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ABSTRACT— Periodontal disease is one of the most common disorders in the oral cavity of dogs and
humans. Periodontitis, the irreversible periodontal disease, arises progressively from gingivitis, the reversible
inflammatory condition caused by dental plaque. Although the etiology of periodontitis has been widely
studied in humans, it is still insufficient for the etiological studies on periodontitis in dogs. Many studies have
reported that human periodontitis-related bacteria are putative pathogens responsible for periodontitis in dogs.
However, most of these studies have focused on the appearance of a specific microbiome, and most of the
cohort studies have insufficient sample sizes to generalize their results. In the present study, subgingival
samples collected from 336 teeth were categorized into three groups at first, based on clinical outcomes
(healthy, gingivitis, periodontitis). Subsequently, the periodontitis samples were further divided into three
subgroups (early, moderate, and advanced periodontitis) according to the degree of periodontal attachment
loss. Healthy and gingivitis were grouped as a reversible group, and the three subgroups were grouped as an
irreversible group. To investigate trends of periodontopathic bacteria in the samples of dogs, a quantitative
real-time polymerase chain reaction (PCR) was performed for quantification of 11 human periodontopathic
bacteria as follows: Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingivalis (Pg),
Tannerella forsythia, Treponema denticola (Td), Fusobacterium nucleatum, Prevotella nigrescens, Prevotella
intermedia, Parvimonas micra, Eubacterium nodatum, Campylobacter rectus, and Eikenella corrodens. The
PCR results showed that Aa and Pg, the representative periodontopathic bacteria, were not significantly
correlated or associated with the periodontitis cases in dogs. However, interestingly, Pi was strongly
associated with the irreversible periodontal disease in dogs, in that it was the most prevalent bacterium
detected from the dog samples. These findings indicate that the presence and numbers of Pi could be used as
a prognostic biomarker in predicting the irreversible periodontal disease and the disease severity in dogs.
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1. INTRODUCTION

Periodontal disease is one of the most common disorders in the oral cavity of dogs and humans [1- 5].
Periodontal disease is a group of illness occurring in the supportive tissues of the teeth. There are two main
types of periodontal disease, gingivitis and periodontitis, which are classified by disease severity and
progression. Gingivitis, the initial stage of periodontal disease, is a reversible inflammatory condition that
presents with swelling, redness, and bleeding from the gingiva. In contrast, periodontitis is a destructive and
irreversible form of periodontal disease, resulting in tissue destruction in the periodontal ligament, cementum,
alveolar bone, and gingiva [6]. Periodontitis caused by microbial biofilm often leads to host-mediated
destruction of periodontal tissues, resulting in not only loss of teeth but also bloodstream bacterial infections
[7]. It is therefore important to predict the prognosis of periodontal disease by identifying biomarkers that aid
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in the development of appropriate therapeutic interventions and subsequently evaluating the periodontal
tissues after the treatment.

Although the etiology of human periodontitis has been widely studied for several decades, the etiology of
periodontal disease in dogs has not been completely explained yet. However, [6] evaluated putative pathogens
related to periodontal disease in dogs The subgingival microbiota implicated in periodontal disease in dogs is
predominantly constituted by gram-negative anaerobes, and it shows significant similarities to those of
humans [6], [8], [9]. Another study has indicated that periodontal diseases in dogs are more closely related to
those in humans than to other animals [10].

Although recent studies have found that the oral microbiome in dogs is significantly different from the human
oral microbiome [11], [12], many previous studies have suspected that human periodontitis-related bacteria
such as Porphyromonas gingivalis (Pg), Porphyromonas gulae, Prevotella intermedia (Pi), Fusobacterium
nucleatum (Fn), Dialister pneumosintes, Actinobacillus actinomycetemcomitans, Campylobacter rectus (Cr),
Eikenella corrodens (Ec), Tannerella forsythia (Tf), and Prevotella intermedia (Pi) are putative periodontitis-
related pathogens in dogs [13], [14]. Most of these previous studies evaluated only the appearance of putative
bacteria rather than trends in bacterial numbers and correlations of periodontitis stages in the dog.
Furthermore, their limitations imposed by small cohort sizes have not been resolved [15], [16]. It is necessary
to analyze trends in bacterial numbers and associations between bacterial species and various periodontal
conditions in dogs to overcome the limitations of previous studies.

Throughout the present study, we simply put all the clinical samples into two classification groups largely.
Those were the reversible group (collectively, the healthy and gingivitis sample group) and the irreversible
periodontitis group. These two (reversible and irreversible) groups were basically used for the comparison
with each other to assess the tested 11 bacteria that were thought to be associated with periodontal disease. A
guantitative real-time polymerase chain reaction (PCR) was performed for the quantification of these 11
periodontopathic bacterial species as follows: Aggregatibacter actinomycetemcomitans (Aa), Pg, Tf, Td, Fn,
Prevotella nigrescens (Pn), Pi, Parvimonas micra (Pm), Eubacterium nodatum (En), Cr, and Ec. Based on
results of PCR analysis, the correlation and association between the number of bacterial species and various
periodontal conditions were analyzed. For the first time in veterinary field, the current study also investigated
the association between bacterial combination to understand the interrelationships of reversible and
irreversible periodontal conditions with different severities.

2. Materials and methods

Sample collection sites were divided into rostral and caudal teeth of the oral cavity. Target teeth were
mandibular and maxillary canine teeth known to be functionally important rostral teeth. The major masticatory
teeth, maxillary fourth premolars teeth and mandibular first molars teeth, were also targeted as caudal teeth.
Two samples were collected from each dog (one from the rostral target teeth and one from the caudal target
teeth). One sample was collected if target teeth were missing in the oral cavity for some reasons.

All samples were obtained using a sterilized paper point International Organization for Standardization #30,
which was gently inserted into the subgingival pocket at 6 points around each tooth for 30 seconds and
transferred immediately into a sterilized transport tube. Six paper points obtained subgingival plaque from six
points around a tooth, and all six paper points were placed in a sterilized sample container, then a unique
barcode number was assigned to the sample container and analyzed as one sample. Teeth were examined and
evaluated by intraoral dental radiography and periodontal probing.
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Intraoral dental radiographs were obtained under general anesthesia and evaluated by the same veterinarian
(DH-K) with a standard approach under the same conditions. According to the classification criteria of the
American Veterinary Dental College [17], samples were divided into five PD groups based on clinical
conditions, such as healthy (PDO0), gingivitis (PD1), early periodontitis (PD2), moderate periodontitis (PD3),
and advanced periodontitis (PD4). These five-stage PD grouping was based on the degree of attachment loss
and gum condition. PDO0 and PD1 included subjects without attachment loss. PD2, PD3, and PD4 included
subjects with < 25%, 25%~50%, and > 50% attachment loss, respectively. A reversible group comprised PDO
and PD1, and an irreversible was group comprised PD2, PD3, and PD4.

DNA extraction

DNA extraction was performed using an ExgeneTM Cell SV kit (GeneAll Biotechnologies, Seoul, South
Korea) according to the manufacturer’s instructions. The paper point was treated with 180 pL lysozyme at 30
mg/mL and incubated at 37°C for 30 minutes. Proteinase K solution (20 pL of 20 mg/mL) and 200 pL of
buffer BL were added to each sample followed by incubation at 56°C for 30 minutes and 95°C for 15 minutes.
Subsequently, 200 uL of absolute ethanol was added, and the mixture was transferred into a column and
centrifuged at 14,000 rpm for 1 minute. After washing the column with 600 puL of buffer BW, 700 uL of
buffer TW was added. Next, 100 puL of buffer AE was used to elute DNA. DNA was quantified with a
NanoDrop Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). DNA samples were
stored at —20°C before use.

Quantitative real-time polymerase chain reaction assay

Targeted oral bacteria and primer/probe set sequence used for guantitative real-time PCR in this study are
listed in Table 1. PCR amplification was performed in a reaction volume of 20 pL (Bioneer, Inc., Dagjeon,
South Korea). PCR cycling was performed using a CFX96™ Real-Time System (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). Cycling conditions consisted of an initial denaturation step at 95°C for 5 minutes,
followed by 40 cycles of denaturation at 95°C for 30 seconds, primer annealing at 60°C for 40 seconds, and
primer extension at 72°C for 30 seconds. After completion of the cycling steps, a final extension step at 72°C
for 5 minutes was performed. The normalized value of expression for each species was calculated as the ratio
of the relative copy number of the reference species.

The and the data for assessment of specificity and sensitivity of the primer-probe sets detecting 11 bacteria
from the subgingival plaques of dogs can be found in Supporting Information section.

Statistical methods

All statistical analyses were performed using the MedCalc Statistical Software version 18.5 (MedCalc
Software, Ostend, Belgium). The independence of characteristics of samples was analyzed by independent t-
tests. The correlation between the number of bacteria and the severity of the periodontal condition was
evaluated by Pearson’s correlation coefficient. Associations of each bacterium or combination of bacteria
between reversible and irreversible groups were analyzed using logistic regression. The significance level was
setat p <0.05.

3. Results

Characteristic profiles of dogs that donated the subgingival plague samples

Characteristic profiles of dogs that donated the subgingival plaque samples are summarized in Table 2. The
mean ages were 9.36 and 9.69 years for the reversible and irreversible groups, respectively. Males accounted
for 54.7% and 58.3% in the reversible and irreversible groups, respectively. The mean body weights were
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6.44 kg and 5.79 kg for the reversible and irreversible groups, respectively. An independent t-test was
performed to show a statistical independence between these characteristics of the dogs and the reversible and
irreversible groupings based on the dog’s periodontal disease conditions. The statistical results showed that
these dog’s characteristics were not significantly associated with their periodontal disease conditions. Of the
total 336 samples, 190 samples (PDO, 70; PD1 120 samples) were classified into the reversible group, and
146 samples (PD2, 77; PD3, 34; PD4, 35 samples) were classified as the irreversible group.

The overall prevalence of the tested 11 bacteria detected in the reversible and irreversible groups is shown in
Fig 1. Fn, Pm, and Ec showed a high prevalence over 50%, whereas Aa, Pg, and Pn showed a low prevalence

less than 10%.

The number of samples
detected(n)

Aa Pg Tf Td Fn Pn Pi PmEn Cr Ec
Bacterial species

Fig 1. Overall prevalence of bacteria in the reversible and irreversible groups.

Bars represent the number of samples that each bacterial species was detected and the percentage of the
number of samples detected to the number of total samples (%). Fn, Pm, and Ec showed high prevalence at
over 50%, whereas Aa, Pg, and Pn showed low prevalence at less than 10%.

The prevalence of each bacterium was compared between the reversible and irreversible groups (Fig 2A). The
prevalence of all bacterial species in the irreversible group was higher than that in the reversible group. Among
the tested 11 bacterial species, Aa, Tf, Td, Pn, Pi, Pm, En, and Cr were detected two times more in the
irreversible group compared with the reversible group.

Prevotella intermedia showed the biggest difference in prevalence among the reversible and irreversible
groups at 5.95 times.

Treponema denticola showed the second biggest difference at 5.69 times.
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Fig 2. Prevalence of bacteria in comparison between groups.
(A) Comparison of fold changes between the reversible and irreversible groups. (B) Comparison of fold
changes between the reversible group and each periodontal disease (PD) group of the irreversible group. PD2:
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PD2 group, PD3: PD3 group, PD4: PD4 group, con: Reversible group.

This study also compared the prevalence of each bacterium between the reversible group and each PD group
(Fig 2B). Although the severity of periodontal disease was getting worse from PD2 to PD4, the prevalence of
Aa and Pg showed a gradually decreasing trend. In contrast, the prevalence of Fn, Pn, Pi, and Pm continually
increased along the increase of PD severity.

Bacteria that showed increases over two times in their prevalence for all PD groups were Tf, Td, Pn, Pi, En,
and Cr. were Tf, Td,

Pn, Pi, En, and Cr showed more than double the difference in the prevalence of all PD groups. The fold change
of T. denticola, the biggest change, was 7.68 times between the reversible and PD3 groups. P. intermedia
showed the biggest difference between the reversible and PD4 groups at 9.31 times. The bacterium that
showed the biggest increase in its prevalence between the reversible group and PD3 group (moderate
periodontitis) was T. denticola. P. intermedia showed the biggest difference between the reversible group and
PD4 group (advanced periodontitis).

Mean number of bacteria

This study analyzed the mean number of all bacterial species in all groups (Fig 3). The mean number of F.
nucleatum was 2.76E+07, which was the largest, whereas the mean number of A. actinomycetemcomitans
was 6.21E+02, which was the smallest.
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Fig 3. Overall mean numbers of bacteria in all groups. Bars show standard deviation. log = logarithm.
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Mean number of pathogens quantified

Mean numbers of bacteria in the reversible and irreversible groups.

Mean numbers of bacteria in the reversible and irreversible groups were compared. Results are shown in Fig
5A. Mean numbers of all bacterial species were increased in the irreversible group. Numbers of Aa, Pg, Td,
Pm, En, and Cr in the irreversible group were higher over five times compared with those in the reversible
group. However, Aa might not be associated with irreversible periodontal condition in dogs because of its
extremely low overall bacterial number. The bacterium that showed the biggest difference in its number
between the two groups was T. denticola (25.14 times). This result indicated a significant correlation between
the number of bacteria and periodontitis, an irreversible condition.
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Fig 4. Mean numbers of bacteria in comparison between groups.
(A) Comparison of fold changes between the reversible and irreversible groups. PD2: PD2 group, PD3: PD3
group, PD4: PD4 group, con: Reversible group.

Mean numbers of bacteria in the reversible and PD groups.

Mean numbers of bacteria in the reversible group and each PD group were compared. Results are shown in
Fig 4B. In the comparison between the reversible and PD2 groups, Aa and Td showed significant increases
(24.31 times and 22.95 times, respectively). The difference of Td, 32.06 times, was unrivaled and
overwhelming in comparison with the PD3 group. In the comparison of the reversible group and the PD4
group, Td and En showed the most overwhelming differences at 23.23 times and 21.62 times, respectively.
Aa, Pg, and Tf showed significant differences in their numbers between the reversible and PD2 groups.
However, the present study found that the number of bacteria continuously decreased as the severity
progressed from PD3 to PD4. Specifically, Aa was not detected in the PD4 group. Conversely, Pm, En, and
Cr increased continuously as severity progressed. Compared with the reversible group, the significant
difference of Td in its number was observed in all PD groups. These results suggest that the number of bacteria
except for a few could be correlated with the severity of periodontal condition, especially in the case of
Prevotella i.

Correlation between the severity in the irreversible group and the number of bacterial species

Correlation analysis between the severity in the irreversible group and bacterial species was performed. All
species, except Aa and Pg, showed reliable positive correlations with the irreversible group. In particular, Td,
Pm, and Cr showed moderate correlations with Pearson’s r > 0.4 (Table 1).

Table 1. Correlation between the severity of periodontal condition and the number of each bacterial species.

Association between the number of each bacterial species and periodontal condition

2300


https://www.sagepublisher.com/
https://journals.plos.org/plosone/article/figure/image?size=medium&id=10.1371/journal.pone.0262859.g005
https://journals.plos.org/plosone/article/figure/image?size=medium&id=10.1371/journal.pone.0262859.t003

ISSN: 18158129 E-ISSN: 18151027
< INSN:1K158129 Volume 21, Issue 02, February, 2025

Statistical methods were used to analyze associations between periodontal conditions and the number of
bacteria using various comparisons (Table 2). Table 2 represents data that were p > 0.05. As shown in Table
2, the number of individual bacterial species was relatively increased, except for Aa and Pg, in the comparison
between the reversible and irreversible groups. Similarly, Aa and Pg showed no significant reliability in
associations between the reversible and each PD group. These facts indicated that the number of Aa and Pg
had no association with periodontal conditions. Based on this, A. actinomycetemcomitans and P. gingivalis
were excluded from further analysis.

Table 2. Relatively very low reliability of Aa and Pg in the Associations between the number of each
bacterial species and the reversible and irreversible group and each PD group.

Association between the combinatory coexistence and numbers of bacterial species with the PD groups
With exception of Aa and Pg, as shown in Table 3, the combinatory coexistence and numbers of bacterial
species among the remaining nine putative periodontopathic bacteria in the five-stage PD groups showed
significant associations with the irreversible group and with the respective PD groups. For the comparison
between the reversible and irreversible groups, bacterial numbers of Tf, Td, Pi, En, and Ec showed significant
associations (p =0.001, p<0.001, p=0.006, p=0.009, and p = 0.004, respectively). In the case of comparison
between the reversible group and the PD2 group, numbers of Tf, Td, En, and Ec (p < 0.001, p =0.001, p =
0.002, and p = 0.002, respectively) showed significant associations with the PD2 group. For the comparison
between the reversible and PD3 groups, numbers of Td, Fn, Pi, Pm, and Ec also showed significant
associations with the PD3 group (p < 0.001, p = 0.019, p = 0.001, p = 0.020, and p = 0.043, respectively).
Numbers of Td, Pi, and Pm also showed significant associations with the PD4 group in the comparison
between the reversible and PD4 groups (p = 0.005, p < 0.001, and p = 0.014, respectively). Numbers of Td,
Fn, Pi, and Pm showed significant associations with PD3 + PD4 group in the comparison between the
reversible and PD3 + PD4 groups (p < 0.001, p = 0.005, p < 0.001, and p = 0.004, respectively).

,,,,,,,,,,

Table 3. Association between the combinatory coexistence and numbers of bacterial species with the
periodontal disease groups.

P. intermedia showed a high significance in the comparison between the reversible and PD3 groups, between
the reversible and PD4 groups, and between the reversible and PD3 + PD4 groups. However, T. forsythia
showed a significance in the comparison between the reversible and PD2 groups only. Based on the above
results, T. denticola seemed to be a superior species to others in all different comparisons analyzed statistically
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in this study.

This study also statistically analyzed the association between each PD group. Only T. denticola was
significantly associated with the PD3 group in the comparison between the PD2 and PD3 groups. P. intermedia
was only significantly associated with the PD4 group in the comparison between the PD2 and PD4 groups.
However, no bacteria showed significance in the comparison between the PD3 and PD4 groups.
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