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Abstract

Periodontitis, a chronic inflammatory disease affecting approximately 40% of U.S. adults
aged 30 years and older, is characterized by dysbiosis of the dental plaque microbiome.
However, although scaling and root planing (SRP) is the cornerstone of periodontal treat-
ment, its effects on the taxonomic composition and functional potential of the dental plaque
microbiome remain incompletely understood. In this study, we used whole-metagenome
shotgun sequencing to characterize taxonomic composition and functional potential in
dental plaque microbiomes collected from 39 patients with Stage II or III generalized
periodontitis before and 3–4 months after SRP. Consistent with clinical improvement, peri-
odontal therapy significantly reduced probing depth, clinical attachment level, bleeding
on probing, and plaque index. Whole-metagenome shotgun sequencing identified 3.18
million non-redundant genes and 12,353 microbial species across 78 samples, revealing
increased gene and species richness after treatment, along with a significant restructuring
of the microbial community. Established periodontal pathogens, including Porphyromonas
gingivalis, as well as the emerging pathogens Escherichia coli and Burkholderia multivorans,
decreased following treatment. Tannerella forsythia also showed a marked reduction af-
ter treatment, although this decrease was not significant after false discovery rate (FDR)
correction. In contrast, health-associated early colonizers, including multiple Actinomyces
species and Streptococcus cristatus, increased. Functional annotation using the Carbohydrate-
Active Enzymes (CAZy) database identified significant treatment-associated differences in
carbohydrate-active enzymes, including multiple glycosyltransferases, indicating remodel-
ing of the predicted functional potential of the dental plaque microbiome. These findings
demonstrate that successful SRP promotes coordinated taxonomic and predicted functional
remodeling of the dental plaque microbiome and highlight the value of shotgun metage-
nomic sequencing for characterizing both taxonomic and functional recovery following
periodontal therapy.

Keywords: periodontitis; dental plaque microbiome; shotgun metagenomics sequencing;
scaling and root planing; functional profiling

1. Introduction
Periodontitis is the 6th most common non-communicable disease worldwide and a

major cause of tooth loss in adults [1]. Despite substantial advances in prevention and
treatment over the past five decades, periodontitis continues to affect a large proportion of
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the global population [2,3]. According to the National Health and Nutrition Examination
Survey 2009–2014, approximately 40% of adults aged 30 or older in the US had one stage of
periodontitis [4]. The disease is initiated and sustained by a dysbiotic dental plaque biofilm
that triggers a chronic host inflammatory response and may lead to progressive destruction
of the teeth’s supporting structures.

Periodontal therapy includes scaling and root planing (SRP), which disrupts and
removes dental plaque to reduce periodontal inflammation. These non-surgical periodontal
treatments are the cornerstone of periodontal treatment and are often effective in reduc-
ing periodontal pocket depth (PD) and improving clinical attachment levels (CAL). For
patients with more advanced disease, SRP may be supplemented with adjunctive therapies,
including systemic or local antimicrobials and periodontal surgery. Numerous studies
have demonstrated that SRP, either alone or in combination with adjunctive therapies,
suppresses periodontal pathogens and promotes clinical improvement [5–10].

Previous investigations using checkerboard DNA-DNA hybridization and quantitative
PCR demonstrated significant reductions in periodontal pathogens following periodontal
therapy [5–9]. Importantly, microbial responses were not homogeneous, with some taxa
showing rapid reductions after treatment, whereas others exhibited delayed responses or
little change, suggesting complex ecological restructuring of the oral microbiome following
therapy [5]. Recently, 16S rRNA gene sequencing studies have reported substantial shifts in
microbial community composition following treatment, with post-treatment microbiomes
resembling those observed in periodontally healthy patients [11–13]. However, recent
evidence indicates that microbiome dysbiosis may persist even after successful clinical
remission of periodontal disease, suggesting that conventional treatment may not fully
restore the oral microbial ecosystem [7,13]. In addition, emerging evidence has implicated
several previously underappreciated species, including Filifactor alocis, Enterococcus fae-
calis, Haemophilus influenzae, and Escherichia coli, as potential contributors to periodontal
disease [8].

Despite these advances, most previous studies relied on targeted molecular approaches
or 16S rRNA sequencing, which provide limited taxonomic resolution and little informa-
tion regarding microbial functional capacity. Consequently, the effects of periodontal
therapy on species-level microbial composition and predicted functional potential remain
incompletely understood.

Whole-metagenome shotgun sequencing enables species-level taxonomic profiling
while simultaneously providing insight into the predicted functional potential of microbial
communities [14,15]. In this study, we applied whole-metagenome shotgun sequencing to
characterize the taxonomic composition and predicted functional potential of the dental
plaque microbiome before and after non-surgical SRP in patients with periodontitis. Our
objective was to identify treatment-associated taxonomic and functional changes and to
provide a more comprehensive understanding of dental plaque microbiome remodeling
following periodontal therapy.

2. Results
2.1. Clinical Characteristics of the Cohort

The study cohort consisted of 39 patients (21 males and 18 females) with a mean
age of 56.36 ± 13.24 years (Table 1). Periodontal therapy was associated with significant
improvements in clinical periodontal status, as evidenced by reductions in bleeding on
probing (BOP) (44.96% ± 28.52% vs. 28.83% ± 24.29%, p = 0.013) and plaque index (PI)
(67.89% ± 27.47% vs. 43.79% ± 22.60%, p < 0.001). The percentage of sites with PD ≤ 3 mm
increased significantly following SRP (71.88% ± 17.00% vs. 80.36% ± 19.16%, p = 0.005),
accompanied by a significant reduction in the percentage of sites with PD 4–5 mm and
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a numerical reduction in sites with PD ≥ 6 mm. The mean PD at the sampled sites also
decreased significantly following treatment (5.70 ± 0.60 mm vs. 4.45 ± 0.74 mm, p < 0.001).
Similarly, the mean CAL at the sampled sites decreased significantly from 4.37 ± 1.26 mm
to 3.68 ± 1.19 mm (p < 0.001). Although the percentages of sites within individual CAL
categories changed in the expected direction, these categorical changes did not reach
statistical significance (Table 1). The number of teeth remained stable during the study
period (25.34 ± 3.43), indicating that no teeth were lost following treatment.

Table 1. Characteristics of the study cohort of 39 patients.

Characteristics Pre-Treatment (P),
Mean ± SD

Post-Treatment (M),
Mean ± SD

Mean Paired Difference
(95% CI) + p-Value *

Baseline characteristics
Sex (Male/Female) 21/18 - -

Age (years) 56.36 ± 13.24 - -
Clinical parameters

BOP (%) (n = 24) 44.96 ± 28.52 28.83 ± 24.29 −16.13 (−28.58, −3.67) 0.013
PI (%) (n = 19) 67.89 ± 27.47 43.79 ± 22.60 −24.11 (−35.89, −12.32) <0.001

Number of teeth (n = 29) 25.34 ± 3.43 25.34 ± 3.43 0.00 -
PD ≤ 3 mm (%) (n = 25) 71.88 ± 17.00 80.36 ± 19.16 8.48 (2.79, 14.17) 0.005
PD 4–5 mm (%) (n = 25) 22.08 ± 11.41 15.00 ± 12.49 −7.08 (−12.12, −2.04) 0.008
PD ≥ 6 mm (%) (n = 25) 7.20 ± 8.83 5.44 ± 9.95 −1.76 (−3.95, 0.43) 0.111

PD at sampled sites (mm) 5.70 ± 0.60 4.45 ± 0.74 −1.25 (−1.48, −1.02) <0.001
CAL = 0 mm (%) (n = 25) 7.60 ± 11.07 19.00 ± 27.37 11.40 (−0.16, 22.96) 0.053
CAL 1–2 mm (%) (n = 25) 54.12 ± 20.97 44.08 ± 21.92 −10.04 (−21.61, 1.53) 0.086
CAL 3–4 mm (%) (n = 25) 26.40 ± 14.34 27.16 ± 21.58 0.76 (−5.82, 7.34) 0.814
CAL ≥ 5 mm (%) (n = 25) 11.48 ± 12.35 9.32 ± 8.82 −2.16 (−5.19, 0.87) 0.155

CAL at the sample sites (mm) 4.37 ± 1.26 3.68 ± 1.19 −0.68 (−0.91, −0.45) <0.001
Bone loss at the sample sites (%) 25.92 ± 8.48 N/A - -

BOP: Bleeding on probing. PI: Plaque index. PD: Probing depth. CAL: Clinical attachment level. N/A: Not
available because follow-up radiographs were not obtained at the post-treatment visit. + Paired analyses were
conducted using all available complete pairs for each variable; therefore, sample sizes varied due to missing mea-
surements. Mean paired differences were calculated as post-treatment minus pre-treatment and are presented with
95% confidence intervals. * Two-sided paired t-tests were used to compare pre- and post-treatment measurements.

2.2. Non-Redundant Gene Diversity in Pre- and Post-Treatment Plaque Samples

A total of 3,177,278 non-redundant genes were identified from the 78 dental plaque
samples. As shown in Figure 1A, the median number of non-redundant genes per sample
was 837,628 in the pre-treatment (P) group and 894,310 in the post-treatment (M) group.
Although the P group exhibited a lower median number of non-redundant genes per
sample, it showed greater inter-individual variation, as reflected by a wider interquartile
range (IQR: 478,956–998,273) compared with the M group (IQR: 799,680–1,000,594).

To assess the overall gene repertoire associated with periodontal treatment, we
compared the non-redundant gene catalogues identified in the two groups. A total of
2,920,021 non-redundant genes were shared between the P and M groups, while 89,138
and 168,119 genes were uniquely detected in the pre-treatment and post-treatment groups,
respectively (Figure 1B). The large proportion of shared genes indicates that the core func-
tional potential of the dental plaque microbiome was largely conserved following treatment.
However, the presence of group-specific genes suggests that periodontal therapy was asso-
ciated with shifts in microbial composition and functional capacity that may contribute to
treatment-induced remodeling of the oral microbiome.
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Figure 1. Comparison of non-redundant gene content between pre- and post-treatment dental plaque
microbiomes. (A) Distribution of the number of non-redundant genes detected per sample in the
pre-treatment (P) and post-treatment (M) groups. Violin plots show the density distribution of gene
richness, with embedded boxplots indicating the median and interquartile range. (B) Overlap of
non-redundant genes identified in the two groups. Numbers indicate genes unique to each group
and those shared between groups.

2.3. Microbial Species Richness and Community Composition

A total of 12,353 microbial species were identified across the 78 dental plaque samples
through taxonomic annotation. The post-treatment (M) group exhibited a higher microbial
richness than the pre-treatment (P) group, with an average of 4343 and 3581 species detected
per sample, respectively (Figure 2A). The median number of species per sample was 4308
in the M group and 3586 in the P group. Greater inter-individual variation was similarly
observed in the P group, as indicated by its wider interquartile range (2481–4425) compared
with the M group (3750–4868).

Comparison of species repertoires between groups revealed that most species were
shared between pre- and post-treatment samples, while a subset was uniquely detected
in each group (Figure 2B). Post-treatment samples exhibited greater microbial richness,
accompanied by changes in community composition.
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Figure 2. Comparison of species between pre- and post-treatment dental plaque microbiomes.
(A) Distribution of the number of species per sample detected in the pre-treatment (P) and post-
treatment (M) groups. Violin plots show the density distribution of species richness, with embedded
boxplots indicating the median. (B) Overlap of species identified in the two groups. Numbers indicate
species unique to each group and those shared between groups.

Analysis of Similarities (ANOSIM) was performed to assess differences in species-level
microbial community composition between the P and M groups (Figure 3). The analy-
sis identified a statistically significant shift in community structure following treatment
(ANOSIM R = 0.138, p = 0.001). The relatively low R statistic indicates that the magnitude
of this shift was modest and that considerable overlap remained between groups. Never-
theless, the significant p-value supports the presence of treatment-associated changes in
species composition, consistent with the increased microbial richness and altered species
repertoire observed in post-treatment samples.
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Figure 3. Analysis of Similarities (ANOSIM) of species-level microbial community composition in
pre-treatment (P) and post-treatment (M) samples. Boxplots show rank dissimilarities for between-
group (Between) and within-group comparisons. The results (R = 0.138, p-value = 0.001) indicate a
significant difference in species composition between groups.

2.4. Treatment-Associated Changes in Bacterial Species

Figure 4 presents the relative abundance of the ten most abundant bacterial species in
the pre- and post-treatment groups. Overall, periodontal therapy was associated with a
shift in the relative composition of the dental plaque microbiome, with the post-treatment
microbiome showing a greater contribution from Actinomyces species, whereas the relative
abundance of several disease-associated taxa, including Escherichia coli, decreased. Recent
studies have identified E. coli as a potential contributor to periodontal disease [16–18],
making its marked reduction after treatment particularly noteworthy. Although these
dominant taxa accounted for the largest treatment-associated differences, they collectively
represented less than 9% of the total microbial abundance in either group. More than 91%
of the microbiome consisted of lower-abundance species. This finding is consistent with
the large numbers of shared non-redundant genes and microbial species identified in the
preceding analyses.

To further characterize treatment-associated taxonomic changes, the median abun-
dance of selected bacterial species in the pre- and post-treatment groups, together with
fold changes and statistical comparisons, is presented in Appendix A Table A1. Several
established and emerging periodontal pathogens exhibited reduced abundance following
treatment. Notably, the keystone pathogen Porphyromonas gingivalis, together with E. coli
and Burkholderia multivorans, exhibited significantly lower abundances following treatment
after FDR correction. The Red Complex member Tannerella forsythia also showed a remark-
able reduction after treatment (median fold change = 2.26), although this difference is not
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statistically significant after FDR correction. These findings are generally consistent with
previous studies demonstrating suppression of major periodontal pathogens following
SRP [5–9].

Figure 4. Relative abundance of the ten most abundant bacterial species in pre-treatment (P) and
post-treatment (M) dental plaque microbiomes. Relative abundances were averaged across samples
within each group and are presented as stacked bar plots. Species names are shown on the right, and
the proportion of each species within the total microbial community is indicated on the y-axis.

Conversely, several species commonly associated with oral health and early biofilm
formation increased after treatment, including Streptococcus cristatus, Actinomyces naes-
lundii, Actinomyces oris, Actinomyces johnsonii, Actinomyces israelii, and Actinomyces gerencse-
riae [19,20]. Of particular interest, S. cristatus has been shown to inhibit P. gingivalis fimbrial
gene expression and colonization [14,21]. In contrast, Filifactor alocis, an emerging periodon-
tal pathogen [8], was not reduced following treatment. The persistence of this organism
despite clinical improvement suggests that certain disease-associated taxa may remain
after successful periodontal therapy, consistent with recent reports that oral microbiome
dysbiosis can persist despite treatment-induced remission of periodontal disease [7,13].

2.5. Treatment-Associated Functional Remodeling of the Oral Microbiome

To investigate whether the functional potential of the dental plaque microbiome
changed following non-surgical periodontal therapy, predicted microbial genes were anno-
tated against the Carbohydrate-Active Enzymes (CAZy) database. Comparison of enzyme
profiles revealed significant differences in several carbohydrate-active enzymes between
pre- and post-treatment samples (Figure 5 and Appendix A Table A2). In particular, multi-
ple glycosyltransferases, including hyaluronan synthase (EC 2.4.1.212) and β-1,4-mannan
synthase, as well as several additional carbohydrate biosynthetic enzymes, exhibited sig-
nificantly greater abundance in post-treatment samples. Conversely, Dol-P-Man protein
α-mannosyltransferase showed reduced abundance following treatment.
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Figure 5. Relative abundance of carbohydrate-active enzymes (CAZy) identified in pre- and
post-treatment dental plaque microbiomes. Predicted microbial genes were annotated against the
Carbohydrate-Active Enzymes (CAZy) database. Stacked bar plots compare the relative abundance
of the ten most abundant CAZy-associated enzyme activities (shown using abbreviated enzyme
names) between the pre-treatment (P) and post-treatment (M) groups. The post-treatment group
exhibited a higher combined relative abundance of these enzyme activities.

The increased abundance of carbohydrate-active enzymes after treatment paralleled
the enrichment of Actinomyces and other health-associated commensal bacteria observed
in the earlier taxonomic analyses. Together, these findings indicate treatment-associated
changes in both microbial composition and predicted functional potential.

3. Discussion
Successful periodontal therapy aims not only to suppress periodontal pathogens

but also to restore a balanced and functionally resilient oral microbial ecosystem. Using
whole-metagenome shotgun sequencing, we comprehensively characterized taxonomic
and predicted functional changes in the dental plaque microbiome following SRP. Com-
pared with previous studies based on checkerboard DNA–DNA hybridization, qPCR,
or 16S rRNA sequencing, shotgun metagenomics provides species-level resolution while
simultaneously enabling functional characterization of the oral microbiome. Our findings
demonstrate that successful SRP is associated with significant clinical improvement accom-
panied by increased microbial richness, shifts in community composition, and coordinated
taxonomic and predicted functional remodeling of the dental plaque microbiome.

One notable observation was the increase in microbial richness following treatment.
Although the majority of genes and microbial species were shared between pre- and
post-treatment samples, the post-treatment microbiome contained a greater number of non-
redundant genes and microbial species per sample. Together with the significant ANOSIM
results, these findings suggest that periodontal therapy reshapes the microbial community
while preserving much of its core repertoire. This observation is consistent with recent
longitudinal studies demonstrating that periodontal treatment shifts the oral microbiome
toward a healthier ecological state rather than completely replacing the existing microbial
community [7,10,22].
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At the species level, periodontal therapy was associated with significant reductions in
several well-established periodontal pathogens and opportunistic organisms, including
P. gingivalis, E. coli, and B. multivorans, consistent with numerous previous reports [23].
The Red Complex member, T. forsythia, also exhibited a marked reduction in abundance
after treatment; however, this decrease did not remain statistically significant after FDR
correction. Nevertheless, the observed trend is consistent with the established role of T.
forsythia as a major periodontal pathogen and with previous studies reporting its reduction
in its abundance following periodontal therapy [9,23].

Among the species that declined significantly, E. coli is of particular interest because,
although it has traditionally been regarded as a transient member of the oral microbiota,
increasing evidence suggests that it may contribute to periodontal disease. Experimental
studies have shown that lipopolysaccharides (LPS) derived from P. gingivalis and E. coli
stimulate inflammatory responses through distinct Toll-like receptor pathways, with P.
gingivalis LPS signaling primarily through TLR2 and E. coli LPS through TLR4 [16]. Both
LPS preparations also induce the expression of inflammatory mediators, including TNF-α
and VCAM-1, although E. coli LPS has been reported to elicit a stronger inflammatory
response [17]. Together with recent clinical evidence demonstrating increased abundance
of E. coli in periodontitis and reductions following periodontal therapy [18], our findings
provide additional metagenomic evidence supporting its association with periodontal
dysbiosis. Interestingly, despite its significant reduction following therapy, E. coli was
detected in all metagenomic samples before and after treatment. This observation differs
from previous PCR-based studies reporting lower detection frequencies [24] and may reflect
the greater sensitivity and broader taxonomic coverage of whole-metagenome shotgun
sequencing compared with PCR-based detection methods.

Conversely, several health-associated species increased following treatment, particu-
larly multiple Actinomyces species and S. cristatus. These organisms are well-recognized
early colonizers that contribute to the establishment of healthy multispecies dental biofilms.
Previous studies have shown that S. cristatus suppresses P. gingivalis colonization by inhibit-
ing expression of its fimbrial genes [14,21], while Actinomyces species contribute to biofilm
maturation through interactions with other commensal organisms [19,20]. The enrichment
of these taxa following SRP therefore suggests ecological recovery of the dental plaque
microbiome rather than simply elimination of periodontal pathogens. Interestingly, F. alocis
was not significantly reduced after treatment, indicating that certain disease-associated
organisms may persist despite clinical remission. Similarly, none of the Prevotella species
evaluated in Appendix A Table A1 showed a significant treatment-associated change,
with several, including P. denticola and P. nigrescens, having numerically higher median
abundances after SRP. This heterogeneous response indicates that clinical improvement
and overall community remodeling do not necessarily require uniform depletion of all
periodontitis-associated taxa [22,23]. The persistence of Prevotella may reflect species-
specific responses to therapy or residual periodontal niches and warrants longitudinal
investigation to determine whether these taxa decline later or persist after otherwise suc-
cessful treatment.

From a clinical perspective, the increased microbial richness observed after SRP should
not be viewed as beneficial in isolation, because greater richness does not necessarily
indicate periodontal health. However, when considered alongside improvements in PD,
CAL, BOP, and PI and the enrichment of early colonizers, including Actinomyces species and
S. cristatus, this finding may indicate a transition toward ecological recovery. These health-
associated taxa may also contribute to biofilm stability and colonization resistance against
disease-associated organisms. Conversely, the persistence of the emerging periodontal
pathogen F. alocis despite clinical improvement indicates that mechanical debridement
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does not eliminate all disease-associated taxa. Clinically, this observation reinforces the
importance of supportive periodontal therapy and continued monitoring, particularly in
patients with residual pockets or recurrent inflammation. Although chairside microbiome
profiling is not yet part of routine periodontal care, assessing the persistence of disease-
associated taxa alongside the recovery of health-associated communities may eventually
yield complementary biomarkers to estimate recurrence risk and personalize maintenance
strategies. Longitudinal studies are needed to establish whether these microbial features
predict sustained clinical stability or disease recurrence.

An important contribution of this study is the integration of functional analysis
with species-level taxonomic profiling. Functional annotation using the CAZy database
demonstrated treatment-associated differences in several carbohydrate-active enzymes,
particularly glycosyltransferases involved in carbohydrate metabolism and extracellular
polysaccharide biosynthesis. Because these processes are fundamental to dental plaque
formation and biofilm architecture, CAZy analysis provides biologically relevant insights
into the functional remodeling that accompanies periodontal therapy. These functional
changes paralleled the enrichment of Actinomyces species and S. cristatus, suggesting that
recovery of health-associated microbial communities is accompanied by remodeling of
the predicted metabolic capacity of the dental plaque microbiome. Rather than reflect-
ing only suppression of pathogenic organisms, successful periodontal therapy appears
to promote restoration of microbial functions associated with biofilm development and
ecological stability.

Although whole-metagenome sequencing enables comprehensive functional annota-
tion using multiple reference databases, including KEGG, MetaCyc, eggNOG, and Gene
Ontology, the present study focused on carbohydrate-active enzymes because of their direct
relevance to bacterial carbohydrate metabolism, extracellular polysaccharide biosynthe-
sis, and dental biofilm development. This targeted analysis complemented the observed
taxonomic changes by providing functional insight into microbial remodeling following
periodontal therapy. Nevertheless, CAZy captures only one aspect of microbial functional
capacity. Future studies integrating broader pathway- and ontology-based functional
analyses together with metatranscriptomic or metabolomic approaches will provide a
more comprehensive understanding of the molecular mechanisms underlying periodontal
microbiome recovery.

This study has several strengths. The paired pre- and post-treatment design minimized
inter-individual variability, while shotgun metagenomic sequencing provided substantially
greater taxonomic resolution than 16S rRNA sequencing and enabled simultaneous char-
acterization of microbial genes, species composition, and predicted functional potential.
Nevertheless, several limitations should be acknowledged. The cohort size was modest
and samples were collected at a single post-treatment time point, 3–4 months after therapy,
capturing the early microbial response to therapy but limiting assessment of long-term
microbiome dynamics. Although significant taxonomic and functional changes were ob-
served following treatment, periodontal pathogens may gradually recolonize treated sites
over time, particularly in the absence of sustained periodontal maintenance. Therefore, the
findings presented here should be interpreted as reflecting short-term microbiome remodel-
ing rather than long-term ecological stability. In addition, functional analyses were limited
to CAZy-based annotation, which was selected because carbohydrate-active enzymes are
directly involved in bacterial carbohydrate metabolism, extracellular polysaccharide biosyn-
thesis, and dental biofilm formation. Although this targeted analysis provided biologically
relevant insight into functional remodeling following periodontal therapy, it does not
capture the full spectrum of microbial metabolic pathways enabled by whole-metagenome
sequencing. Furthermore, functional analyses were based on genomic annotation rather
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than direct measurements of gene expression or metabolic activity. Future studies incor-
porating broader pathway-based functional analyses (e.g., KEGG, MetaCyc, eggNOG, or
Gene Ontology), together with metatranscriptomic or metabolomic approaches and larger
longitudinal cohorts with multiple post-treatment sampling time points, will provide a
more comprehensive understanding of the molecular mechanisms underlying microbiome
recovery following periodontal therapy.

4. Materials and Methods
4.1. Study Cohorts

The research protocol was approved by the Committee for the Protection of Human
Subjects at the University of Texas Health Science Center, Houston (IRB number: HSC-DB-
17-0636) [14,15]. Participants were recruited during routine dental visits in a clinic in the
School of Dentistry, University of Texas Health Science Center, Houston, between 2017 and
2022. Clinical oral examinations were conducted by trained dental examiners, who were
also faculty members of the School of Dentistry. The examiners are calibrated annually
in the diagnosis of periodontitis. Individuals aged 21–75 years were screened at baseline
(before any periodontal treatment) after the initial periodontal examination, including
determination of the PI and BOP [25]. Radiographs were conducted to assess bone loss.
All enrolled participants were diagnosed with Stage II or III generalized periodontitis,
regardless of their grade, based on the 2017 World Workshop Classification [26,27]. The
enrolled patients also met the following criteria: ≤4 tooth loss due to periodontitis, inter-
dental CAL ≥ 3 mm and PD ≥ 5 mm at two or more teeth in different quadrants, and
radiographic bone loss ≥ 15%. Other criteria for study participation were as follows: (1) no
SRP within the previous year or periodontal surgeries in the previous five years; (2) no an-
tibiotic therapy in the previous six months; (3) no pregnancy. Information on demographics
and self-reported dental and medical histories of the participants were obtained from the
electronic health records.

4.2. Dental Plaque Sample Collection

Dental plaque samples, including supra and subgingival dental plaques, were collected
at baseline and three or four months after non-surgical SRP treatment by board-certified pe-
riodontists using sterile paper points prior to any dental treatment and labeled numerically
according to the sampling sequences. The paper points were placed in ≥5 mm pockets
in different quadrants for 1 min, then immediately immersed in an Eppendorf tube con-
taining 0.5 mL of Tris-EDTA (TE) buffer (pH 7.5) [28]. Bacterial pellets were harvested by
centrifugation and then resuspended in 100 µL TE buffer. Samples were stored at −80 ◦C
until use.

4.3. Library Construction, Quality Control, and Sequencing

To perform shotgun metagenomic sequencing, dental plaque samples were shipped
on dry ice to Novogene Co., Ltd. (Sacramento, CA, USA). Genomic DNA from the samples
was randomly sheared to an average fragment size of approximately 350 bp using a Covaris
ultrasonic disruptor. Sequencing libraries were subsequently prepared via end repair,
A-tailing, adapter ligation, purification, and PCR amplification. Fragment integrity and
insert size distribution of the resulting libraries were evaluated using a Fragment Analyzer
(Agilent Technologies, Santa Clara, CA, USA). Libraries meeting the target insert size
criteria were quantified using qPCR; only those with an effective concentration > 3 nM
were advanced for sequencing.

A total of 78 quality-validated metagenomic libraries were pooled and sequenced on
NovaSeq (Illumina, San Diego, CA, USA) using a 150 bp paired-end (PE150) strategy. High
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sequencing quality and base-calling accuracy were maintained across all runs, with Q20
and Q30 quality scores consistently exceeding 96% and 91%, respectively.

4.4. Data Preprocessing

The raw sequencing reads were preprocessed using the fastp software (version 0.23.1)
to remove low-quality sequences and adapters [29]. Paired-end reads were discarded if
either read met any of the following criteria: (i) contained adapter contamination; (ii) con-
tained more than 10% ambiguous nucleotides (N); or (iii) contained more than 50% low-
quality bases with a Phred quality score below 5. To eliminate host DNA contamination,
clean reads were aligned to the human reference genome, and all reads that mapped to it
were filtered out. Bowtie2 (version 2.2.4) was used for host read filtering with the param-
eters --end-to-end, --sensitive, -I 200, and -X 400 [30]. The resulting non-host reads were
retained for subsequent metagenomic analyses.

4.5. Gene Prediction and Abundance Analysis

Clean reads were assembled into contigs using MEGAHIT (version 1.2.9) [31]. Contigs
shorter than 500 bp were removed before gene prediction. The software MetaGeneMark
(version 2.1) was used in default settings to predict open reading frames (ORFs) from
assembled contigs [32]. ORFs shorter than 100 nucleotides were excluded. Then, these
ORFs underwent dereplication using CD-HIT (version 4.5.8) to create non-redundant gene
catalogues [33,34]. Clean data were then mapped to the gene catalogues using Bowtie2 to
quantify gene abundance. This abundance was calculated based on the number of mapped
reads and gene length, using the following formula:

Gk =
rk
Lk

1
∑n

i=1
ri
Li

(1)

where r represents the number of mapped reads and L represents gene length. Downstream
analyses were performed based on the abundance of the gene catalogues.

4.6. Species Annotation

Taxonomic annotation was performed using DIAMOND software (version 0.9.9.110) [35]
to align predicted protein sequences against the MicroNR database (version 2024.03),
which contains bacterial, archaeal, fungal, and viral sequences derived from the NCBI non-
redundant (NR) database. Sequence alignments were conducted using the blastp algorithm
with an E-value cutoff of 1 × 10−5. Taxonomic assignments were determined using the
Lowest Common Ancestor (LCA) algorithm implemented in MEGAN (version 6) [36].

Gene abundance estimates were aggregated to generate abundance tables at the
kingdom, phylum, class, order, family, genus, and species levels. Taxonomic profiles were
summarized to generate relative abundance plots, and differences in microbial community
composition and taxonomic abundance between groups were evaluated using multivariate
and differential abundance analyses.

4.7. Functional Analysis

Functional annotation was performed by aligning predicted protein sequences against
the CAZy database (version: 2024.03) [37], using DIAMOND (version 0.9.9.110) with the
blastp algorithm and an E-value cutoff of 1 × 10−5 [35]. For each predicted gene, the
best alignment hit was retained for functional annotation. The relative abundance of
each carbohydrate-active enzyme was calculated as the sum of the abundances of genes
assigned to the corresponding enzyme category. Differentially abundant carbohydrate-
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active enzymes between the pre-treatment and post-treatment groups were identified based
on their relative abundances and visualized using relative abundance plots.

4.8. Statistical Analysis

Continuous clinical variables are presented as mean ± standard deviation (SD). Pre-
treatment and post-treatment periodontal parameters, including BOP, PI, PD, and CAL,
were compared using paired t-tests. For these clinical outcomes, effect sizes are reported
as mean paired differences with 95% confidence intervals (CIs) together with p-values.
Microbial species and carbohydrate-active enzyme abundances were compared between
paired pre- and post-treatment samples using the two-sided Wilcoxon signed-rank test.
Differences in microbial community composition were evaluated using ANOSIM imple-
mented in the R package vegan (version 2.3-5). ANOSIM is a nonparametric test based
on ranked dissimilarity. To account for multiple comparisons, p-values from species and
CAZy enzyme analyses were adjusted using the Benjamini–Hochberg FDR procedure, and
FDR-adjusted p-values < 0.05 were considered statistically significant.

5. Conclusions
This study demonstrates that non-surgical periodontal therapy (SRP) is associated with

coordinated taxonomic and predicted functional remodeling of the dental plaque micro-
biome. Whole-metagenome shotgun sequencing revealed increased microbial richness and
significant shifts in community composition following treatment, characterized by suppres-
sion of disease-associated taxa and enrichment of health-associated early colonizers. Func-
tional annotation further identified treatment-associated changes in carbohydrate-active
enzymes, suggesting that microbial recovery involves not only taxonomic restructuring but
also alterations in the predicted metabolic capacity of the oral microbiome. Collectively,
these findings provide a more comprehensive understanding of microbiome remodeling
following periodontal therapy and demonstrate the value of whole-metagenome shot-
gun sequencing for investigating both microbial composition and functional responses
to treatment.
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Abbreviations
The following abbreviations are used in this manuscript:

CAL Clinical attachment level
CAZy Carbohydrate-Active Enzymes
FDR False discovery rate
IQR Interquartile range
PD Probing depth
PI Plaque index
SRP Scaling and root planing

Appendix A

Table A1. Comparison of median bacterial species abundance between pre- and post-treatment
dental plaque microbiomes.

Selected Species
Median Abundance/Sample Count

Fold Change
(P/M) +

Unadjusted
p-Value *

FDR-Adjusted
p-Value *Pre-Treatment (P) Post-Treatment (M)

Propionibacterium acidifaciens 943/39 1640/39 0.741 0.099 0.152

Porphyromonas endodontalis 46,972/39 85,730/39 0.944 0.411 0.543

Alloprevotella tannerae 101,737/39 93,864/39 1.714 0.664 0.744

Prevotella denticola 25,466/39 64,690/39 0.633 0.460 0.586

Prevotella nigrescens 73,978/39 175,288/39 0.707 0.595 0.697

Actinomyces johnsonii 5684/39 26,254/39 0.105 <0.001 <0.001

Neisseria bacilliformis 410/39 413/39 1.012 0.896 0.966

Streptococcus mutans 579/39 1712/39 0.262 <0.001 <0.001

Actinomyces gerencseriae 36,251/39 55,369/39 0.580 0.008 0.018

Fusobacterium nucleatum 79,924/39 205,525/39 0.541 0.075 0.121

Actinomyces oris 40,372/39 365,369/39 0.099 <0.001 <0.001

Actinomyces israelii 5684/39 26,254/39 0.312 <0.001 <0.001

Parvimonas micra 19,160/39 95,792/39 0.213 <0.001 <0.001

Olsenella sp. Oral taxon 807 43,726/39 136,675/39 0.279 <0.001 <0.001

Unclasssified [Eubacterium] brachy 167,093/39 129,484/39 0.227 <0.001 <0.001

Prevotella intermedia 46,707/39 55,216/39 0.812 0.918 0.966

Actinomyces naeslundii 24,433/39 118,406/39 0.137 <0.001 0.000

Actinomyces dentalis 80,396/39 125,627/39 0.221 0.011 0.023

Olsenella uli 7572/39 21,262/39 0.450 0.114 0.162

Streptococcus gordonii 30,373/39 29,898/39 0.759 0.114 0.162

Fusobacterium periodonticum 2780/39 6555/39 0.377 0.012 0.023

Uncultured Fretibacterium sp. 167,093/39 129,484/39 1.662 0.070 0.118

Tannerella forsythia 125,518/39 73,645/39 2.258 0.046 0.081

Bacteroidetes oral taxon 274 19,539/39 24,082/39 0.731 1.000 1.000

Hoylesella pleuritidis 11,636/39 5519/39 1.869 0.033 0.062

Desulfobulbus oralis 23,949/39 5915/39 2.571 0.171 0.235

Filifactor alocis 13,698/39 16,929/39 1.261 0.530 0.653

Fructilactobacillus sanfranciscensis 0/13 0/0 0.001 0.004

Prevotella multiformis 7380/39 8466/39 0.929 0.940 0.966

Porphyromonas gingivalis 48,081/39 19,977/39 2.554 0.001 0.004
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Table A1. Cont.

Selected Species
Median Abundance/Sample Count Fold Change

(P/M) +
Unadjusted

p-Value *
FDR-Adjusted

p-Value *Pre-Treatment (P) Post-Treatment (M)

Lactobacillus crispatus 494,887/39 204,434/39 1.629 <0.001 <0.001

Escherichia coli 1,313,740/39 497,095/39 1.916 <0.001 0.002

burkholderia multivorans 405,525/39 183,080/39 1.577 0.002 0.004

Aggregatibacter
actinomycetemcomitans 329/35 258/36 1.036 0.603 0.697

Streptococcus cristatus 10,330/39 18,624/36 0.547 0.002 0.004
+ Fold change was calculated for each patient as the ratio of pre-treatment to post-treatment abundance (P/M), and
the median paired ratio is reported. Values > 1 indicate higher abundance before treatment, whereas values < 1
indicate higher abundance after treatment. * Statistical significance was assessed using the two-sided Wilcoxon
signed-rank test. Raw p-values were adjusted for multiple comparisons using the Benjamini–Hochberg false
discovery rate (FDR) procedure. Both the raw p-values and the FDR-adjusted p-values are reported.

Table A2. Differentially abundant carbohydrate-active enzymes (CAZy) identified in pre- and
post-treatment dental plaque microbiomes.

Enzyme (EC Number)
Median Abundance (log10 + 1) +

Median Fold
Change (P/M) *

Unadjusted
p-Value #

FDR-Adjusted
p-Value #Pre-Treatment (P) Post-Treatment (M)

Dol-P-Man
alpha-1,4-mannosyltransferase

(EC 2.4.1.-)
1.88 (36) 1.55 (38) 1.777 (36) 0.003 0.003

hyaluronan synthase (EC
2.4.1.212) 5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

beta-1,4-mannan synthase (EC
2.4.1.-) 5.02 (39) 5.38 (35) 0.686 (39) <0.001 <0.001

beta-1,3-glucanase (EC 3.2.1.-) 0.00 (13) 1.20 (39) 0.000 (13) <0.001 <0.001

[inverting] UDP-Glc: protein
O-beta-glucosyltransferase (EC

2.4.1.-)
5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

UDP-Galf: galactofuranosyl-
galactofuranosyl-rhamnosyl-N-

acetylglucosaminyl-PP-
decaprenol
beta-1,5_1,6-

galactofuranosyltransferase (EC
2.4.1.288)

5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

alternating
beta-1,3_4-N-acetylmannan

synthase (2.4.1.-)_ UDP-GlcA: N-
acetylglucosaminyl-proteoglycan
beta-1,4-glucuronosyltransferase

(EC 2.4.1.225)

5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

chitin synthase (EC 2.4.1.16) 5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

dTDP-L-Rha:
N-acetylglucosaminyl-PP-

decaprenol
alpha-1,3-L-

rhamnosyltransferase (EC
2.4.1.289)

5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

[inverting] UDP-Glc: glycocin
S-beta-glucosyltransferase (EC

2.4.1.-)
5.02 (39) 5.38 (39) 0.686 (39) <0.001 <0.001

+ Abundances are presented as medians. Sample count is shown in parentheses within the cell. * Fold change
was calculated for each patient as the ratio of pre-treatment to post-treatment abundance (P/M), and the median
paired ratio is reported. Values > 1 indicate higher abundance before treatment, whereas values < 1 indicate higher
abundance after treatment. # Statistical significance was assessed using the two-sided Wilcoxon signed-rank test.
Raw p-values were adjusted for multiple comparisons using the Benjamini–Hochberg false discovery rate (FDR)
procedure. Both the raw p-values and the FDR-adjusted p-values are reported.
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