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Abstract

Background The stability of temporary anchorage devices (TADs) is critical in orthodontic clinics. The failure of TADs
is multifactorial, and the role of the oral microbiome has not been clearly defined. Herein, we attempted to analyze
the contribution of the oral microbiome to the failure of TADs.

Methods Next-generation sequencing was adopted for analyzing the microbiome on the TADs from orthodontic
patients. 29 TADs (15 failed TADs and 14 successful TADs) were used for 16S rRNA gene sequencing. A total of 135
TADs (62 failed TADs and 73 successful TADs) were collected to conduct metagenomic sequencing. Additionally, 34
verified samples (18 failed TADs and 16 successful TADs) were collected for quantitative real-time polymerase chain
reaction analysis (QRT-PCR).

Results Successful and failed TADs demonstrated discrepancies in microbiome structure, composition, and func-
tion. Clear separations were found in 3-diversity in 16S rRNA gene sequencing as well as metagenomic sequencing
(p<0.05). Metagenomic sequencing showed that Prevotella intermedia, Eikenella corrodens, Parvimonas spp., Neisseria
elongata, and Catonella morbi were enriched in the failed groups. gRT-PCR also demonstrated that the absolute bac-
teria load of Prevotella intermedia was higher in failed TADs (p < 0.05). Considering functional aspects, the failed group
showed enriched genes involved in flagellar assembly, bacterial chemotaxis, and oxidative phosphorylation.

Conclusions This study illustrated the compositional and functional differences of microorganisms found on suc-
cessful and failed TADs, indicating that controlling bacterial adhesion on the surface of TADs is essential for their suc-
cess rate.
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The stability of TADs is the premise for their strong
anchorage function. However, mobility and failure of
TADs are much higher than in dental implants. The fail-
ure rate of TADs is 10%-20% [3, 4], posing a great chal-
lenge to orthodontists, and the elevated level of failure
reduces orthodontic efficacy. Factors that contribute to
TAD failure are complicated and ambiguous. Several
factors have been reported to be related to TAD failure,
including site-related factors, implant-related factors,
TAD design, loading force application, and inflammation
around the TAD [5-9].

The oral cavity is a unique microenvironment, which
harbors distinct microbial communities. The deleterious
shift of the microbiota balance is generally recognized as
an oral disease driver [10]. In the disease model of peri-
odontitis and peri-implantitis, microbiomes could induce
host inflammatory responses and eventually cause bone
resorption in surrounding areas. However, TADs dif-
fer from the dental implant in the insertion site as well
as the non-osseointegration healing process. Therefore,
the evidence of microorganisms’ negative effects on den-
tal implants might not be applied to TADs. In the case
of TADs, it has been suggested that microbiota dysbiosis
could hamper the healing process after the insertion of
TADs. The insertion process itself triggers host inflam-
matory responses. If bacterial invasion occurs during
the healing process, loss of stability might happen [11].
In order to verify this hypothesis, previous studies have
attempted to detect pathogenic bacteria around failed
TADs with polymerase chain reaction (PCR) and check-
erboard DNA-DNA hybridization technique but failed
to build up the connection [12-14]. Previous work has
only focused on the abundance and detection rate of sin-
gle bacteria, however, the phylogenetic and functional
composition changes of microbiota around failed TADs
remain obscure.

With the rapid development of sequencing technol-
ogy, new strategies have been implemented for unveil-
ing the relationship between the microbiome and oral
health. Next-generation sequencing (NGS) enables us to
gain overall perspectives of oral diseases, including peri-
odontitis, peri-implantitis, dental caries, apical abscesses,
and oral cancers [15—17]. In this study, we use 16S rRNA
sequencing, which could reflect the overall picture of the
microbiome on TADs. Metagenomic sequencing was
also carried out to provide specific insights into phyloge-
netic assessments and functional analysis.

Therefore, we hypothesized that there were different
microbiota colonized around TADs under different stable
conditions. The objective of our study was to reveal the
differences in the structure, composition, and function
of microbiome colonized around TADs between failed
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and successful TADs with amplicon sequencing and
metagenomic sequencing.

Methods

Patients recruitment and sample selection

All participants were orthodontic patients under treat-
ment at the Peking University School and Hospital of
Stomatology. TADs were applied as anchorage reinforce-
ment during their treatment. Informed consent forms
were signed by all participants enrolled in the study.
The Ethics Committee of the Peking University School
and Hospital of Stomatology approved the study under
PKUSSIRB-202060204. TADs were grouped as failed
and successful TADs. Failed TADs were defined as TADs
showing severe mobility with signs of inflammation and
were unable to serve as anchorage devices before the
end of the treatment. Successful TADs conversely main-
tained stability until the end of the treatment. No signs of
inflammation or infection were observed.

All participants were selected under the following con-
ditions: (1) 12—45-year-old individuals; (2) received peri-
odontal examination and were suitable for orthodontic
treatment; (3) non-smokers and did not consume alco-
hol; (4) physically healthy with no concomitant disease;
(5) not pregnant; (6) no antibiotic intake three months
prior to treatment.

Self-drilling TADs were implanted by several experi-
enced orthodontists using the same surgical technique.
The titanium TADs were 7 mm or 8 mm in length,
1.5 mm in diameter, and manufactured by Zhongbang
Medical Treatment Appliance in Xi'an, China. TADs
attained primary stability right after implantation. There
was no tooth root damage observed. All participants
were asked to brush the TAD twice a day. The TADs were
all loaded one month after implantation. The “Micropo-
wer” package (http://github.com/brendankelly/micro
power) was used to assess the sample size. Demographic
parameters including age, sex, oral hygiene condition,
periodontal condition, and Angle’s classification were
recorded.

DNA extraction
After removal, TADs were immersed in 500 pL normal
saline solution in the nonpyrogenic microcentrifuge
tubes. The solutions were collected and stored at— 80
°C for further analysis. The test tubes were sonicated for
20 min in an ultrasonic machine (SB-3200DTN, Ningbo,
China) before extraction. The microcentrifuge tubes were
later centrifuged for 15 min at 8,000 rpm. The pellet was
then used for DNA extraction.

The pellet was incubated for 30 min at 37 °C after add-
ing 180 L lysozyme (Solarbio, Beijing, China). Genomic
DNA was extracted using a QIAamp DNA Mini Kit
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(QIAGEN, Hilden, Germany) according to the manu-
facturer’s instructions. The purity and integrity of DNA
were examined using a Nanodrop 8000 spectrophotom-
eter (Thermo Fisher Scientific, Carlsbad, California) and
by 1% agarose gel electrophoresis.

16S rRNA gene sequencing and analysis

Amplification of V3-V4 region of the bacterial 16S
ribosomal DNA was carried out by PCR using prim-
ers 341F (5-CCTACGGGRSGCAGCAG-3’) and 806R
(5-GGACTACVVGGGTATCTAATC-3’) in a total reac-
tion volume of 30 uL (15 uL KAPA Library Amplifica-
tion ReadyMix, 1 pL primer, 50 ng template DNA, and
ddH20 to volume). Thermocycling conditions included
an initial denaturation step at 95 °C for 3 min, then 30
cycles of 20 s at 98 °C, 15 s at 58 °C, and 20 s at 72 °C,
with a final 5-s extension at 72 °C. A 2% agarose gel was
used to separate PCR products and an AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA,
USA) was used to extract amplicons. Invitrogen’s Qubit
2.0 library was used to quantify the library. Sequencing
was performed on an Illumina MiSeq platform (Illumina,
San Diego, CA, USA) according to standard procedures
(2 x 250 bp paired-end) after amplicons were pooled to
equalize concentrations.

Vsearch (version 2.15) was used to merge raw paired-
end sequences based on their overlapped tags. A
maximum of five mismatches was allowed. After demul-
tiplexing, Vsearch was then able to obtain clean reads
by removing the barcode and primers, with an error
rate no higher than 1%. Unoise3 in USEARCH (ver-
sion.10) denoised the data into amplicon sequence vari-
ance (ASV). Vsearch then created the feature table and
detected and removed the chimeras. We referred to the
RDP Classifier [18] and the Human Oral Microbiome
Database (HOMD) [19] as database sources.

The downstream analysis was started by randomly
rarefying the pre-processing sequences to combat the
effects of the variable sequencing depths. We adopted
Usearch to calculate a-diversity indices and p-diversity
indices. R package ‘Amplicon’ (https://github.com/micro
biota/amplicon) was used to perform principal coordi-
nate analysis (PCoA). ASVs were further categorized into
microbial taxa (kingdom, phylum, class, order, family,
and genus).

Metagenomic sequencing and analysis

Mlumina MiSeq platform (Illumina, San Diego, CA,
USA) was used for the sequencing and PE150 strategies
were used. DNA libraries were constructed by insert-
ing approximately 500 bp per sample under the guid-
ance of the [llumina TruSeq DNA Sample Prep v2 Guide
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(Ilumina, Inc., San Diego, CA, USA). Agilent 2100 bio-
analyzer (Agilent Technologies,Wokingham, UK) and
the Agilent 2100 DNA 1000 kit were used to assess the
quality of the library. The sequence depth of each sample
must be at least 5 Gbp. [llumina raw reads were screened
based on the presence of the following conditions: (1)
adaptor contamination; (2) low quality (Q<20) bases;
(3) more than three ambiguous N bases; (4) high-quality
bases (Phred score>20)<60%. After screening, SOA-
Paligner (version 2.21) was used to align clean reads to
bacterial genome sequences deposited in the National
Center for Biotechnology Information GenBank. Reads
that aligned to the host genome were abated.

SOAPaligner 2.21 was used to detect bacteria, viruses,
fungi, and archaea in the NCBI database (https://ncbi.
nlm.nih.gov/). The aligned reads were then further clas-
sified into microbial taxa for downstream analysis. Spe-
cies identification was also performed using Kraken2
(ver.2) with the miniKraken database (https://ccb.jhu.
edu/software/kraken2/). The number of species that were
detected in each sample was counted. a-diversity indices
and p-diversity indices were calculated after rarefication
according to Liu et al.[20].

SOAPdenovo (Version 1.05) was used to preprocess
reads, which were then assembled for each sample using
a series of k-mers (51, 55, 59, 63). Assembled scaffolds
were then divided into contigs at ambiguous Ns. Contigs
with a minimum size of 500 bp were retained for analysis,
and N50 k-mers were selected for final assembly. Meta-
GeneMark software (http://exon.gatech.edu/GeneMark/
metagenome/Prediction/) was used to predict open read-
ing frames (ORFs) in the assembled scaffolds, and ORFs
with less than 100 bp were trimmed. CD-HIT (ver 4.5.7)
was used to determine the non-redundant gene catalog
based on a pair-wise comparison of predicted ORFs (gene
length >100 bp). Redundant sequences were considered
when the two sequences with coverage>90% and iden-
tity >95%. The longer one was regarded as the represent-
ative. The final non-redundant gene catalog contained
1,704,942 ORFs with an average length of 570.8 bp.

By using SOAPaligner, the reads were aligned to the
genes in the nonredundant catalog. The calculation of
gene abundance was carried out according to Qin et al.
[21]. Annotations were made to genes using BLAST (Ver-
sion 2.2.28 +) against the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database (https://www.genome.jp/
kegg/brite.html). We accumulated the relative abundance
of all orthologous genes to produce the relative abun-
dance of each KEGG ortholog.

Statistical analysis
Student’s t-test was implemented to determine age vari-
ations between groups. Fisher’s exact test and Pearson’s
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chi-squared test were performed to evaluate sex varia-
tions, oral hygiene conditions, periodontal conditions,
and Angle’s classification. We have conducted the MaAs-
Lin (Multivariate Analysis by Linear Models) (http://
huttenhower.sph.harvard.edu/galaxy/) to address poten-
tial biases. Similarly, Wilcoxon’s test was used to com-
pare TAD retention days in the oral cavity. Differences in
a-diversity indices were compared using Student’s t-test.
[B-diversity variations were measured by pairwise permu-
tational multivariate analysis variance (PERMANOVA)
through the “Vegan” package (https://cran.r-project.org/
web/packages/vegan/index.html). The Receiver Operat-
ing Characteristic curve (ROC curve) was generated by
SPSS (ver.26) and was visualized by Graphpad (ver.9.0).
Wilcoxon’s test was used to determine differential spe-
cies and functions between groups. Correlation between
bacteria was measured with Spearman’s correlation coef-
ficients. We employed Cytoscape (ver. 3.5.1) to demon-
strate the inter-species correlations through the network.
P <0.05 was considered statistically significant.

Quantitive real-time PCR (qRT-PCR) analysis

In order to quantify the bacterial load, universal primers
and specific primers targeting Prevotella intermedia were
selected [22]. The universal primers were 8F-AGAGTT
TGATCMTGGCTCAG and 361R-CYIACTGCTGCC
TCCCGTAG [23]. Specific primers for Prevotella inter-
media were F-CGTACGGGAGTGTTACTGACG and
R-CTTTCGCTTAGCCGCTAACG [24]. The amount
of DNA in the samples was adjusted to 10 ng/uL. Each
qRT-PCR was performed with 2 biological replicates.
The qRT-PCR reactions were performed in 20 pL reac-
tion volumes and contained 10 pl Fast Power SYBR green
PCR Master Mix, 1 uM of each primer pair, 1 ul DNA
template and ddH2O to volume. The thermocycler con-
ditions included a denaturation step for 2 min at 95 °C,
then 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The
DNA of Porphyromonas gingivalis was used as a stand-
ard for total bacteria. The standard bacteria of Prevo-
tella intermedia and Porphyromonas gingivalis were
10,000 pg/pL, 1,000 pg/puL, 100 pg/uL, and 10 pg/pL, and
these concentrations were used to produce a standard
curve. The mean value was used for analysis. Wilcoxon’s
test was used to determine the significance of differences.

Results

Sample information

We collected 29 TADs (15 failed TADs from 15 patients
and 14 successful TADs from 14 patients) for 16S rRNA
gene sequencing. For the metagenomic analysis, 135
TADs were collected (62 failed TADs from 47 patients
and 73 successful TADs from 40 patients). In order to
meet the DNA quantity requirement of metagenomic
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sequencing, we merged 10-12 TADs into one sample,
producing six samples in the failed group and six sam-
ples in the successful group. Another 34 verified TADs
(18 failed TADs from 14 patients and 16 successful TADs
from 15 patients) were collected for qRT-PCR. Demo-
graphic parameters for 16S rRNA gene sequencing,
metagenomic analysis, and qRT-PCR analysis are listed
in Tables 1, 2, and 3. No difference was observed in age,
sex, oral hygiene conditions, periodontal conditions,
and Angle’s classification between groups. No detection
between microbial measurements and clinical metadata
(age, oral hygiene condition, periodontal condition, and
Angle’s classification) was found in the MaAsLin analysis.
The TAD retention time in the oral cavity was shorter in
the failed group (p<0.001). The design and flow path of
our experiments are shown in Fig. 1.

Diversity of successful and failed TADs

When processing 16S rRNA gene sequencing, 840,667
clean reads were obtained. The sequences were 28,988 on
average, which eventually clustered to 1,084 ASVs.

We first evaluated a-diversity and p-diversity to reflect
overall differences (Fig. 2). Failed TADs presented lower
a-diversity in Richness and Shannon indexes. This dif-
ference, however, was not significant compared with
successful TADs (p=0.126, p=0.819) (Fig. 2A, B).
B-diversity revealed significant differences between failed
TADs and successful TADs. Bray Curtis distances as well
as weighted Unifrac distances demonstrated the two

Table 1 Demographic and clinical features of subjects under
16S rRNA sequencing

Variable Successful (h=14) Failed (n=15) P
Age (y) 27.50+7.66 25.13+£540 0.342
Sex ratio (male: 3 0:15 0.1
female)
Time in oral cavity (d) ~ 701.29+£320.65 161.80+£97.32 <0.001*
Oral hygiene condition 0.068
Good 4/14 2/15
Fair 7/14 13/15
Poor 3/14 0/15
Periodontal condition 0.710
Healthy 0/14 0/15
Gingivitis 6/14 5/15
Periodontitis 8/14 10/15
Angle’s classification 0.857
| 2/14 4/15
Il 10/14 9/15
I 2/14 2/15

*Significant difference between successful and failed TADs
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Table 2 Demographic and clinical features of subjects under
metagenomic sequencing

Variable Successful (n=73) Failed(n=62) P
Age (y) 26631726 2621+£7.65 0.744
Sex ratio (male: 10:63 10:52 0.692
female)
Time in oral cavity (d)  787.154+309.51 13446417654 <0.001*
Oral hygiene condi- 0.058
tion
Good 6/73 14/62
Fair 54/73 37/62
Poor 13/73 11/62
Periodontal condition 1.00
Healthy 10/73 9/62
Gingivitis 23/73 19/62
Periodontitis 40/73 34/62
Angle’s classification 0.288
| 25/73 14/62
I 40/73 42/62
1l 8/73 6/62

*Significant difference between successful and failed TADs

Table 3 Demographic and clinical features of subjects under

gRT-PCR
Variable Successful (n=16) Failed (n=18) P
Age (y) 30.56+7.81 2516+£7.87 0.054
Sex ratio (Male: 1:15 2:16 0.55
Female)
Timeinoral cavity (d)  717.31£321.51 2195421916  <0.001*
Oral hygiene condi- 0.113
tion
Good 4/16 3/18
Fair 9/16 15/18
Poor 3/16 0/18
Periodontal condition 0.778
Healthy 1/16 3/18
Gingivitis 5/16 4/18
Periodontitis 10/16 11/18
Angle’s classification 0.845
I 5/16 4/18
I 10/16 13/18
I 1/16 1/18

*Significant difference between successful and failed TADs

groups in separate clusters (p=0.049, p=0.033) (Fig. 2C,
D).

In the metagenomic analysis, a total of 353,606,794
clean reads were obtained. The sequences were
29,467,233 on average in the 12 samples. Failed TADs
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demonstrated significantly lower «o-diversity by the
Richness index (p=0.013) (Fig. 3A). No difference was
observed in the Shannon index (p=0.446) (Fig. 3B).
B-diversity based on Bray Curtis and Manhattan dis-
tances showed different group clusters (p=0.044,
p=0.015) (Fig. 3C, D). The failed TADs demonstrated
greater inter-group discrepancies.

In the amplicon sequencing, microbiome composition
was analyzed at the phyla and genera levels. At the phy-
lum level, Firmicutes, Bacteroidetes, Fusobacteria, and
Proteobacteria constituted the majority of the microbiota
on the TADs (Additional file 1: Fig. S1A). Fusobacterium,
Veillonella, Prevotella, Streptococcus, Leptotrichia, and
Selenomonas predominated at the genus level (Additional
file 1: Fig. S1B).

In metagenomic sequencing, 40 bacterial species were
identified with relative abundance greater than 0.5%.
Twenty-four bacterial species were found in both the
failed TADs and successful TADs. Nine bacterial spe-
cies were only found in the failed group and 7 bacterial
species were only found in the successful group, with a
relative abundance greater than 0.5% (Fig. 4A). The most
abundant species included Veillonella parvula, Haemo-
philus parainfluenzae, Actinomyces odontolyticus, Actin-
omyces israelii, and Streptococcus gordonii.

The successful and failed TAD-associated microbiota

We next compared the taxonomic composition of the
microbiomes between the successful and failed TADs.
We used Wilcoxon’s test to investigate the different spe-
cies between failed and successful TADs. Species with a
median relative abundance below 0.01% were excluded.
We found that in the failed group, Prevotella intermedia,
Eikenella corrodens, Parvimonas spp, Neisseria elongata,
and Catonella morbi were enriched. In the successful
group, Propionibacterium acidifaciens, Anaeroglobus
geminatus, Actinomyces dentalis, Prevotella oulorum,
Actinomyces massiliensis, Cardiobacterium hominis, She-
wanella sediminis, Ferrimonas balearica, Olsenella Pro-
fusa, and Prevotella salivae were enriched (p<0.05). The
difference demonstrated compositional changes in failed
TADs (Fig. 4B).

In order to distinguish the failed and successful TADs,
we conducted a Receiver Operating Characteristic (ROC)
analysis (Fig. 4C) with the relative abundance of Prevo-
tella intermedia. The model achieved an optimal area
under the curve (AUC) value of 0.861 (p=0.0374). The
result shows the high abundance of Prevotella intermedia
would be more likely to be found on failed TADs.

Defining the microbiome enriched in the failed group
might help develop targeted anti-microbiome coat-
ing materials on TADs or give us an early screening for
individuals whose TADs to be implanted are likely to
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fail. Aiming to verify whether Prevotella intermedia is
enriched in the failed group, we conducted qRT-PCR in
another sample group. The overall bacteria load showed
no difference between successful and failed TADs
(p=0.251) (Fig. 4D). In Prevotella intermedia, the detec-
tion rate was 50% in the failed group and 37.5% in the
successful group (p=0.510). The absolute quantification
of Prevotella intermedia was higher in detected samples
in the failed group (p =0.0048) (Fig. 4D).

The bacterial correlation analysis between successful

and failed TADs

In the exploration of the relationships between microbi-
ota species, we constructed a correlation network based
on relative abundance (Fig. 5). We calculated Spearman
correlations between species with relative abundance
greater than 0.5%. Spearman correlation coefficients > 0.4
and P-values<0.05 are shown in the network. From the
correlation network, successful TADs demonstrated
more complex relationships. On the contrary, failed
TADs demonstrated more concise relationships. Notably,
TADs in the failed group had stronger correlations with
periodontal disease-associated taxa, such as Fusobacte-
rium nucleatum, Filifactor alocis, Porphyromonas gingi-
valis, and Prevotella nigrescenis.

Gene function was correlated with microbiota analysis
on successful and failed TADs
We next compared the functional potentials of the
microbiomes found on TADs. The functional pathways of
the bacterial communities on TADs were also clearly dis-
tinctive for a-diversity indices (Gene numbers and Shan-
non) (p=0.031, p=0.030) (Fig. 6A, B) and B-diversity
index (p=0.049) (Fig. 6C). KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway compositions were
characterized on level 1 and level 2. Both groups were
enriched in carbohydrate metabolism, global and over-
view maps, amino acid metabolism, energy metabolism,
nucleotide metabolism, membrane transport, metabo-
lism of cofactors and vitamins, replication and repair,
translation, and lipid metabolism on level 2 (Fig. 6D, E).
We next investigated enriched microbial functions of
failed and successful TADs. The heatmap demonstrated
the enriched functions of failed TADs. Failed TADs
showed enriched KEGG pathways associated with bacte-
rial motility. The flagellar assembly and bacterial chem-
otaxis-associated genes, including flagellar hook protein
FIgE, flagellar motor switch protein FliG, flagellar L-ring
protein precursor FlgH, flagellar biosynthetic protein
FliP, flagellar basal-body rod protein FIgC, and flagellar
biosynthetic protein FliR, were considered pathogenic
(Fig. 7A). Failed TADs also showed enriched KEGG
pathways associated with oxidative phosphorylation.
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This mainly included NADH-quinone oxidoreductase
subunit J, NADH-quinone oxidoreductase subunit E, and
NADH-quinone oxidoreductase subunit K.

Discussion

TADs play an indispensable role in daily orthodontic
practice. This study demonstrated compositional, phylo-
genetic, and functional differences in the microbiomes
found on the surface of failed and successful TADs using
16S rRNA sequencing and metagenomic sequencing. A
clear separation was seen in the clustering of these two
groups, indicating differences in microbiome structure.
Prevotella intermedia, Eikenella corrodens, Parvimonas
spp., Neisseria elongata, and Catonella morbi were
enriched in the failed group. In the correlation analysis,
failed TADs demonstrated more simple inter-species
relationships compared with the successful group. Con-
sidering functional aspects, the failed group showed
enriched pathogenic genes involved in oxidative phos-
phorylation, flagellar assembly, and bacterial chemotaxis.
From this analysis, we demonstrated that bacterial and
functional dysbiosis occurred on failed TADs.

TADs were inserted trans-gingivally in the oral cav-
ity and were easily contaminated by oral microbiota.
Marked distinctions were observed for species associ-
ated with periodontitis and peri-implantitis compared
to healthy individuals based on microbiome analysis
[25]. Peri-implantitis is a polymicrobial disease caused
by plaque accumulation and retention. The ecological
imbalance around implants has been shown to be related
to abnormal changes in bacterial correlation, commu-
nity structure, and local stability [26, 27]. As TADs and
dental implants are all titanium, we hypothesized that
microbiome contamination around failed TADs might
occur. However, it is important to note that TADs and
dental implants are different in the insertion site. There
is also no osseointegration in the TAD insertion site.
Therefore, microorganisms inducing TAD failure might
not be analogous to peri-implantitis. In our study, Prevo-
tella intermedia, Eikenella corrodens, Neisseria elongata,
and Catonella morbi were enriched around failed TADs.
These bacteria were gram-negative species that could
induce host inflammation.

We observed different microbial compositions around
successful and failed TADs based on NGS technology.
The results of our study did not agree with the previ-
ous studies [12—14]. Other studies tried to explain TAD
failure from the perspective of well-known periodon-
tal pathogens. Tortamano et al. (2012) and Apel et al
(2009) implemented polymerase chain reaction (PCR)
to analyze failed TADs and successful TADs [12, 13],
but no statistical difference was found in the detection
rate of Porphyromonas gingivalis and Aggregatibacter
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actinomycetemcomitans, which are core members of
the microbiome in periodontitis and peri-implantitis
disease. Andrucioli et al. (2018) implemented a check-
erboard DNA-DNA hybridization technique to detect
the 40 bacterial species classified by microbial com-
plexes proposed by Socransky et al. [28] in periodon-
titis. These complexes included the actinomyces group,
purple, yellow, green, orange, and red complexes, and
other species. No significant difference was found with
respect to microbial complexes [14].

The reason for this disagreement may be due to the
implementation of PCR and checkerboard DNA-DNA
hybridization that could only detect well-known species
in the oral cavity. Moreover, the methods used in previous
research were not quantitative analyses. The implementa-
tion of next-generation sequencing, however, allowed us
to address the question from a macro perspective. We

discovered quantitative distinctions between the micro-
biome structure and composition of failed and successful
TADS. The application of NGS could also detect bacteria
that were not extensively studied before. The application
of NGS allowed us to discover Eikenella corrodens, Neis-
seria elongata, Catonella morbi in the oral cavity. Our
study utilized a significant sample size, with 135 TADs
incorporated for metagenomic sequencing. This sam-
ple size allowed for the amplification of small changes in
the microbiome communities. Microbiome sampling in
some of the previous studies relied on paper cones to col-
lect samples from the peri-implant sulcus. In our study,
TADs were removed and immediately immersed in a
normal saline solution. This sampling method optimized
the number of bacteria detected.

In addition, bacterial secretion of molecules, such
as lipopolysaccharides, lipoproteins, and lipopeptides,
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might contribute to the host inflammatory response and
induce the production of osteolytic agents that enhance
bone resorption [29]. These components could produce
an arsenal of virulence factors, such as lipopolysaccha-
rides, lectins, and cilia, that could directly destroy perio-
dontal tissue or stimulate the host immune-inflammatory
response and lead to bone destruction [30]. Studies have
highlighted the strong role of Prevotella intermedia in
peri-implantitis [31, 32]. Prevotella intermedia was pre-
sent in low abundance in TAD samples. However, path-
ogenic bacteria do not need large biomass to produce
marked effects. In the case of periodontitis, a low abun-
dance of pathogens might ensure higher community pro-
ductivity compared to dominant community members
[23].

Virulence related functional modules, namely flagellar
systems and bacterial chemotaxis, are important for bac-
terial colonization and infection. These functions were
shown to be upregulated in oral diseases such as perio-
dontitis [33]. In our analysis, genes related to these func-
tions were enriched in failed TADs. Bacterial swimming
and swarming are necessary for bacteria to live in various
environments and play multiple roles in pathogenesis,
including reaching optimal host location and invasion
[34]. There is a growing number of evidence that sug-
gest flagella motility, and chemotaxis are all critical to the
formation of biofilms in various stages [35]. The enrich-
ment of these functions on TAD plaque could poten-
tially increase plaque formation and induce instability
of TADs. In addition, we also detected enriched genes
for oxidative phosphorylation. NADH dehydrogenase is
the largest complex in the electron transport chain and
is very important for energy generation [36]. This study
found that NADH dehydrogenase-related genes in the
electron transport chain of the tricarboxylic acid cycle
were significantly increased in the biofilms on failed
TADs. Therefore, we speculate that energy metabolism
is more active in the failed TAD group. The mechanism
of how these pathways influenced the stability of TADs is
characterized in Fig. 7B.

In this analysis, we sought to relate the failure of
TADs with differences in the oral cavity microbiota
communities. The failure of TADs has multifactorial
etiologies, in which inflammation has been proven to
be an important cause. The elevated function of TAD
microorganisms could possibly trigger an immune
response from the host. Previous studies have detected
the expression of ILs, TNF-a, RANKL, MMP-2, and
MMP-9 via JNK, Erk1/2, Wnt5a, NF-kBp65, OPN, and
TAB/TAK signaling pathways and suggested IL-18
and IL-6 be the critical inflammation factors inducing
the inflammatory reaction surrounding implants [11].
Other studies have focused on the host MicroRNA
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expression and proposed miR-4291, miR-1245b-3p, and
miR-1825 as potential diagnostic markers and potential
therapeutic targets for inflammation around TAD [37].
The dynamics of TAD failure might not be similar to
that of periodontitis and peri-implantitis, as periodon-
titis and peri-implantitis generally take years to develop
while TADs only function during orthodontic treat-
ment, normally in a year or two. It has been suggested
that inflammation around TADs may not be primarily
caused by bacterial infection. On the other hand, it may
primarily be caused by foreign body implantation. The
bacterial infection could hamper the healing process
and provide a poor body-seal environment on the neck
of the TADs, further allowing for more bacterial inva-
sion and triggering host inflammatory responses [11,
38]. Our study showed that the dysbiosis of oral micro-
biota in failed TADs was not identical in each case. The
microflora of successful TADs was similar and stable,
as inter-group discrepancies were small and the pre-
dominant species showed strong correlations. In failed
TADs, the variation within the group was significant
and the correlations were weak. This result indicates
that a variety of pathogens could all contribute to the
failure of TADs. Therefore, it is critical to comprehend
the microbiological factors underlying TAD failure and
develop methods to reduce bacterial infection.

This study also had limitations. First, considering
the difficulties in acquiring the samples, the verifica-
tion sample size was rather limited. A larger popula-
tion is in need to testify to the potentially pathogenic
bacteria presented in this analysis. Second, this analy-
sis did not establish a link between microbiome infec-
tion, inflammation, and TAD stability. Exploration into
the mechanism behind the pathogenic effect of the
failure-associated species and pathways will improve
our knowledge of how microbiota communities influ-
ence TAD failure. This may lead to the development
of novel antibacterial materials and reduce the failure
rate of TADs. Additionally, it is very difficult to use the
traditional sampling method via a paper point for the
sampling of microbiomes around TAD due to the con-
straint of TAD size and the amount of DNA requested
for sequencing. Finally, just as studies in peri-implan-
titis [39], further investigation of the relationship
between the host immune molecules and specific taxa
will provide insights into the interactions between the
oral microbiome and the host immune system.

Conclusions

In conclusion, this analysis elucidated the overall com-
positional and functional differences of bacteria on
failed TADs and successful TADs by next-generation
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sequencing. This study highlights the importance of
controlling bacterial adhesion on TAD surfaces.
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