior to 

treatment, and an additional two dogs having relative abundances of less than 5%. 

Conversely, Pseudomonas had a median relative abundance of 0.04% prior to 

dental cleaning, but had a median relative abundance of 80% one week afterwards. 

Genera that had high relative abundance values (≥ 4%) in some samples, but that 

did not meet the ≥ 0.5% median cut-off for inclusion on Figures 2.9a and 2.9b are 

shown in Table 2.8.  

 

Alpha and beta diversity analyses 

The alpha diversity measures are shown in Figures 2.10 a-d. Chao’s richness, 

Shannon’s evenness, and Inverse Simpson’s diversity all decreased from prior to the 

dental cleaning to one week after treatment (P < 0.0001). The results of the Jaccard 

and the Yue and Clayton community index analyses are displayed in Figures 2.11 

and 2.12. Unweighted UniFrac tests demonstrate significant differences in both 

community membership and structure (P <0.001). Similarly, results of the AMOVA 

analysis of the Jaccard and the Yue and Clayton indices also indicated significant 

differences between time points  (P <0.001). 

 

Linear discriminant analysis effect size (LEfSe) identified 114 genera that were 

significantly enriched either prior to dental cleaning, or one week afterwards. 

Nineteen genera had linear discriminant analysis (LDA) scores of ≥ 3.5, with 18 prior 

to dental prophylaxis, and only one, Pseudomonas, one week post-prophylaxis 

(Figure 2.13). The results of the classify.rf algorithm are presented in Table 2.9. The 

error rate was 5%, with three samples from the Pre time point being classified as 

belonging to 1Week. 
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Comparison of pre-dental, one week, two weeks, and five weeks post-dental 
prophylaxis oral swab samples (n=10) 
 

Sequence quality 

A random subsample of 30,268 sequences per sample was used to normalize the 

sequence number for all four time points from the composite oral swab samples, 

with a median coverage of 99.9%. 

 

Relative abundances 

Sequences were assigned to 20 different bacteria phyla. Six phyla (Proteobacteria, 

Firmicutes, Spirochaetes, Bacteroidetes, Actinobacteria, and Fusobacteria) 

accounted for ≥1% or more of total sequences, and 14 had median relative 

abundances greater than zero. Proteobacteria, Firmicutes, and Spirochaetes were 

the only phyla that had median relative abundances greater than 1% at all four study 

time points. Proteobacteria was the most abundant phyla at all time points (Figure 

2.14). There were marked differences in the phylum-level distribution of the main 

phyla, and all phyla depicted in Figure 2.14 had statistically significant differences in 

relative abundance between the Pre-1Week and 1Week-5Weeks time points 

comparisons (Table 2.10). 

 

The relative abundances of 54 selected genera that were selected a priori on the 

basis of biological significance and high relative abundance are presented in Table 

2.11. Also included in this table are the time point comparison significances for the 

genera highlighted below. There were profound changes in the relative abundance 

of some taxa. For example, Psychrobacter had a median relative abundance of 20% 

prior to dental prophylaxis, yet had median relative abundances of 0.01%, 0.01%, 

and 0.02% at one, two, and five weeks after the dental cleaning, respectively. 

Changes between the Pre-1Week, Pre-2Weeks, and 1Week-5Weeks time points 

comparisons were statistically significant. Pseudomonas had a median relative 

abundance of 0.05% prior to the dental cleaning and 0.01% at five weeks post-

prophylaxis. However, at one and two weeks after treatment, the median relative 
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abundances of Pseudomonas were 80.3% and 65.7%, respectively. Changes 

between the Pre-1Week, Pre-2Weeks, 1Week-5Weeks, and 2Weeks-5Weeks time 

points comparisons were statistically significant. The subsequent nine genera with 

the highest relative abundances all shared the same pattern, with relative 

abundances significantly decreasing at the one and two weeks post-dental 

prophylaxis time points compared to the pre-dental abundances, and then 

significantly increasing (to pre-dental levels) at the five weeks post-prophylaxis time 

point. The statistically significant changes between time points for these genera are 

presented in Table 2.11.  

 

The water-dwelling genera Fusibacter, Psychrobacter, and Spirochaeta had 

significantly higher relative abundances prior to dental prophylaxis (Table 2.11), 

which then dropped at the one-week time point, and generally remained low at the 

two and five weeks time points. Pseudomonas, another water-dwelling genus, 

significantly varied over time as the relative abundance increased one week after 

treatment, remained high at the two weeks time point, and then decreased again to 

pre-dental levels by the end of the study (Table 2.11). 

 

Genera containing putative canine periodontal pathogens Actinomyces, 

Fusobacterium, Porphyromonas, Tannerella, and Treponema all had higher relative 

abundances prior to dental cleaning and at the five weeks time point, and exhibited 

low relative abundances at the one and two weeks time points, with differences 

being statistically significant for several time point comparisons (Table 2.11). Three 

other genera of additional interest due to their zoonotic potential – Capnocytophaga, 

Pasteurella, and Streptobacillus – all had statistically significant differences in 

relative abundance for the Pre-1Week time points comparison (Table 2.11). Relative 

abundances then rose again over the latter two study time points.  

 

The relative abundances of genera accounting for a minimum of ≥ 0.5% (median) of 

the microbiota are shown in Figures 2.15a, 2.15b, 2.15c, and 2.15d. Psychrobacter 

had a median 20% relative abundance prior to dental prophylaxis; however, all post-
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treatment medians were not above 0.02%. Profound inter-sample variation was seen 

in this genus prior to the dental prophylaxis, with two dogs having relative 

abundances of less than 5%, one dog having a relative abundance of 40%, and an 

additional dog having no Psychrobacter present. High inter-sample variation in the 

genus Psychrobacter was also seen at the five weeks time point, with three dogs 

having relative abundances above 30% despite a median relative abundance at that 

time of 0.016%. Pseudomonas, on the other hand, had a median relative abundance 

of 0.05% prior to treatment, but medians of 80.3% and 65.7% one and two weeks 

afterwards, respectively. At the end of the study, the median relative abundance 

returned to a low level, 0.01%. Genera that had high relative abundance values in 

some samples, but that did not meet the ≥ 0.5% median cut-off for inclusion on 

Figures 2.15a, 2.15b, 2.15c, 2.15d are shown in Table 2.12. 

 

Alpha and beta diversity analyses 

The alpha diversity measures are shown in Figures 2.16 a-d. Chao’s richness, 

Shannon’s evenness, and Inverse Simpson’s diversity all decreased from prior to the 

dental cleaning to one week after treatment, stayed low at two weeks, and then rose 

again at five weeks post-prophylaxis. Statistical significance was observed across 

the richness, evenness, and diversity analyses at the Pre-1Week (P ≤ 0.0025), Pre-

2Weeks (P ≤ 0.0019), 1Week-5Weeks (P ≤ 0.0056), 2Weeks-5Weeks (P ≤ 0.0033) 

time points comparisons. 

 

The results of the Jaccard and the Yue and Clayton community index analyses are 

displayed in Figures 2.17 and 2.18. Unweighted UniFrac tests of community 

membership and community structure demonstrated statistical significance between 

all time point comparisons, except for the 1Week-2Weeks comparison for both the 

Jaccard and the Yue and Clayton indices (Table 2.13). The results of AMOVA 

analysis of the Jaccard and the Yue and Clayton indices also indicate significant 

differences between all time points for both indices (all p-values ≤ 0.008), except for 

the 1Week-2Weeks time points comparison of community structure (Yue and 

Clayton index). 
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Linear discriminant analysis effect size (LEfSe) identified 60 genera that were 

significantly enriched over the course of all study time points. Twenty-two genera 

had linear discriminant analysis (LDA) scores of ≥ 3.5, with nine prior to dental 

prophylaxis, 11 at the five weeks time point, and only one genus at the one week 

(Pseudomonas), and two weeks (Proteocatella) time points (Table 2.14). The results 

of the classify.rf algorithm are presented in Table 2.15. The error rate for the 

classification of all four time points was 20%. 

 

 
2.4  Discussion 
 

2.4.1 The Plaque Microbiota 

The canine oral cavity microbiota is highly rich and diverse, as was found in previous 

studies (Elliott et al. 2005; Dewhirst et al. 2012; Davis et al. 2013; Sturgeon et al. 

2013; Wallis et al. 2015). Studies of microbiotas often involve single sampling times, 

precluding assessment of the degree of intra-individual variation, and the impact of 

exogenous influences. An understanding of how microbiotas change over time is 

crucial to understanding the effect of dental prophylaxis at both the individual and 

group levels, with any degree of accuracy. From this study, it is clear that dental 

prophylaxis had a significant impact on community membership and structure. While 

specific changes and the relevance of those cannot be easily discerned, these data 

indicate the broad impact of this routine veterinary procedure. 

 

In the comparison of the pre-dental and one week post-dental prophylaxis plaque 

samples, large differences could be seen between the two time points. With the 

physical removal of dental plaque, it would be expected for the levels of all bacteria 

in the mouth to decrease. It is thought this removal disrupts the existing biofilm, 

which forces the biofilm generation process back to the beginning. Given this, it 

would be natural to see early colonizing bacteria and early biofilm formation bacteria 
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predominating shortly after treatment. Such an outcome was demonstrated in the 

results.  

 

Various treponemes, in particular Treponema denticola and Treponema socranskii, 

have been long-established as periodontal pathogens in dogs (Riviere et al. 1996; 

Valdez et al. 2000; Nordhoff et al. 2008). In this study, relative abundances of the 

genus Treponema of over 60% of all sequences were seen for some dogs; however, 

lower relative abundances were generally seen one week after dental prophylaxis. 

The high relative abundance of Spirochaetes prior to dental prophylaxis and lower 

relative abundance one week afterwards mirrors the changes in Treponema. This 

demonstrates that treponemes are the driving force behind the changes in 

Spirochaetes, and that information at the phylum level can be accurately used to 

make estimations regarding the genus or even species levels amongst plaque 

bacteria.  

 

Conversely, there were significant increases in Proteobacteria after dental cleaning. 

This phylum has been shown to be more abundant in humans with healthy mouths 

(Kistler et al. 2013), and previous research on the canine oral microbiota points to a 

similar pattern (Davis et al., 2013; Holcombe et al., 2014; Riggio et al., 2011; 

Sturgeon et al., 2013). The increase of Proteobacteria one week after dental 

prophylaxis was largely the result of higher relative abundances of Moraxella and 

Neisseria, two genera that have been associated with early biofilm formation and 

canine oral health (Davis et al. 2013; Holcombe et al. 2014). Actinobacteria also 

demonstrated an increase in abundance after dental cleaning. This is primarily the 

result of increases in the facultatively anaerobic genus Actinomyces, perhaps as a 

result of being able to grow with less competition from other components of the 

microbiota in the immediate post-dental cleaning period. The broad trends seen here 

are what would be expected prior to, and after a dental cleaning, and further confirm 

existing knowledge regarding periodontal disease in canine plaque.  
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While bacterial pathogenesis of periodontal disease in dogs is only superficially 

understood, the genera Actinomyces, Corynebacterium, and Tannerella, which were 

more abundant the week after dental prophylaxis, have been implicated as 

pathogens (Riggio et al. 2011; Davis et al. 2013). It is important to note that while 

various studies have found Actinomyces more frequently in disease states, more 

study is required to differentiate cause and effect of this genus on periodontal 

disease in dogs. While seemingly incongruous with the dental cleaning having been 

recently performed, like with Actinomyces, Corynebacterium and Tannerella are 

slow growing and it is possible they were better able to proliferate with reduced 

bacterial competition. Porphyromonas is one of the best-studied canine dental 

pathogens and interestingly, dental prophylaxis did not appear to have an effect on 

this genus. However, a limitation of sequencing approaches such as the one used in 

this study, is the lack of species-level resolution. There are numerous 

Porphyromonas species with different clinical relevance and the lack of change 

could have been as a result of one species of Porphyromonas increasing in relative 

abundance while others decreased. Alternatively, the stability could have been due 

to all Porphyromonas species maintaining a stable level both prior to and one week 

after dental prophylaxis. Study of the impact on individual species would be required 

to evaluate the result in greater detail. 

 

Like in previous studies (Sturgeon et al., 2013), potential zoonotic pathogens such 

as Capnocytophaga and Pasteurella were common, and increased in relative 

abundance one week after dental prophylaxis. Both of these genera are commonly 

found in the oropharyngeal tract of dogs (Bailie et al. 1978; Jolivet-Gougeon et al. 

2007) and are considered opportunistic pathogens. As with the periodontal 

pathogens, these bacteria are slow growing, and so the reduced competition one 

week after cleaning could have provided an environment where they had an 

opportunity to flourish.  

 

The LEfSe analysis had similar results to the relative abundance analysis and 

showed the taxa that were enriched prior to dental prophylaxis were comprised 
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primarily of the phyla Firmicutes and Proteobacteria, totalling 84% in the analysis, 

while Fusobacteria and Bacteroidetes were 8% each. One week after the dental 

cleaning, fully 50% of the taxa that were enriched were comprised of Proteobacteria. 

Among the Proteobacteria in the LEfSe analysis was Pasteurella, which was the 

most enriched genus, regardless of time point. Other Proteobacteria included the 

early canine oral biofilm/health associated bacteria Moraxella and Neisseria. 

Additionally, the percentage of Firmicutes decreased by half, while that of 

Bacteroidetes doubled; Fusobacteria was no longer present and Actinobacteria 

comprised 20% of the LEfSe results. Consequently, the differences in taxa 

enrichment between the two time points indicate these phyla, and subsequent 

genera, were the driving forces behind changes in community membership and 

structure.  

 

It is not surprising that dental prophylaxis had a significant impact on the microbiota 

one week after treatment. Evaluation of how the microbiota responds to dental 

cleaning over time can provide important insight. Overall, the microbiota appeared to 

return its pre-dental prophylaxis state by the end of the study – five weeks post-

treatment. However, the results were somewhat variable compared to the pre- and 

one week post-dental prophylaxis data. Much of that might be a result of the smaller 

sample size for the five-week study period and resulting loss of statistical power. It 

could also reflect a more variable return of the microbiota to its pre-treatment state.  

 

It is evident from the Jaccard and the Yue and Clayton PCoA plots of all the study 

time points that by five weeks after treatment with a dental cleaning, the plaque 

microbiota had returned to that of prior to the cleaning. This rapid re-establishment 

of the baseline plaque microbiota is similar to what has been seen in the human gut, 

following antibiotic insult (De La Cochetière et al. 2005). Conversely, in dogs, there 

is less resilience among the small intestinal microbiota after similar insult 

(Suchodolski et al. 2009). In Suchodolski’s study, however, there were only five 

subjects and the study ended only two weeks after treatment, which does not allow 

for direct comparison of baseline re-establishment.  
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As with the pre-dental and one week post-dental comparison, the comparisons of 

plaque at all four time points demonstrate the relative abundance of Treponema was 

the driving force behind changes in the abundance of Spirochaetes. Lower relative 

abundances of Spirochaetes and Treponema were seen one week after dental 

prophylaxis, compared to the other three time points, with the 1Week-5Weeks time 

points comparison being statistically significant. This same pattern was also seen 

amongst Actinobacteria and the genera Aeromicrobium and Corynebacterium, and 

again the 1Week-5Weeks time points comparison was statistically significant. 

Changes in Proteobacteria relative abundance approached significance for the 

1Week-5Weeks time points comparison.  

 

Moraxella had statistical significance at the Pre-1Week and 1Week-5Weeks time 

points comparisons, with increased relative abundance at the one week post-

prophylaxis time point, further confirming its role in early canine biofilm formation. 

Neisseria approached significance for the 1Week-5Weeks time points comparison, 

suggesting that it too may in fact be part of early biofilm formation, as Holcombe et 

al. suggest. Dental prophylaxis appears to have had a statistically significant effect 

on Porphyromonas at the 2Weeks-5Weeks time points comparison, with increased 

relative abundance at five weeks post-prophylaxis. This result is somewhat 

surprising, especially given the lack of effect of prophylaxis on the genus one week 

after treatment and the lack of statistical significance between prior to treatment and 

the two weeks time point. In fact, the results show the relative abundance of 

Porphyromonas was higher five weeks after treatment than even before any 

intervention. While multiple species of Porphyromonas could be present and 

contributing to this result, it calls into question the effectiveness of dental cleaning for 

this periodontal pathogen. In light of these findings, prevention of plaque formation 

through regular tooth brushing may be more successful in decreasing the amount of 

Porphyromonas in the oral cavity. Further study is warranted to gain clarity regarding 

this trend. 
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The LEfSe analysis indicates that prior to dental cleaning, Proteobacteria comprised 

50% of the enriched taxa. The dominance of Proteobacteria continued at both the 

one and two weeks post-dental prophylaxis time points (67% and 100%, 

respectively), suggesting bacteria in this phylum play diverse roles in the etiology of 

periodontal disease, from protective status, through early colonizers, to disease 

causing. At five weeks post treatment, Proteobacteria, Spirochaetes and Firmicutes 

were represented equally. Interestingly, this was the first time the spirochete 

Treponema was present in any of the study’s LEfSe analyses. Its presence at this 

juncture may suggest that by five weeks after a dental cleaning, the course of the 

plaque microbiota is set towards increasing periodontal disease, unless there are 

other interventions. 

 

 

2.4.2 The Composite Oral Microbiota 

Again, the canine oral cavity microbiota was found to be highly rich and diverse, as 

was found in previous studies (Davis et al., 2013; Dewhirst et al., 2012; Elliott et al., 

2005; Sturgeon et al., 2013; Wallis et al., 2015). However, the oral microbiota is not 

one distinct ecological community. A study conducted by Segata et al. in 2012 found 

that within the human mouth, samples from seven different surfaces were colonised 

by three distinct bacterial communities. The buccal mucosa, gingivae and hard 

palate had similar microbiota while the saliva, tongue, tonsils and throat, and supra- 

and sub-gingival plaque each had distinctive communities (Segata et al. 2012). With 

the human oral microbiota divided into several niches, it is useful to look at multiples 

sites within the canine oral cavity to assess whether these separate environments 

exist in the canine oral microbiota as well. The aforementioned studies (with the 

exception of that by Elliott et al. and Sturgeon et al.), only investigated the sub-

gingival plaque microbiota. While Elliott et al. investigated the bacteria from the 

gingival margin and pooled saliva samples (and did in fact use 16S rRNA 

sequencing), the sequencing was only carried out on culture isolates, and not the 

entire sample. Next-generation sequencing was used in the study conducted by 
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Sturgeon et al. in 2013, however their investigation was of only a single time point. 

No study investigated the effect of dental prophylaxis. 

 

Comparison of the pre-dental and one week post-dental prophylaxis oral swab 

samples shows that dental cleaning resulted in a profound alteration of the 

composite oral microbiota. The major differences between the two time points were 

identified using various approaches, including the PCoA analysis of bacterial 

community membership, the analysis of overall community structure, and the 

classify.rf algorithm (Tin Kam Ho 1995; Breiman 2001; Kozich et al. 2013). With an 

error rate of 5% from the classify.rf algorithm and no overlap between the pre and 

one week post-dental prophylaxis time points on the Jaccard and the Yue and 

Clayton indices, the notion that the pre-dental and one week post-dental prophylaxis 

time points are very different from each other is corroborated, as multiple tests 

present the same findings. 

 

Delving more deeply, differences that do exist between the pre and one week post-

dental prophylaxis time points can be attributed to several factors, the most 

prominent being changes in the relative abundances of various bacteria. Prior to 

dental prophylaxis, the phylum Proteobacteria accounted for 58.5% of total 

sequences, whereas it accounted for 92.6% one week after the procedure. This is 

due to the dramatic increase in the relative abundance of the genus Pseudomonas. 

Naturally, this proliferation was at the expense of other taxa, which is clearly 

evidenced in the LEfSe analysis (Figure 2.13). Given the dominance of 

Pseudomonas, it is unsurprising that alpha diversity indices – Chao’s richness, 

Shannon’s evenness, and Inverse Simpson’s diversity – decreased from prior to the 

dental prophylaxis to one week after treatment. 

 

When compared to other canine oral microbiota studies, the presence of 

Pseudomonas was somewhat unusual. Pseudomonas was found in a study that 

used molecular cloning-based sequencing of the 16S rRNA gene on bacterial 

isolates (Riggio et al. 2011). In Riggio et al. (2011), 30.9% of clones analysed were 
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Pseudomonas sp. However, Pseudomonas was not seen in the one study that 

looked at composite oral swab data (Sturgeon et al., 2013). One possible 

explanation for the high relative abundance of Pseudomonas seen in here is that it 

was introduced into the mouth as a water-contaminant during prophylaxis, and the 

low-competition environment post-prophylaxis allowed its proliferation. Given the 

high abundance of Pseudomonas seen in this study and a lack of many other 

positive results from other studies, further investigation may be warranted to 

substantiate this finding. 

 

Prior to dental prophylaxis, Psychrobacter had the highest median relative 

abundance of all the genera, with a median of 20%. However, when the 

Psychrobacter abundances for each individual dog are examined, there are striking 

differences. As can clearly be seen in Figure 2.9a.,10 of the 30 dogs enrolled in the 

study had relative abundances of ≤ 5%, including eight where the taxon was not 

identified. The profound inter-sample variation seen here resulted in some overall 

rare taxa being unusually abundant in some dogs. In one instance 0% 

Psychrobacter was present prior to dental prophylaxis, while abundances of 62.3% 

Acinetobacter and 11.6% Aerococcus were seen instead, when overall the medians 

for these genera were 0.06% and 0.01%, respectively. These large differences 

highlight the profound inter-dog variation seen between the dogs in the study. The 

degree of inter-dog variation is somewhat surprising, considering all the dogs were 

from the same research colony, were all the same breed, were all roughly the same 

age and weight, and were all fed the same food. It is not known whether the 

differences that were seen between study subjects were due to genetic variation, or 

some other variable. Additional studies of this nature should be conducted to help 

determine the source of inter-sample variation. 

 

The presence of Psychrobacter was also somewhat unusual. Bacteria belonging to 

the genus Psychrobacter are psychrophilic or psychrotolerant and are typically found 

in cold environments. Beyond the environmental forms, little is known about 

Psychrobacter in humans, let alone dogs. In humans, Psychrobacter has been 



 

 

64 

isolated from blood, cerebrospinal fluid, and various internal organs, and is 

considered to be a rare opportunistic pathogen (Bowman 2006). One other study 

investigating the canine oral microbiota noted a presence of 1.3% or 2/152 clones, 

but no explanation was given (Riggio et al. 2011). As with Pseudomonas, further 

investigation is warranted to better understand the role Psychrobacter plays in the 

canine oral microbiota. 

 

Knowledge of the effects of dental prophylaxis on the canine oral microbiota over 

time is an important step in the understanding the composition and behaviour of the 

canine oral microbiota as well as the response of exogenous effects. Despite the 

major impact of dental prophylaxis, there was a relatively rapid return to its pre-

treatment state within five weeks. This was highlighted by the two distinct clusters 

that were seen using the Jaccard and the Yue and Clayton indices (Figures 2.17 and 

2.18), with pre-dental and five weeks post-dental prophylaxis time points 

representing one cluster and the one and two weeks post-prophylaxis time points 

comprising the other. Similarly, with random forest modelling most misclassifications 

were between the Pre and 5Weeks time points comparisons and the 1Week and 2 

Weeks time points comparisons. 

 

Examining the details of these results more closely, all the phyla with relative 

abundances above ≥ 0.5% had statistically significant differences between the Pre-

1Week and 1Week-5Weeks time points comparisons. Similarly, the Chao’s richness, 

Shannon’s evenness, and Inverse Simpson’s alpha diversity indices also show that 

prophylaxis had a large impact on the microbiota, with a return to baseline by five 

weeks after treatment. Statistical differences were seen between all time point 

comparisons except for those between 1Week-2Weeks (as a result of the continued 

dominance of Pseudomonas) and Pre-5Weeks.  

 

Various bacterial genera have been implicated as periodontal pathogens in dogs, 

including Actinomyces, Fusobacterium, Porphyromonas, Tannerella, and 

Treponema (Riviere et al. 1996; Nordhoff et al. 2008; Riggio et al. 2011; Davis et al. 
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2013). While the pathophysiology of dental disease as it relates to bacterial 

presence, abundance, and effects is not well understood, alterations in these taxa 

are noteworthy. Relative abundances of all of these genera decreased significantly 

after dental prophylaxis and stayed low for two weeks after treatment, before rising 

again by five weeks after treatment. Dental prophylaxis was also effective in 

lowering the relative abundances of the potentially zoonotic genera 

Capnocytophaga, Pasteurella, and Streptobacillus. The post-prophylaxis decreases 

in relative abundance were accompanied by a gradual increase back to, or towards 

the pre-dental cleaning level as seen at the two and five weeks time points. These 

results suggest the composite oral microbiota is resilient as there is fairly rapid re-

establishment of the baseline microbial community, similar to the human gut 

following antibiotic insult (De La Cochetière et al. 2005). Additionally, the effects 

seen on the composite oral microbiota may be different than results from previous 

plaque studies, as they are two different environments. 

 

Profound inter-sample variation continued to be seen throughout the study, 

particularly at the pre-dental and five weeks post-dental prophylaxis time points. 

Despite the variation, it is clear that while the microbiota largely returned to its pre-

dental treatment state, some differences did persist. Interestingly, both 

Psychrobacter, which was seen prior to treatment, and Pseudomonas, which was 

seen at the one and two weeks post-treatment time points, had virtually disappeared 

by the end of the study period, as the relative abundance of Psychrobacter 

measured 0.02% and that of Pseudomonas measured 0.01%. While many 

components of the microbiota returned to levels similar to their pre-treatment values, 

Psychrobacter remained low five weeks after dental prophylaxis. Extending the 

study period to six, or even eight weeks post-prophylaxis may have provided the 

resolution to this transition. 
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2.6 Plaque Microbiota Tables and Figures 
 

2.6.1 Plaque Microbiota Tables 
 
Table 2.1 Individual animal gingivitis index results – one week post-dental prophylaxis 

Animal ID 
Right Maxilla Right Mandible Left Maxilla Left Mandible Whole  

Mouth  
Mean I3 C P3 P4 M1 C P3 P4 M1 I3 C P3 P4 M1 C P3 P4 M1 

EDW-1 1 1 0 0 1 1 2 2 2 0 1 1 1 1 1 1 1 1 1.00 
PHI-3 1 1 2 1 1 1 2 1 2 1 1 2 2 1 1 1 1 1 1.28 

UBW-1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 2 2 1.06 
2249686 0 1 2 2 1 1 1 0 0 1 1 1 2 2 0 1 0 1 0.94 
XPA-1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1.06 

2219116 1 1 2 2 1 1 1 2 2 1 1 2 2 1 1 2 1 2 1.44 
GSJ-3 2 1 2 1 1 1 2 2 1 1 2 2 2 1 1 1 2 1 1.44 

2255546 1 1 2 1 1 1 2 2 2 0 1 1 2 2 2 1 2 2 1.44 
FOW-1 1 1 1 1 1 2 1 2 1 1 1 1 1 1 1 1 1 1 1.11 

2251508 1 1 1 2 1 2 1 2 2 2 2 2 2 1 1 1 1 2 1.50 
LOL-3 0 0 0 1 1 1 0 1 1 2 1 2 2 1 1 0 1 1 0.89 
UXG-3 1 1 2 2 1 1 2 2 2 1 1 2 2 1 1 2 2 1 1.50 
JYK-3 1 1 2 2 2 1 2 1 1 0 0 2 2 1 2 0 1 2 1.28 
GSK-3 0 0 2 1 2 1 2 2 1 1 1 0 2 2 1 1 1 2 1.22 
ADJ-3 2 1 2 2 2 1 2 2 2 0 1 2 2 1 1 1 2 2 1.56 
XBA-3 1 1 2 1 1 1 2 2 1 1 2 2 1 2 1 1 2 1 1.39 

2248281 1 1 0 1 2 1 2 1 1 1 1 2 2 2 1 0 1 1 1.17 
OXK-0 1 1 1 1 2 1 2 2 0 1 1 2 1 1 1 0 1 0 1.06 
FRS-1 1 1 1 1 2 1 1 2 2 1 1 1 1 1 1 1 2 1 1.22 
DDS-1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 2 1 1 1.17 
VUU-1 0 1 0 0 1 0 0 1 0 1 0 0 0 1 1 0 0 2 0.44 
ZCK-3 2 1 1 2 2 1 1 2 2 2 1 2 2 1 1 2 2 2 1.61 

2202388 1 1 0 1 2 2 1 1 1 2 2 1 1 2 1 1 2 2 1.33 
EJO-1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1.11 
IEL-3 1 1 2 1 1 1 2 2 1 1 1 2 1 1 1 2 2 0 1.28 
ZTI-3 1 1 2 2 2 1 2 2 1 1 2 2 1 1 1 2 2 1 1.50 

2193893 1 1 1 0 1 1 1 1 2 1 1 1 2 2 2 1 1 2 1.22 
REA-1 1 1 2 2 2 1 2 2 2 2 1 2 2 2 2 2 2 1 1.72 
CYO-0 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.17 
GTK-3 2 2 2 2 1 1 2 2 2 2 0 0 1 1 0 1 2 1 1.33 

Study Whole Mouth Mean 1.25 
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Table 2.2 Relative abundances, p-values, and FDR p-values of 54 selected genera 
from plaque samples collected prior to, and one week post-dental prophylaxis (n=30) 
 

Taxon Pre-Dental Median 
(Min-Max) 

1Week Median  
(Min-Max) p-value FDR p-value 

Treponema 32.33 
(9.03 – 66.75) 

11.71 
(1.99 – 63.11) 0.0006 0.0035 

Unclassified Clostridiales 9.01 
(4.17 – 19.30) 

7.19 
(0.92 – 16.06) 0.0309 0.0644 

Unclassified 
Peptostreptococcaceae 

6.23 
(0.23 – 20.27) 

5.20 
(0.18 – 13.31) 0.8809 0.8820 

Porphyromonas 3.88 
(0.51 – 15.40) 

3.24 
(0.03 – 18.64) 0.6370 0.6995 

Unclassified 
Lachnospiraceae 

1.86 
(0.76 – 3.85) 

0.99 
(0.13 – 3.60) 0.0004 0.0031 

Unclassified Firmicutes 1.41 
(0.33 – 5.00) 

0.74 
(0.07 – 5.27) 0.0182 0.0410 

Streptobacillus 1.34 
(0.04 – 18.85) 

0.06 
(0 – 10.98) 0.0082 0.0263 

Desulfomicrobium 1.11 
(0.05 – 4.16) 

0.17 
(0 – 1.45) < 0.0001 0.0009 

Pasteurella 1.11 
(0.25 – 8.57) 

5.07 
(0.01 – 39.73) 0.0004 0.0031 

Unclassified 
Pasteurellaceae 

1.00 
(0.21 – 7.69) 

1.38 
(0.10 – 11.74) 0.1168 0.1845 

Acetoanaerobium 0.85 
(0.04 – 3.12) 

0.47 
(0.04 – 4.05) 0.2854 0.3503 

SR1_genus_incertae_sedis 0.78 
(0.06 – 3.13) 

0.78 
(0.01 – 2.79) 0.7453 0.7892 

Mannheimia 0.72 
(0.04 – 4.59) 

0.70 
(0.02 – 10.70) 0.1572 0.2177 

Unclassified Proteobacteria 0.72 
(0.16 – 5.06) 

0.92 
(0.13 – 2.64) 0.4251 0.4782 

Actinomyces 0.51 
(0.07 – 4.14) 

2.07 
(0.10 – 21.28) 0.0022 0.0100 

Unclassified 
Comamonadaceae 

0.40 
(0.01 – 2.81) 

1.06 
(0.01 – 4.68) 0.0366 0.0731 

Neisseria 0.39 
(0.04 – 2.65) 

2.09 
(0.08 – 45.14) 0.0117 0.0316 

Desulfobulus 0.37 
(0 – 8.12) 

0.03 
(0 – 4.97) 0.0101 0.0289 

Bibersteinia 0.37 
(0.03 – 1.45) 

0.51 
(0 – 4.06) 0.1449 0.2114 

Campylobacter 0.37 
(0.03 – 5.79) 

0.45 
(0.03 – 1.33) 0.6477 0.6995 

Tannerella 0.36 
(0.01 – 2.28) 

1.17 
(0.03 – 3.43) 0.0006 0.0035 

Unclassified 
Eubacteriaceae 

0.35 
(0.01 – 2.28) 

0.38 
(0.01 – 6.31) 0.1512 0.2148 

Moraxella 0.3 
(0.03 – 2.13) 

1.01 
(0.05 – 7.77) 0.0013 0.0063 

Unclassified Neisseriaceae 0.29 
(0.01 – 2.73) 

0.38 
(0.01 – 4.84) 0.1200 0.1845 

Catonella 0.25 
(0.01 – 1.42) 

0.3 
(0.01 – 2.50) 0.8820 0.8820 

Spirochaeta 0.24 0.05 0.1088 0.1781 
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(0 – 1.96) (0 – 1.90) 

Unclassified Moraxellaceae 0.21 
(0.01 – 5.09) 

1.24 
(0.03 – 9.79) 0.0181 0.0410 

Desulfovibrio 0.19 
(0.02 – 1.89) 

0.03 
(0 – 2.13) 0.0083 0.0263 

Unclassified 
Spirochaetaceae 

0.19 
(0 – 1.17) 

0.02 
(0 – 0.83) 0.0060 0.0213 

Unclassified 
Porphyromonadaceae 

0.17 
(0 – 0.83) 

0.29 
(0.02 – 0.97) 0.1251 0.1876 

Unclassified 
Ruminococcaceae 

0.16 
(0.02 – 8.54) 

0.18 
(0.01 – 3.37) 0.0310 0.0644 

Unclassified Bacteroidetes 0.16 
(0.05 – 1.87) 

0.11 
(0.01 – 1.48) 0.0740 0.1379 

Unclassified 
Deltaproteobacteria 

0.15 
(0.01 – 3.62) 

0.07 
(0.01 – 0.45) 0.0102 0.0289 

Paludibacter 0.13 
(0 – 1.45) 

0.06 
(0 – 0.69) 0.1032 0.1742 

Unclassified 
Desulfovibrionaceae 

0.13 
(0.04 – 0.54) 

0.02 
(0 – 1.35) 0.1912 0.2459 

Capnocytophaga 0.12 
(0 – 0.66) 

0.67 
(0.01 – 3.51) < 0.0001 0.0009 

Arcobacter 0.12 
(0 – 5.20) 

0.05 
(0 – 1.44) 0.0900 0.1568 

Suttonella 0.12 
(0 – 1.50) 

0.22 
(0 – 6.46) 0.0792 0.1425 

Unclassified Bacteriodales 0.08 
(0.02 – 0.65) 

0.08 
(0 – 0.30) 0.0522 0.1006 

Unclassified 
Betaproteobacteria 

0.08 
(0.01 – 2.23) 

0.10 
(0 – 3.12) 0.8713 0.8820 

Stenotrophomonas 0.08 
(0.01 – 0.60) 

0.10 
(0.01 – 0.92) 0.3483 0.4088 

Bergeyella 0.07 
(0 – 1.22) 

0.12 
(0 – 2.16) 0.1749 0.2357 

Haemophilus 0.07 
(0.01 – 1.11) 

0.05 
(0 – 0.53) 0.2398 0.3012 

Unclassified 
Actinomycetales 

0.06 
(0.02 – 0.37) 

0.67 
(0.03 – 3.53) < 0.0001 0.0001 

Unclassified 
Flavobacteriaceae 

0.06 
(0.01 – 0.82) 

0.22 
(0.05 – 3.51) 0.0161 0.0395 

Delftia 0.05 
(0 – 0.43) 

0.08 
(0 – 0.92) 0.3704 0.4256 

Unclassified 
Actinomycetaceae 

0.04 
(0 – 0.81) 

0.18 
(0 – 1.33) 0.0037 0.0143 

Unclassified 
Burkholderiales 

0.04 
(0.01 – 0.30) 

0.24 
(0.02 – 1.26) < 0.0001 0.0009 

Corynebacterium 0.04 
(0 – 0.16) 

0.14 
(0.02 – 1.33) 0.0026 0.0110 

Unclassified 
Enterobacteriaceae 

0.03 
(0 – 0.24) 

0.12 
(0.01 – 0.83) 0.0006 0.0035 

Citrobacter 0.03 
(0 – 0.34) 

0.14 
(0.01 – 2.79) 0.0138 0.0355 

Acinetobacter 0.01 
(0 – 1.22) 

0.18 
(0 – 1.85) 0.3239 0.3887 

Pseudomonas 0 
(0 – 0.36) 

0.08 
(0 – 56.91) 0.1789 0.2357 

Aeromicrobium 0 
(0 – 0.01) 

0.09 
(0 – 0.73) < 0.0001 0.0009 
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Table 2.3 Time points comparison p-values for phyla from plaque samples collected 
at all study time points (n=10) 
 

 Time Points Comparisons 

Ph
yl

a 

 Pre-
1Week 

Pre-
2Weeks 

Pre-
5Weeks 

1Week-
2Weeks 

1Week-
5Weeks 

2Weeks-
5Weeks 

Actinobacteria 0.0967 0.9419 0.4078 0.1600 0.0093 0.2164 
Bacteroidetes 0.3643 0.8573 0.9758 0.0967 0.5967 0.4533 

Firmicutes 0.2491 0.4078 0.1600 0.9610 0.8899 0.9610 
Fusobacteria 0.1867 0.0150 0.0967 0.5967 0.9935 0.5967 

Proteobacteria 0.1152 0.1152 0.8207 0.9935 0.0551 0.0807 
Spirochaetes 0.2847 0.9935 0.3232 0.2164 0.0118 0.0967 

SR1 0.9995 0.6919 0.9995 0.5483 0.8573 0.0967 
Verrucomicrobia 0.7374 0.8207 0.8899 0.0104 0.1867 0.9419 

 



 

 

73 

Table 2.4 Relative abundances of 54 selected genera and the time points 
comparison significances of highlighted genera from plaque samples collected at all 
four study time points (n=10) 
 

Taxon Pre-Dental Median 
% (Min-Max) 

1Week Median 
% (Min-Max) 

2Weeks Median 
% (Min-Max) 

5Weeks Median 
% (Min-Max) 

Treponema 28.91 a,b 

(9.03 – 66.75) 
10.73 a 

(2.43 – 63.11) 
28.83 a,b 

(8.50 – 54.40) 
50.95 b 

(16.77 – 77.37) 
Unclassified 
Clostridiales 

10.64 
(5.38 – 19.30) 

5.13 
(1.78 – 16.06) 

7.61 
(0.98 – 17.49) 

7.31 
(4.09 – 12.49) 

Unclassified 
Peptostreptococcaceae 

5.27 
(0.25 – 7.82) 

2.50 
(0.18 – 12.31) 

3.36 
(0.37 – 15.62) 

5.41 
(2.31 – 11.22) 

Unclassified 
Firmicutes 

2.73 
(0.57 – 4.27) 

0.88 
(0.36 – 2.06) 

0.56 
(0.05 – 4.61) 

1.01 
(0.44 – 2.85) 

Unclassified 
Lachnospiraceae 

2.1 
(0.78 – 3.85) 

0.86 
(0.36 – 3.60) 

0.9 
(0.05 – 6.53) 

2.03 
(0.67 – 4.19) 

Porphyromonas 1.82 a,b 

(0.51 – 8.29) 
2.92 a,b 

(0.03 – 18.64) 
0.74 a 

(0.30 – 4.71) 
3.28 b 

(0.79 – 9.44) 

Streptobacillus 1.06 a 

(0.27 – 3.32) 
0.14 a,b,c 

(0.01 – 6.12) 
0.04 b 

(0 – 7.97) 
0.13 a,b,c 

(0.02 – 2.81) 
Unclassified 

Proteobacteria 
0.81 

(0.25 – 3.55) 
1.10 

(0.23 – 1.90) 
0.57 

(0.02 – 2.19) 
0.47 

(0.17 – 1.10) 
SR1_genus_incertae_ 

sedis 
0.73 

(0.06 – 2.23) 
0.81 

(0.01 – 2.54) 
0.21 

(0.07 – 1.64) 
0.54 

(0.12 – 1.15) 

Actinomyces 0.63 
(0.07 – 3.28) 

1.6 
(0.10 – 5.74) 

0.77 
(0.02 – 2.25) 

0.22 
(0.04 – 5.02) 

Unclassified 
Ruminococcaceae 

0.61 
(0.03 – 8.26) 

0.27 
(0.11 – 3.37) 

0.12 
(0 – 10.48) 

0.23 
(0.02 – 0.64) 

Acetoanaerobium 0.56 
(0.04 – 2.55) 

0.29 
(0.04 – 1.32) 

0.17 
(0.02 – 0.68) 

0.48 
(0.09 – 4.34) 

Pasteurella 0.51 a 

(0.25 – 5.62) 
9.04 b 

(0.01 – 32.38) 
0.74 a,b 

(0.09 – 6.30) 
1.41 a,b 

(0.10 – 30.41) 
Unclassified 

Eubacteriaceae 
0.5 

(0.10 – 1.33) 
0.24 

(0.02 – 6.15) 
0.23 

(0 – 1.27) 
0.31 

(0.06 – 0.91) 
Unclassified 

Pasteurellaceae 
0.45 

(0.29 – 3.70) 
0.93 

(0.10 – 11.74) 
2.09 

(0.20 – 24.55) 
0.26 

(0.01 – 5.04) 

Neisseria 0.43 
(0.04 – 1.87) 

2.27 
(0.19 – 21.13) 

0.75 
(0.06 – 4.89) 

0.22 
(0.02 – 1.72) 

Desulfomicrobium 0.25 
(0.05 – 3.40) 

0.15 
(0 – 1.45) 

0.09 
(0 – 1.63) 

0.58 
(0.03 – 4.48) 

Desulfovibrio 0.25 
(0.02 – 1.54) 

0.02 
(0 – 0.22) 

0.10 
(0.01 – 3.53) 

0.44 
(0.10 – 1.10) 

Desulfobulbus 0.25 
(0 – 3.23) 

0.03 
(0 – 0.88) 

0 
(0 – 1.38) 

0.04 
(0.01 – 0.19) 

Campylobacter 0.22 
(0.05 – 5.79) 

0.45 
(0.06 – 1.33) 

0.14 
(0.01 – 0.52) 

0.08 
(0 – 0.85) 

Unclassified 
Bacteroidetes 

0.2 
(0.06 – 1.87) 

0.1 
(0.02 – 0.96) 

0.03 
(0.01 – 1.50) 

0.17 
(0.05 – 0.29) 

Acinetobacter 0.2 
(0 – 1.18) 

0.25 
(0.09 – 1.85) 

0.06 
(0 – 0.94) 

0.22 
(0.07 – 0.80) 

Unclassified 
Deltaproteobacteria 

0.17 
(0.08 – 1.11) 

0.06 
(0.01 – 0.20) 

0.03 
(0.01 – 0.19) 

0.12 
(0.04 – 0.65) 

Tannerella 0.16 
(0.02 – 1.17) 

1.17 
(0.03 – 3.43) 

0.19 
(0 – 1.32) 

0.71 
(0.21 – 1.24) 

Bibersteinia 0.15 
(0.03 – 0.64) 

0.32 
(0 – 2.09) 

1.02 
(0.05 – 5.86) 

0.09 
(0 – 0.95) 

Spirochaeta 0.15 
(0 – 1.96) 

0.02 
(0 – 0.62) 

0.1 
(0 – 1.29) 

0.57 
(0.06 – 4.72) 

Unclassified 
Comamonadaceae 

0.13 
(0.01 – 1.6) 

0.71 
(0.01 – 2.78) 

0.44 
(0.02 – 3.67) 

0.78 
(0.10 – 3.49) 

Catonella 0.12 
(0.01 – 0.85) 

0.27 
(0.01 – 0.71) 

0.1 
(0.02 – 0.49) 

0.22 
(0.02 – 1.60) 
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Unclassified 
Desulfovibrionaceae 

0.12 
(0.04 – 0.54) 

0.03 
(0 – 0.10) 

0.13 
(0.01 – 0.51) 

0.40 
(0.11 – 1.94) 

Mannheimia 0.11 
(0.04 – 1.40) 

0.71 
(0.02 – 10.27) 

0.85 
(0.03 – 13.20) 

0.11 
(0 – 5.66) 

Unclassified 
Porphyromonadaceae 

0.11 
(0.01 – 0.48) 

0.48 
(0.05 – 0.97) 

0.18 
(0.03 – 0.34) 

0.22 
(0.06 – 0.99) 

Acrobacter 0.1 
(0 – 1.33) 

0.05 
(0 – 1.44) 

0.04 
(0 – 0.64) 

0.01 
(0 – 0.09) 

Unclassified 
Spirochaetaceae 

0.09 
(0 – 0.57) 

0.01 
(0 – 0.17) 

0.02 
(0 – 0.31) 

0.06 
(0.01 – 0.50) 

Unclassified 
Neisseriaceae 

0.09 
(0.01 – 1.55) 

0.51 
(0.01 – 2.80) 

0.24 
(0 – 5.98) 

0.01 
(0 – 0.28) 

Stenotrophomonas 0.08 
(0.01 – 0.24) 

0.11 
(0.03 – 0.92) 

0.13 
(0 – 0.36) 

0 
(0 – 0.02) 

Unclassified 
Betaproteobacteria 

0.08 
(0.01 – 1.55) 

0.11 
(0.01 – 0.67) 

0.09 
(0.03 – 0.87) 

0.01 
(0 – 0.10) 

Unclassified 
Moraxellaceae 

0.08 
(0.03 – 1.41) 

1.42 
(0.03 – 4.10) 

0.47 
(0.02 – 3.02) 

0.08 
(0 – 9.92) 

Haemophilus 0.08 
(0.04 – 1.11) 

0.18 
(0.04 – 0.53) 

0.01 
(0 – 0.49) 

0.01 
(0 – 1.52) 

Moraxella 0.05 a 

(0.03 – 2.13) 
1.29 b 

(0.23 – 7.77) 
0.45 a,b,c 

(0.05 – 5.85) 
0.09 a,c 

(0 – 0.61) 

Paludibacter 0.05 
(0 – 0.45) 

0.05 
(0 – 0.24) 

0.04 
(0 – 0.58) 

0.13 
(0.01 – 1.32) 

Unclassified 
Enterobacteriaceae 

0.05 
(0 – 0.24) 

0.12 
(0.03 – 0.83) 

0.05 
(0.01 – 0.89) 

0.01 
(0 – 0.02) 

Capnocytophaga 0.05 a 

(0 – 0.35) 
0.83 b 

(0.01 – 2.07) 
0.3 a,b 

(0.04 – 2.34) 
0.12 a,b 

(0.02 – 0.53) 
Unclassified 

Bacteroidales 
0.05 

(0.02 – 0.26) 
0.06 

(0 – 0.21) 
0.06 

(0.01 – 0.12) 
0.09 

(0.01 – 0.98) 

Suttonella 0.04 
(0 – 0.53) 

0.22 
(0 – 2.02) 

0.21 
(0 – 1.11) 

0.04 
(0 – 0.08) 

Unclassified 
Actinomyceteaceae 

0.04 
(0 – 0.81) 

0.16 
(0 – 0.40) 

0.14 
(0.01 – 0.53) 

0.05 
(0 – 0.37) 

Corynebacterium 0.04 a 

(0 – 0.16) 
0.16 b 

(0.04 – 0.74) 
0.02 a,c 

(0 – 0.12) 
0.01 a,c 

(0 – 0.05) 
Unclassified 

Flavobacteriaceae 
0.04 

(0.01 – 0.34) 
0.46 

(0.06 – 3.51) 
0.05 

(0 – 5.33) 
0.01 

(0 – 0.12) 
Unclassified 

Actinomycetales 
0.04 

(0.02 – 0.16) 
0.59 

(0.03 – 2.34) 
0.19 

(0.02 – 3.23) 
0.08 

(0.02 – 0.38) 

Delftia 0.04 
(0 – 0.18) 

0.09 
(0 – 0.92) 

0.12 
(0 – 0.59) 

0 
(0 – 0) 

Citrobacter 0.03 
(0 – 0.15) 

0.18 
(0.01 – 2.79) 

0.06 
(0 – 0.71) 

0 
(0 – 0.01) 

Unclassified 
Burkholderiales 

0.02 
(0.01 – 0.29) 

0.1 
(0.02 – 0.52) 

0.08 
(0.02 – 1.12) 

0.06 
(0 – 0.26) 

Bergeyella 0.02 
(0 – 1.20) 

0.14 
(0 – 2.16) 

0.1 
(0.03 – 2.30) 

0.05 
(0 – 0.22) 

Pseudomonas 0.01 a,c 

(0 – 0.26) 
0.19 a,b 

(0.01 – 24.91) 
6.88 b 

(0.01 – 52.40) 
0.01 a,c 

(0 – 0.07) 

Aeromicrobium 0 a 

(0 – 0.01) 
0.13 b 

(0 – 0.73) 
0 a,c 

(0 – 0.04) 
0 a,c 

(0 – 0) 
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Table 2.5 Unweighted UniFrac test values for the Jaccard and the Yue and Clayton community index analyses (n=10) 
 
 

                                                                  Time Points Comparisons 

Test 
 Pre-

1Week 
Pre-

2Weeks 
Pre-

5Weeks 
1Week-
2Weeks 

1Week-
5Weeks 

2Weeks-
5Weeks 

Unweighted UniFrac – Jaccard  0.002 0.05 0.02 0.022 0.015 0.055 
Unweighted UniFrac – Yue and Clayton 0.003 0.029 0.035 0.07 0.275 0.077 
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Table 2.6 Linear discriminant analysis effect size results (LDA score ≥ 3) identifying genera that were enriched at all study 
time points (n=10) 
 

Pre 1Week 2Weeks 5Weeks 
Taxonomy LDA Score Taxonomy LDA Score Taxonomy LDA Score Taxonomy LDA Score 

Streptobacillus 3.66 Capnocytophaga 3.54 Pseudomonas 4.83 Treponema 4.14 

Desulfovibrio 3.38 Citrobacter 3.38 Delftia 3.08 Unclassified 
Desulfovibrionaceae 3.47 

Desulfobulbus 3.35 Acinetobacter 3.00   Unclassified 
Peptostreptococcaceae 3.42 

Campylobacter 3.35       
Unclassified 
Firmicutes 3.21       

Porphyromonas 3.08       
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2.6.2 Plaque Microbiota Figures 
 
 

 
 

Figure 2.1 Relative abundances of bacterial phyla (median ≥ 0.5%) from plaque 
samples collected prior to, and one week post-dental prophylaxis (n=30) 
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(a)  
 

(b)  

 
Figures 2.2 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at the pre-dental and 
one week post-dental prophylaxis time points for plaque samples (n=30) 
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(c)  

 

(d)  

 
Figures 2.2 (a-d) Quantile boxplot of (a) Good’s Coverage, (b) Chao’s Richness, (c) 
Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at the pre-dental and one 
week post-dental prophylaxis time points for plaque samples (n=30) 
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Figure 2.3 (a) Principal coordinate analysis (PCoA), with 60% ellipsoid coverage of 
the bacterial community membership of plaque samples taken prior to (red), and one 
week after (blue) dental prophylaxis (n=30) 
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Figure 2.3 (b) Principal coordinate analysis (PCoA), with 60% ellipsoid coverage of 
the bacterial community structure of plaque samples taken prior to (red), and one 
week after (blue) dental prophylaxis (n=30) 
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Figure 2.4 Linear discriminant analysis effect size results (LDA score ≥ 3) of plaque samples identifying genera that were 
enriched prior to, and one week post-dental prophylaxis (n=30) 
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Figure 2.5 Relative abundances of bacterial phyla (median ≥ 0.5%) from plaque samples collected at all four study time 
points (n=10) 
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(a)  
 

(b)       

 
Figures 2.6 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at all study time points 
for plaque samples (n=10) 
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(c)        

       (d)        

 

Figures 2.6 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at all study time points 
for plaque samples (n=10) 
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Figure 2.7 (a) Principal coordinate analysis (60% ellipsoid coverage) of the bacterial 
community membership of plaque samples taken at all four study time points (n=10) 
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Figure 2.7 (b) Principal coordinate analysis (60% ellipsoid coverage) of the bacterial 
community structure of plaque samples taken at all four study time points (n=10) 
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2.7 Composite Oral Microbiota Tables and Figures 
 

2.7.1 Composite Oral Microbiota Tables 
 
Table 2.7 Relative abundances, p-values, and FDR p-values of 54 selected genera 
from oral swab samples collected prior to, and one week post-dental prophylaxis 
(n=30) 
 

Taxon Pre-Dental Median 
% (Min-Max) 

1Week Median % 
(Min-Max) p-value FDR p-value 

Pseudomonas 0.04 
(0.02 – 34.45) 

79.72 
(47.36 – 92.63) < 0.0001 < 0.0001 

Psychrobacter 20.02 
(0 – 40.00) 

0 
(0 – 4.73) < 0.0001 < 0.0001 

Unclassified Pasteurellaceae 6.50 
(2.09 – 16.00) 

3.13 
(0.61 – 8.05) < 0.0001 < 0.0001 

Unclassified Clostridiales 6.76 
(0.74 – 19.09) 

1.70 
(0.48 – 7.40) < 0.0001 < 0.0001 

Treponema 6.50 
(0.53 – 12.03) 

0.99 
(0.13 – 5.42) < 0.0001 < 0.0001 

Pasteurella 3.49 
(0.18 – 9.02) 

1.20 
(0.13 – 3.69) < 0.0001 < 0.0001 

Mannheimia 2.62 
(0.42 – 9.53) 

1.86 
(0.19 – 6.50) 0.0479 0.0528 

Porphyromonas 2.73 
(0.51 – 7.01) 

0.25 
(0.05 – 1.67) < 0.0001 < 0.0001 

Bibersteinia 1.75 
(0.55 – 3.95) 

1.03 
(0.22 – 3.67) 0.0025 0.0032 

Actinomyces 2.16 
(0.07 – 6.37) 

0.10 
(0.02 – 1.10) < 0.0001 < 0.0001 

Unclassified 
Peptostreptococcaceae 

1.37 
(0.24 – 3.59) 

0.26 
(0.04 – 1.39) < 0.0001 < 0.0001 

Haemophilus 1.06 
(0.14 – 10.87) 

0.50 
(0.09 – 3.06) 0.0357 0.0410 

Fusibacter 0.97 
(0.02 – 2.11) 

0.33 
(0.07 – 1.72) < 0.0001 < 0.0001 

Unclassified Neisseriaceae 0.66 
(0.09 – 3.44) 

0.35 
(0.03 – 2.48) 0.0399 0.0449 

Unclassified Firmicutes 0.92 
(0.14 – 2.48) 

0.07 
(0.03 – 0.51) < 0.0001 < 0.0001 

Fusobacterium 0.76 
(0.21 – 1.45) 

0.20 
(0.04 – 0.68) < 0.0001 < 0.0001 

SR1_genus_incertae_sedis 0.84 
(0.10 – 1.86) 

0.10 
(0.02 – 1.01) < 0.0001 < 0.0001 

Neisseria 0.60 
(0.14 – 1.54) 

0.33 
(0.09 – 0.96) 0.0003 0.0005 

Catonella 0.82 
(0.05 – 1.47) 

0.08 
(0.01 – 0.50) < 0.0001 < 0.0001 

Unclassified Proteobacteria 0.57 
(0.03 – 2.50) 

0.26 
(0.03 – 0.74) 0.0005 0.0007 

Unclassified Flavobacteriaceae 0.66 
(0.02 – 3.03) 

0.09 
(0 – 0.99) < 0.0001 < 0.0001 

Unclassified Comamonadaceae 0.50 
(0.08 – 2.65) 

0.22 
(0.08 – 1.07) 0.0016 0.0021 

Peptostreptococcaceae_ 
incertae_sedis 

0.58 
(0.18 – 2.63) 

0.12 
(0.04 – 0.52) < 0.0001 < 0.0001 

Filifactor 0.57 
(0.22 – 1.68) 

0.07 
(0.02 – 0.65) < 0.0001 < 0.0001 

Arcobacter 0.57 
(0.01 – 4.57) 

0.06 
(0 – 0.84) 0.0001 0.0002 

Aquaspirillum 0.33 
(0 – 2.14) 

0.26 
(0 – 1.92) 0.5253 0.5352 
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TM7-genus_incertae_sedis 0.44 
(0.04 – 1.37) 

0.10 
(0.03 – 0.23) < 0.0001 < 0.0001 

Holdemania 0.39 
(0.06 – 1.46) 

0.12 
(0.01 – 0.65) < 0.0001 < 0.0001 

Unclassified Lachnospiraceae 0.42 
(0.08 – 1.84) 

0.05 
(0.02 – 0.34) < 0.0001 < 0.0001 

Streptobacillus 0.42 
(0.04 – 1.28) 

0.05 
(0 – 0.56) < 0.0001 < 0.0001 

Unclassified Clostridiales_ 
Incertae_Sedis_XII 

0.36 
(0 – 1.90) 

0.10 
(0.02 – 0.57) 0.0016 0.0021 

Capnocytophaga 0.33 
(0.10 – 1.06) 

0.10 
(0.02 – 0.36) < 0.0001 < 0.0001 

Bergeyella 0.37 
(0.02 – 0.94) 

0.05 
(0 – 0.17) < 0.0001 < 0.0001 

Unclassified 
Prophyromonadaceae 

0.21 
(0.03 – 0.76) 

0.04 
(0.01 – 0.14) < 0.0001 < 0.0001 

Kingella 0.24 
(0.08 – 1.13) 

0.05 
(0.02 – 0.21) < 0.0001 < 0.0001 

Unclassified Mollicutes 0.23 
(0.01 – 1.72) 

0.06 
(0 – 0.27) 0.0002 0.0003 

Desulfomicrobium 0.27 
(0.01 – 1.19) 

0.01 
(0 – 0.19) < 0.0001 < 0.0001 

Unclassified Clostridiales_ 
Incertae_Sedis_XI 

0.17 
(0 – 0.78) 

0.11 
(0.01 – 0.36) 0.0159 0.0190 

Unclassified Actinomycetaceae 0.23 
(0.01 – 1.25) 

0.03 
(0 – 0.30) < 0.0001 < 0.0001 

Suttonella 0.20 
(0.04 – 0.85) 

0.04 
(0.02 – 0.19) < 0.0001 < 0.0001 

Helcococcus 0.21 
(0.02 – 0.46) 

0 
(0 – 0.14) < 0.0001 < 0.0001 

Desulfobulbus 0.18 
(0 – 1.53) 

0.01 
(0 – 0.25) < 0.0001 < 0.0001 

Unclassified Burkholderiales 0.11 
(0 – 0.67) 

0.05 
(0.01 – 0.21) 0.0015 0.0021 

Bacteroides 0.12 
(0.01 – 0.30) 

0.02 
(0.01 – 0.17) < 0.0001 < 0.0001 

Wolinella 0.11 
(0 – 1.05) 

0.04 
(0 – 0.32) 0.0017 0.0022 

Conchiformibius 0.08 
(0.02 – 0.38) 

0.06 
(0.01 – 0.20) 0.0726 0.0754 

Tannerella 0.11 
(0.03 – 0.46) 

0.02 
(0 – 0.13) < 0.0001 < 0.0001 

Unclassified Moraxellaceae 0.05 
(0 – 0.43) 

0.07 
(0 – 0.30) 0.9546 0.9546 

Parvimonas 0.08 
(0.01 – 1.07) 

0.04 
(0 – 0.22) 0.0221 0.0259 

Eubacterium 0.11 
(0.01 – 0.47) 

0 
(0 – 0.10) < 0.0001 < 0.0001 

Unclassified Lactobacillales 0.11 
(0 – 0.32) 

0.01 
(0 – 0.08) < 0.0001 < 0.0001 

Acinetobacter 0.06 
(0.01 – 62.29) 

0.01 
(0 – 0.42) 0.0072 0.0089 

Acholeplasma 0.01 
(0 – 0.74) 

0 
(0 – 0.30) 0.0504 0.0544 

Aerococcus 0.01 
(0 – 11.59) 

0 
(0 – 0.02) 0.0718 0.0754 
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Table 2.8 Pre-dental and one week post-dental prophylaxis relative abundances of 
genera (≥ 4%) from oral swab samples at the individual dog level that did not meet 
the ≥ 0.5% median cut-off for graphical inclusion (n=30) 
 

Time Point Genera Dog and Relative 
Abundance Median 

Pre-dental 

Acinetobacter 

Dog 7 – 29.91 
Dog 8 – 10.18 

Dog 10 – 17.32 
Dog 15 – 30.99 
Dog 24 – 62.29 
Dog 27 – 19.96 
Dog 28 – 42.51 
Dog 29 – 11.63 

0.059 

Unclassified 
Ruminococcaceae Dog 26 – 4.56 0.05 

Pseudomonas Dog 5 – 34.45 0.043 

Aerococcus Dog 24 – 11.59 
Dog 28 – 5.55 0.005 

Brevundimonas Dog 21 – 34.00 
Dog 27 – 17.62 0.002 

Pantoea Dog 8 – 25.63 0 
Aeromonas Dog 23 – 23.95 0 

One Week Psychrobacter Dog 29 – 4.73 0.005 
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Table 2.9 Classify.rf confusion matrix of oral swab samples from prior to, and one 
week post-dental prophylaxis (n=30) 
 

     Pre     1Week % Correct 
Pre     27     3 90 

1Week     0     30 100 
Overall Error Rate   5% 
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Table 2.10 Time points comparison p-values for phyla from oral swab samples collected at all study time points (n=10) 
 
 Time Points Comparisons 

Ph
yl

a 

 Pre-1Week Pre-2Weeks Pre-5Weeks 1Week-2Weeks 1Week-5Weeks 2Weeks-5Weeks 
Actinobacteria 0.001 0.0669 0.9935 0.0296 0.0019 0.0807 
Bacteroidetes 0.001 0.0093 0.9758 0.0967 0.0014 0.0093 

Firmicutes 0.001 0.0072 0.4078 0.0366 0.0014 0.2491 
Fusobacteria 0.001 0.0451 0.8207 0.2164 0.0025 0.0551 

Proteobacteria 0.001 0.0237 0.8899 0.0296 0.001 0.0237 
Spirochaetes 0.001 0.1362 0.5483 0.1362 0.001 0.0451 

SR1 0.0189 0.2847 0.5003 0.1362 0.0056 0.0093 
Tenericutes 0.0451 0.3643 0.1867 0.3643 0.001 0.0056 

TM7 0.0033 0.0237 0.4078 0.5003 0.0033 0.0551 
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Table 2.11 Relative abundances of 54 selected genera and the time points 
comparison significances of highlighted genera from oral swab samples collected at 
all four study time points (n=10) 
 

Taxon Pre-Dental Median 
% (Min-Max) 

1Week Median 
% (Min-Max) 

2Weeks Median 
% (Min-Max) 

5Weeks Median 
% (Min-Max) 

Pseudomonas 0.05 a 

(0.02 – 34.45) 
80.26 b 

(69.69–90.54) 
65.65 b 

(41.56–89.65) 
0.01 a,c 

(0 – 0.91) 

Psychrobacter 20.26 a 

(0.01 – 40.00) 
0.01 b 

(0 – 0.03) 
0.01 b,c 

(0 – 0.04) 
0.02 a,c 

(0 – 53.01) 

Unclassified Clostridiales 7.28 a 

(3.79 – 12.70) 
2.44 b 

(0.67 – 3.44) 
4.44 a,b 

(1.21 – 10.80) 
5.39 a,c 

(3.05 – 10.32) 

Unclassified Pasteurellaceae 5.88 a 

(2.09 – 14.41) 
1.72 b 

(0.62 – 6.83) 
1.25 b 

(0.37 – 12.82) 
8.60 a,c 

(2.94 – 37.49) 

Treponema 5.60 a,d 

(3.60 – 12.03) 
0.98 b 

(0.18 – 2.42) 
2.30 a,b 

(0.48 – 8.07) 
7.41 c,d 

(3.42 – 18.51) 

Mannheimia 3.45 a,b,c 

(1.51 – 5.53) 
1.99 a,b 

(0.19 – 4.92) 
2.01 b 

(0.54 – 6.85) 
7.88 c 

(1.39 – 12.86) 

Pasteurella 3.56 a 

(1.24 – 9.02) 
1.31 b 

(0.45 – 3.69) 
2.17 a,b,c 

(1.01 – 5.89) 
3.41 a,c 

(1.39 – 10.73) 

Haemophilus 1.52 a 

(0.26 – 10.87) 
0.48 b 

(0.10 – 1.01) 
0.29 b 

(0.07 – 0.89) 
6.40 c 

(1.70 – 13.26) 

Porphyromonas 2.43 a 

(0.98 -7.01) 
0.29 b 

(0.05 – 0.63) 
1.02 b,c 

(0.05 – 1.90) 
3.13 a,c 

(0.28 – 5.11) 

Bibersteinia 1.77 a,b,c 

(0.68 – 2.81) 
1.29 a,b,c 

(0.36 – 2.27) 
0.72 a,b 

(0.15 – 3.66) 
2.34 a,c 

(0.87 – 19.20) 

Actinomyces 2.16 a 

(0.98 – 6.37) 
0.12 b 

(0.02 – 0.57) 
0.67 a,c 

(0.05 – 2.64) 
2.19 a,c 

(0.30 – 3.39) 

Moraxella 0.40 
(0.21 – 1.03) 

0.60 
(0.19 – 0.84) 

0.51 
(0.30 – 2.77) 

1.77 
(0.32 – 3.95) 

Unclassified 
Peptostreptococcaceae 

1.32 
(0.63 -3.08) 

0.26 
(0.08 – 0.65) 

0.87 
(0.22 – 2.29) 

0.77 
(0.33 – 1.81) 

Fusibacter 1.22 a 

(0.44 – 2.11) 
0.24 b 

(0.07 – 1.09) 
0.90 a,c 

(0.25 – 1.55) 
0.54 a,b,c 

(0.15 – 3.72) 

Fusobacterium 0.91 a 

(0.62 – 1.45) 
0.26 b 

(0.06 – 0.53) 
0.63 a,b,c 

(0.18 – 1.23) 
0.56 a,c 

(0.19 – 1.23) 

Neisseria 0.62 
(0.24 – 1.54) 

0.41 
(0.13 – 0.59) 

0.91 
(0.22 – 2.12) 

0.24 
(0.11 – 2.35) 

Catonella 0.64 
(0.19 – 1.21) 

0.09 
(0.02 – 0.27) 

0.34 
(0.02 – 0.82) 

0.89 
(0.19 – 1.76) 

SR1_genus_incertae_sedis 0.58 
(0.25 – 1.76) 

0.08 
(0.02 – 1.01) 

0.32 
(0.04 – 1.06) 

0.95 
(0.41 – 2.12) 

Arcobacter 0.39 
(0.06 – 4.57) 

0.06 
(0.01 – 0.84) 

0.11 
(0.03 – 0.74) 

1.29 
(0.04 – 8.29) 

Peptostreptococcaceae_incertae_
sedis 

0.64 
(0.30 – 0.87) 

0.13 
(0.07 – 0.24) 

0.50 
(0.12 – 1.03) 

0.49 
(0.19 – 1.87) 

Unclassified Flavobacteriaceae 0.40 
(0.02 – 1.63) 

0.06 
(0 – 0.99) 

0.11 
(0.01 – 1.76) 

1.13 
(0.12 – 2.99) 

Unclassified Proteobacteria 0.47 
(0.20 – 2.50) 

0.16 
(0.03 – 0.74) 

0.43 
(0.08 – 2.09) 

0.56 
(0.13 – 1.97) 

Unclassified Firmicutes 0.90 
(0.39 – 2.48) 

0.07 
(0.03 – 0.31) 

0.17 
(0.07 – 0.76) 

0.37 
(0.11 – 1.14) 

Streptobacillus 0.44 a 

(0.09 – 0.86) 
0.05 b 

(0.01 – 0.12) 
0.03 b 

(0 – 0.15) 
0.91 a,c 

(0.19 – 3.98) 

Filifactor 0.64 
(0.36 – 1.68) 

0.08 
(0.02 – 0.13) 

0.20 
(0.09 – 0.63) 

0.36 
(0.12 – 0.70) 

Unclassified Lachnospiraceae 0.42 
(0.23 – 0.80) 

0.07 
(0.02 – 0.12) 

0.11 
(0.03 – 0.32) 

0.48 
(0.31 – 1.28) 

Unclassified Neisseriaceae 0.44 
(0.09 – 3.44) 

0.17 
(0.04 – 0.89) 

0.22 
(0.06 – 0.65) 

0.19 
(0.11 – 1.03) 

Holdemania 0.39 
(0.13 – 1.30) 

0.10 
(0.01 – 0.65) 

0.27 
(0.03 – 1.24) 

0.18 
(0.06 – 0.74) 

Unclassified 
Prophyromonadaceae 

0.31 
(0.12 – 0.57) 

0.05 
(0.02 – 0.14) 

0.10 
(0.01 – 0.22) 

0.45 
(0.12 – 0.81) 
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Unclassified 
Clostridiales_Incertae_Sedis_XII 

0.41 
(0.11 – 1.04) 

0.09 
(0.02 – 0.49) 

0.16 
(0.12 – 0.36) 

0.22 
(0.03 – 0.53) 

TM7_genus_incertae_sedis 0.44 
(0.13 – 0.99) 

0.08 
(0.03 – 0.19) 

0.12 
(0.07 – 0.53) 

0.23 
(0.15 – 0.60) 

Unclassified Moraxellaceae 0.07 
(0.01 – 0.23) 

0.08 
(0 – 0.21) 

0.10 
(0.03 – 1.30) 

0.60 
(0.03 – 3.96) 

Unclassified Mollicutes 0.29 
(0.01 – 0.90) 

0.03 
(0.01 – 0.15) 

0.05 
(0 – 0.69) 

0.48 
(0.04 – 2.27) 

Capnocytophaga 0.30 a 

(0.17 – 1.06) 
0.08 b 

(0.02 – 0.29) 
0.21 a,b 

(0.06 – 0.81) 
0.18 a,b 

(0.05 – 0.55) 

Unclassified Actinomycetaceae 0.23 
(0.09 – 0.97) 

0.03 
(0 – 0.15) 

0.12 
(0.01 – 0.45) 

0.35 
(0.08 – 1.04) 

Bergeyella 0.23 
(0.02 – 0.94) 

0.02 
(0 – 0.17) 

0.06 
(0.01 – 0.33) 

0.25 
(0.10 – 1.37) 

Desulfomicrobium 0.30 
(0.12 – 1.19) 

0.01 
(0 – 0.06) 

0.03 
(0 – 0.11) 

0.13 
(0.01 – 0.42) 

Suttonella 0.20 
(0.04 – 0.56) 

0.05 
(0.02 – 0.09) 

0.10 
(0.07 – 0.18) 

0.07 
(0.01 – 0.34) 

Helcococcus 0.21 
(0.05 – 0.39) 

0.01 
(0 – 0.05) 

0.01 
(0 – 0.06) 

0.15 
(0.02 – 1.19) 

Kingella 0.12 
(0.08 – 0.43) 

0.03 
(0.02 – 0.21) 

0.06 
(0.02 – 0.36) 

0.15 
(0.02 – 0.81) 

Acetoanaerobium 0.24 
(0.12 – 0.63) 

0.01 
(0 – 0.07) 

0.03 
(0.01 – 0.32) 

0.07 
(0 – 0.27) 

Centipeda 0.13 
(0.06 – 2.08) 

0.02 
(0 – 0.17) 

0.06 
(0.01 – 0.15) 

0.15 
(0 – 0.80) 

Bacteroides 0.11 
(0.04 – 0.28) 

0.02 
(0.01 – 0.07) 

0.06 
(0 – 0.21) 

0.11 
(0.02 – 0.30) 

Unclassified Lactobacillales 0.09 
(0.04 – 0.24) 

0.01 
(0 – 0.03) 

0 
(0 – 0.03) 

0.19 
(0.02 – 0.38) 

Eubacterium 0.18 
(0.01 – 0.30) 

0.01 
(0 – 0.02) 

0.01 
(0 – 0.03) 

0.10 
(0.05 – 0.42) 

Unclassified Burkholderiales 0.10 
(0.04 – 0.39) 

0.04 
(0.01 – 0.10) 

0.07 
(0.01 – 0.23) 

0.06 
(0 – 0.15) 

Conchiformibius 0.07 
(0.03 – 0.15) 

0.06 
(0.01 – 0.14) 

0.03 
(0 – 0.21) 

0.10 
(0.08 – 7.60) 

Tannerella 0.11 a 

(0.04 – 0.46) 
0.02 b 

(0 – 0.04) 
0.06 a,b 

(0.01 – 0.22) 
0.06 a,b 

(0.01 – 0.15) 

Unclassified Bacteroidetes 0.13 
(0.04 – 0.68) 

0.01 
(0 – 0.02) 

0.02 
(0 – 0.09) 

0.07 
(0 – 0.16) 

Unclassified Bacteroidales 0.10 
(0.03 – 0.19) 

0.02 
(0 – 0.06) 

0.04 
(0 – 0.09) 

0.07 
(0.01 – 0.36) 

Spirochaeta 0.07 a,d 

(0.02 – 0.31) 
0.01 b 

(0 – 0.05) 
0.02 a,b 

(0 – 0.12) 
0.12 a,c 

(0.02 – 0.26) 

Desulfobulbus 0.019 
(0.03 – 1.31) 

0.01 
(0 – 0.05) 

0 
(0 – 0.08) 

0.01 
(0 – 0.09) 

Wolinella 0.05 
(0.01 – 0.89) 

0 
(0 – 0.32) 

0.02 
(0 – 0.14) 

0.08 
(0 – 0.33) 

Acinetobacter 0.06 
(0.01 – 19.96) 

0.01 
(0 – 0.03) 

0.01 
(0 – 0.01) 

0 
(0 – 0.13) 
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Table 2.12 Relative abundances of genera (≥ 4%) from oral swab samples at the 
individual dog level that did not meet the ≥ 0.5% median cut-off for graphical 
inclusion (n=10) 
 

Time Point Genera Dog and Relative 
Abundance Median 

Pre-dental 

Arcobacter Dog 18 – 4.57 0.39 
Unclassified 

Ruminococcaceae Dog 26 – 4.56 0.066 

Acinetobacter Dog 8 – 10.18 
Dog 27 – 19.96 0.063 

Pseudomonas Dog 5 – 34.45 0.050 
Brevundimonas Dog 27 – 17.62 0.0034 

Pantoea Dog 8 – 25.63 0 

Five Weeks 

Conchiformibius Dog 12 – 7.60 0.098 
Unclassified 

Ruminococcaceae Dog 26 – 5.54 0.090 

Psychrobacter 
Dog 4 – 30.88 

Dog 12 – 53.01 
Dog 26 – 29.97 

0.017 
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Table 2.13 Unweighted UniFrac test values for the Jaccard and the Yue and Clayton community index analyses (n=10) 
 

                                                                  Time Points Comparisons 

Test 
 Pre-1Week Pre-2Weeks Pre-5Weeks 1Week-

2Weeks 
1Week-
5Weeks 

2Weeks-
5Weeks 

Unweighted UniFrac – Jaccard  0.016 0.024 0.017 0.625 0.017 0.021 
Unweighted UniFrac – Yue and Clayton 0.024 0.009 < 0.001 0.097 0.018 0.007 
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Table 2.14 Linear discriminant analysis effect size results (LDA score ≥ 3.5) identifying genera that were enriched at all 
study time points (n=10) 
 

Pre 1Week 2Weeks 5Weeks 
Taxonomy LDA 

Score 
Taxonomy LDA 

Score 
Taxonomy LDA 

Score 
Taxonomy LDA 

Score 
Unclassified Clostridiales 4.41 Pseudomonas 5.60   Treponema 4.59 

Acinetobacter 4.27     Haemophilius 4.46 
Porphyromonas 4.14     Mannheimia  4.43 

Actinomyces 4.06     Pasteurella 4.24 
Unclassified Peptostreptococcaceae 3.77     Bibersteinia 4.06 

Fusibacter 3.70     Moraxella 3.81 
Unclassified Firmicutes 3.66     Streptobacillus 3.77 

Fusobacterium 3.55     Unclassified Moraxellaceae 3.75 
Filifactor 3.50     Conchiformibius 3.69 

      Catonella 3.65 
      SR1_genus_incertae_sedis 3.64 
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Table 2.15 Classify.rf confusion matrix of oral swab samples from all four study time 
points (n=10) 
 

 Pre 1Week 2Weeks 5Weeks % Correct 
Pre 9 0 0 1 90 

1Week 0 8 2 0 80 
2Weeks 0 3 7 0 70 
5Weeks 0 2 0 8 80 

Overall Error 
Rate   

  
20% 
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2.7.2 Composite Oral Microbiota Figures 
 
 

 
 
Figure 2.8 Relative abundances of bacterial phyla (median ≥ 0.5%) from oral swab 
samples collected prior to, and one week post-dental prophylaxis (n=30) 
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Figure 2.9 (a) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the pre-dental prophylaxis time point compared to the overall median (n=30) 
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Figure 2.9 (b) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the one week post-dental prophylaxis time point compared to the overall median (n=30) 
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 (a)  
 

(b)  
 

 
Figure 2.10 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at the pre-dental and 
one week post-dental prophylaxis time points for oral swab samples (n=30)
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(c)  
 

(d)   
 

Figure 2.10 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at the pre-dental and 
one week post-dental prophylaxis time points for oral swab samples (n=30) 
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Figure 2.11 Principal coordinate analysis (PCoA), with 60% ellipsoid coverage of 
the bacterial community membership of the oral swab samples taken prior to 
(red), and one week after (blue) dental prophylaxis (n=30) 
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Figure 2.12 Yue and Clayton dendrogram of bacterial community structure of oral swab 
samples taken prior to (red), and one week after (blue) dental prophylaxis (n=30) 
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Figure 2.13 Linear discriminant analysis effect size results (LDA score ≥ 3.5) of oral 
swab samples identifying enriched genera (and their phyla) prior to, and one week 
after dental prophylaxis (n=30) 
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Figure 2.14 Relative abundances of bacterial phyla (median ≥ 0.5%) from oral swab samples collected at all study time 
points (n=10) 
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Figure 2.15 (a) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the pre-dental prophylaxis time point compared to the pre-dental median (n=10) 
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Figure 2.15 (b) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the one week post-dental prophylaxis time point compared to the 1Week median (n=10) 
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Figure 2.15 (c) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the two weeks post-dental prophylaxis time point compared to the 2Weeks median (n=10) 
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Figure 2.15 (d) Relative abundances of prominent genera (median ≥ 0.5%) from oral swab samples at the individual dog 
level at the five weeks post-dental prophylaxis time point compared to the 5Weeks median (n=10) 
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 (a)  
 

(b)  
 
Figure 2.16 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at all study time points 
for oral swab samples (n=10) 



 

 

113 

(c)  
 

(d)   
 
 
Figure 2.16 (a-d) Quantile boxplots of (a) Good’s Coverage, (b) Chao’s Richness, 
(c) Shannon’s Evenness, and (d) Inverse Simpson’s Diversity at all study time points 
for oral swab samples (n=10) 
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Figure 2.17 Principal coordinate analysis (PCoA), with 60% ellipsoid coverage of the 
bacterial community membership of the oral swab samples taken prior to (red), and 
one week (blue), two weeks (green), and five weeks (yellow) after dental prophylaxis 
(n=10) 
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Figure 2.18 Yue and Clayton dendrogram of bacterial community structure of oral swab samples taken prior to (red), and 
one week (blue), two weeks (green), and five weeks (yellow) after dental prophylaxis (n=10) 
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CHAPTER THREE: SUMMARY AND CONCLUSIONS 
 
3.1 Summary 
Periodontal disease is one of the most common and commonly diagnosed diseases 

to affect our canine companions. Dental prophylaxis is a routinely practiced 

veterinary procedure, but its effect on the oral microbiota is not fully understood. The 

overarching theme of this research was to evaluate the impact of dental prophylaxis 

on the oral microbiota of dogs, specifically with two objectives being addressed. 

 

The first objective of this research was to describe the effects of dental prophylaxis 

on both the plaque and composite oral microbiotas of dogs. It was hypothesized that 

dental cleaning would have a significant impact on the microbiota. The results show 

there were dramatic differences between the pre-dental and one week post-dental 

prophylaxis time points for both the plaque and composite oral microbiotas. Changes 

in Treponema, Pasteurella, Moraxella, and Neisseria distinguished the two plaque 

time points from each other. Significant decreases in Treponema in conjunction with 

increases in Pasteurella, and Moraxella and Neisseria (early canine oral biofilm 

colonizing bacteria) seen at the one week time point are related to the observed 

differences between the two time points.  

 

The dominance of Pseudomonas and the almost complete disappearance of 

Psychrobacter at the one week post-prophylaxis time point (from a high relative 

abundance prior to treatment) are the key differences in the composite oral 

microbiota. Additionally, the mere presence of these taxa, irrespective of the large 

quantities seen here, differs from previous research that used next-generation 

sequencing techniques (Riggio et al., 2011; Sturgeon et al., 2013). This discrepancy 

between study results warrants further investigation through additional studies. 

 

It was also hypothesized that a transition back to the pre-dental state would occur 

rapidly. The reversion to the pre-treatment state occurred quickly for both the plaque 
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and composite oral microbiotas. In both ecological niches, the Jaccard and the Yue 

and Clayton community membership and structure indices clearly demonstrate this 

return, as the pre-treatment and five weeks post-prophylaxis time points overlap. 

This indicates that not only have the microbiotas returned to their pre-dental state in 

terms of the taxa present, but the taxa also returned in similar proportions.  

 

One unusual exception in the transition back to the plaque microbiota baseline was 

seen for Porphyromonas, where dental prophylaxis did not seem to have an effect 

on the relative abundance one week after treatment. However, there was a 

difference between the two weeks and five weeks post-prophylaxis time points. 

Furthermore, the abundance of Porphyromonas at five weeks after treatment was 

higher than before the start of the study. These surprising results suggest that dental 

prophylaxis should not be the only solution to treating periodontal disease in dogs, 

but that prophylaxis should be used in conjunction with, and complimented by, 

regular tooth brushing at home. 

 

The second objective of this research was to compare the plaque and composite 

oral microbiotas. It was hypothesized the plaque microbiota would be less diverse 

than the composite oral microbiota, with early canine oral biofilm colonizing bacteria 

and periodontal pathogens predominating. The results show there were more early 

colonizing, biofilm-based, and putative periodontal pathogenic taxa in the plaque 

microbiota compared to that of the composite oral microbiota. Further, more aerobic 

and water-dwelling taxa were present in the composite oral microbiota compared to 

that of the plaque microbiota. However, the various alpha diversity results appear to 

indicate the plaque microbiota was more diverse than the oral microbiota, not less 

so, with richness measures differing by a factor of 100 and diversity measures 

differing by a factor of ten, regardless of time point. This unexpected finding appears 

to be primarily due to the large quantities of Psychrobacter and Pseudomonas 

present in the oral microbiota. 
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It was also hypothesized the plaque and oral microbiotas would substantially differ 

from one another, both prior to and after prophylaxis. Additionally, it was 

hypothesized the composite oral microbiota would provide only a partial 

representation of the composition of dental plaque. Overall, the results demonstrate 

the plaque and oral niches were quite different from each other. The high relative 

abundances of the phyla Spirochaetes and Firmicutes and the genus Treponema 

were distinguishing features of the plaque microbiota. Another distinguishing feature 

of the plaque microbiota was the frequency with which Firmicutes were enriched. 

The high relative abundance and enrichment of the phylum Proteobacteria and the 

genera Psychrobacter and Pseudomonas as well as other water-based taxa were 

the key features in the composite oral microbiota. Genera associated with canine 

periodontal disease generally had lower relative abundances in the oral microbiota 

and higher relative abundances in plaque. 

 

Given the stark differences in presence and proportion of these fundamental taxa, it 

would appear the community make-up of the two ecological niches were 

substantially different. As such, a composite sampling of the canine oral cavity 

cannot be used as a proxy for sampling the plaque microbiota directly. This finding is 

in line with study results from Segata et al., which found the human oral cavity had 

several distinct microbial communities (Segata et al. 2012). Ultimately, to investigate 

the various canine periodontal pathogens accurately, the examination of plaque itself 

must be undertaken. 

 
 
3.2 Conclusions 
This research was able to provide important insight into how dental prophylaxis 

affects the plaque and composite oral microbiotas of dogs. It highlights the various 

ecological niches within the canine oral cavity and provides evidence these niches 

need to be studied and treated independently of each other. The research also 

reinforces the common veterinary advice of regular tooth brushing, as it is evident 

from the study results that dental prophylaxis alone is not enough to disrupt the 
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course of the canine oral microbiota that is set towards increasing periodontal 

disease. 

 

Despite the advances in knowledge this research has provided, the study was not 

without its limitations. While there were several benefits to using colony dogs for the 

study, including ease of follow-up, consistency, and the ability to conduct a 

longitudinal study, there were inherent drawbacks to this choice. As the study 

subjects were all the same breed, health status, roughly the same age, and received 

the same food while housed in the same location, it is unclear if the results from the 

study could be extrapolated to a broader client-owned dog population. Additionally, 

the sample size, particularly the subsample of 10 dogs at the two and five weeks 

post-prophylaxis time points, was also a potential limitation, as it could have limited 

the power of the study. However, as conventional sample size calculations do not 

apply to microbial ecological studies, the impact of only sampling 10 dogs for a 

portion of the study should not have influenced the results.  

 

Furthermore, many of the results presented in this research were relative 

abundances, which are not strictly quantitative. As exact quantities of the various 

taxa were unknown, it became difficult to assess what, in fact, the results indicated 

and what potential clinical relevance they might have, particularly with putative 

periodontal or zoonotic pathogens. Lastly, by only sequencing the V4 region of the 

16S rRNA gene (despite its unbiased estimation of bacterial taxa and low error 

rates), the characterization of sequences below the genus level was not possible. 

The inability to distinguish between two species of the same genus made the clinical 

relevance of the results difficult to interpret. 

 

Several directions for future study stem from the results of this research. Future 

studies should aim to substantiate the presence of Psychrobacter as well as the high 

levels of Pseudomonas seen here in the composite oral microbiota, and to 

determine their roles in the canine oral microbiota. Additionally, future research 

should evaluate the impact of dental prophylaxis on the oral microbiota of client-
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owned dogs. The similarity of client-owned and colony-based oral microbiotas of 

dogs should be assessed to determine whether research colony dogs could be used 

as a proxy for client-owned dogs in this matter. Similarly, the effectiveness of dental 

prophylaxis on the microbiotas of dogs with varying stages of periodontal disease 

should be evaluated. Lastly, as sequencing approaches continually improve and the 

cost of conducting next-generation studies decreases, future research should 

characterize sequences to the species level, as it would allow for more complete 

understanding of potential clinical implications. 
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