

[image: image1]
Influence of species composition and cultivation condition on peri-implant biofilm dysbiosis in vitro












	
	TYPE Original Research

PUBLISHED 04 September 2025
DOI 10.3389/froh.2025.1649419






[image: image2]

Influence of species composition and cultivation condition on peri-implant biofilm dysbiosis in vitro

Nils Heine1,2, Kristina Bittroff1,2, Szymon P. Szafrański1,2, Maya Duitscher1,2, Wiebke Behrens1,2, Clarissa Vollmer1,2, Carina Mikolai1,2, Nadine Kommerein1,2, Nicolas Debener3, Katharina Frings2,4, Alexander Heisterkamp2,4, Thomas Scheper2,3, Maria L. Torres-Mapa2,4, Janina Bahnemann5,6, Meike Stiesch1,2† and Katharina Doll-Nikutta1,2*†

1Department of Dental Prosthetics and Biomedical Materials Science, Hannover Medical School, Hannover, Germany

2Lower Saxony Center for Biomedical Technology, Implant Research and Development (NIFE), Hannover, Germany

3Institute of Technical Chemistry, Leibniz University Hannover, Hannover, Germany

4Institute of Quantum Optics, Leibniz University Hannover, Hannover, Germany

5Institute of Physics, University of Augsburg, Augsburg, Germany

6Centre for Advanced Analytics and Predictive Sciences (CAAPS), University of Augsburg, Augsburg, Germany

EDITED BY
Maribasappa Karched, Kuwait University, Kuwait

REVIEWED BY
Caroline Dini, Piracicaba Dental School - UNICAMP, Brazil
Gabrijela Begić, University of Rijeka, Croatia

*CORRESPONDENCE
Katharina Doll-Nikutta nikutta.katharina@mh-hannover.de

†These authors have contributed equally to this work

RECEIVED 18 June 2025
ACCEPTED 12 August 2025
PUBLISHED 04 September 2025

CITATION Heine N, Bittroff K, Szafrański SP, Duitscher M, Behrens W, Vollmer C, Mikolai C, Kommerein N, Debener N, Frings K, Heisterkamp A, Scheper T, Torres-Mapa ML, Bahnemann J, Stiesch M and Doll-Nikutta K (2025) Influence of species composition and cultivation condition on peri-implant biofilm dysbiosis in vitro.
Front. Oral Health 6:1649419.
doi: 10.3389/froh.2025.1649419

COPYRIGHT © 2025 Heine, Bittroff, Szafrański, Duitscher, Behrens, Vollmer, Mikolai, Kommerein, Debener, Frings, Heisterkamp, Scheper, Torres-Mapa, Bahnemann, Stiesch and Doll-Nikutta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Introduction: Changes in bacterial species composition within oral biofilms, known as biofilm dysbiosis, are associated with the development of severe oral diseases. To better understand this process and help establish early detection systems, models are needed which replicate oral biofilm dysbiosis in vitro – ideally by also mimicking natural salivary flow conditions.



Methods: For this purpose, the present study cultivated two different combinations of oral commensal and pathogenic strains – Streptococcus oralis, Actinomyces naeslundii, Veillonella dispar/parvula, Fusobacterium nucleatum and Porphyromonas gingivalis – comparatively within an established flow chamber model on the implant material titanium, and statically in 6-well plates for 21 days. Biofilm morphology, species distribution, and bacterial metabolism were analyzed by fluorescence microscopy, molecular biological methods, and metabolic interaction prediction.



Results: Biofilm growth and composition were strongly influenced by bacterial species selection, and to a more minor extent, by cultivation conditions. Within the model containing V. dispar and a laboratory P. gingivalis strain, a diversification of commensal species was observed over time along with a significantly reduced pH-value. In contrast, the model containing V. parvula and the clinical isolate P. gingivalis W83, a dysbiotic shift with increased pathogen levels, pH-value, and virulence factors was achieved.



Conclusion: Within the present study, different in vitro oral multispecies biofilm models were successfully developed. Depending on bacterial species selection, these models were able to depict the infection-associated dysbiotic shift in species composition under flow conditions solely by intrinsic interactions and without the use of external stimuli.
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1 Introduction

Bacterial biofilms of the oral cavity – also known as dental plaque – are associated with the development and progression of multiple oral diseases. These biofilms are formed by a multitude of oral bacterial species that adhere both to surfaces and to each other. These bacteria successfully protect themselves within an extracellular matrix, resulting in drastically increased tolerance towards the immune system and antibiotic treatment. In this regard, biofilm formation on dental implants in particular is closely linked to progressive diseases, since the implant lacks an innate immune response and other protective anatomical features (1). Peri-implant mucositis and peri-implantitis – analogous to gingivitis and periodontitis on natural teeth – are associated with severe inflammatory reactions that can lead to subsequent soft- and hard-tissue destruction. From the microbiological perspective, the progression of peri-implantitis/periodontitis is often accompanied by a notable shift in the biofilm species composition and activity (2). Whereas the initial commensal biofilm is dominated by mitis-group streptococci, Actinomyces and Veillonella species, advanced disease state biofilms frequently exhibit larger amounts of Prevotella and Peptostreptococacae species (2). This process of disease-associated changes in bacterial species composition is called bacterial dysbiosis.

To prevent the onset of peri-implantitis, early detection of bacterial dysbiosis would allow for a timely treatment that also circumvents tolerance development. However, the establishment of dysbiosis sensors – e.g., based on spectroscopy or chemometrics – requires reproducible in vitro models to serve as test systems. Oral multispecies biofilm in vitro models typically contain up to ten characteristic bacterial species that are either sampled from volunteers or commercially available type strains (3–5). These biofilms are grown on various materials (including implant-grade titanium) for several days or weeks under either static or salivary shear force-mimicking dynamic conditions (6, 7). One example is the Hannoverian Oral Multispecies Biofilm Implant Flow Chamber (HOBIC) model developed in our group, which contains the oral commensals Streptococcus oralis, Actinomyces naeslundii, Veillonella dispar as well as the oral pathogen Porphyromonas gingivalis (8). This four-species biofilm is grown on titanium discs in custom-made flow chambers designed for non-invasive microscopic readout. Within the incubation time of 24 h, reproducible biofilms of commensal composition are formed. In contrast, Siddiqui et al. have reported on a similar six-species biofilm model on titanium that was cultivated under static conditions for 21 days (6). Over time, a clear shift in bacterial species composition towards the increase of pathogenic species could be detected. However, this model lacks the naturally existing flow shear forces.

The aim of the present study was to advance the HOBIC model and reproduce the bacterial dysbiosis associated with peri-implantitis in vitro. For this purpose, two different five-species combinations were grown comparatively under both static and dynamic conditions over 21 days and analyzed for bacterial growth (optical density and pH development), biofilm morphology (live/dead fluorescence staining with confocal microscopy and digital image analysis) and species distribution (quantitative real-time PCR and fluorescence in situ hybridization). By this, the research hypotheses that (I) a bacterial shift can be introduced solely by increasing cultivation time as well as that (II) the shift depends on species composition and (III) cultivation conditions were addressed.



2 Materials and methods


2.1 Bacterial strains and culture conditions

Bacteria were routinely stored as glycerol stocks at −80°C. Veillonella dispar DSM 20735 (German Collection of Microorganisms and Cell Cultures GmbH, DSMZ, Braunschweig, Germany), Veillonella parvula ATCC® 17745™ (American Type Culture Collection, ATCC, Manassas, VA, USA), Fusobacterium nucleatum DSM 15643, Porphyromonas gingivalis DSM 20709 and Porphyromonas gingivalis ATCC W83, were streaked out on fastidious anaerobe agar (Lab M Ltd., Heywood, UK) plates supplemented with 5% defibrinated sheep blood (Thermo Fisher Scientific Inc., Waltham, MA, USA) and incubated at 37°C under anaerobic conditions, which were achieved using AnaeroGen™ bags (Thermo Fisher Scientific Inc.), for three days. Afterwards, colonies from the agar plates were transferred to liquid medium and cultured overnight in brain heart infusion medium (BHI, Oxoid Deutschland GmbH, Wesel, Germany) supplemented with 10 mg/L vitamin K (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) (BHI + VitK, V. dispar/parvula) or in fastidious anaerobe broth (Lab M Ltd., F. nucleatum and P. gingivalis) at 37°C under anaerobic conditions. Streptococcus oralis ATCC 9811™ and Actinomyces naeslundii DSM 43013 were cultured overnight in BHI + VitK at 37°C under anaerobic conditions.



2.2 Static biofilm growth in well plates

Bacterial overnight cultures were adjusted to an optical density at 600 nm (OD600) of 0.05 in BHI + VitK with 5 mg/L hemin (BHI + VitK/Hem, Sigma Aldrich, St. Louis, MO, USA), and mixed in two different five-species combinations: S. oralis, A. naeslundii and F. nucleatum were combined either with V. dispar and P gingivalis DSM 20709 (commensal model) or V. parvula and P. gingivalis ATCC W83 (dysbiotic model). 5 ml per well of the mixed suspension were directly added to polystyrene 6-well plates and incubated for 1, 3, 6, 10, 15, or 21 days at 37°C under anaerobic conditions. Every other day, half of the medium was replaced with fresh medium. Before analysis, biofilms were washed once with phosphate buffered saline (PBS, Sigma Aldrich).



2.3 Biofilm growth in the adaptive HOBIC model

The setup of the flow chamber system is shown in Figure 1A, and is based on the previously described “Hannoverian Oral Multispecies Biofilm Implant Flow Chamber (HOBIC)” model (8) with the following modifications: In this case, pH-sensitive flow-through cells connected to optical fibers (FTC-SU-LG1-S, PreSense Precision Sensing GmbH, Regensburg, Germany) were integrated behind the flow chambers. Grade 4 titanium discs (12 mm diameter, 1.5 mm height, Ra = 0.31 µm) were submerged in artificial saliva (850 mg/L mucin, 10 µg/ml lysozyme, 1 mg/ml α-amylase, 40 µg/ml albumin) during sterile assembly of the chambers. Then, the chambers were integrated into the system and 2.1 ml per strain with OD600 of 0.05 were added to 1.5 L BHI + VitK/Hem in the bioreactor. In addition to the previously described HOBIC model (8), F. nucleatum was added as fifth bacterium to the inoculum for both combinations and V. dispar and P. gingivalis20709 were replaced by V. parvula and P. gingivalisW83 as “dysbiotic” strain combination. After 24 h of cultivation with 100 µl/min at 37°C under anaerobic conditions, the components up to the bubble trap (Figure 1A) were replaced with new sterile parts, except for the OD measuring bypass. The system was then run for 20 additional days with sterile 1:2 diluted medium. On day 1, 3, 6, 10, 15, and 21, chambers were washed with PBS for 30 min at 100 µl/min before subjected to further analysis. Optical density of the first 24 h and pH development were recorded with N = 5 replicates per condition. Statistical comparisons of each parameter between the models at individual time points were done using 2-way ANOVA with Śidák's correction for multiple comparison.


[image: Diagram labeled \"A\" shows a flow system with components: collection bottle, bubble trap, peristaltic pump, flow chamber, pH sensor, OD measurement, and bioreactor. Inset details the flow chamber. Graph \"B\" displays optical density over time for dysbiotic and commensal models, with dysbiotic model showing higher readings.]
FIGURE 1
Bacterial growth in the hannoverian oral multispecies biofilm implant flow chamber (HOBIC) model. (A) Schematics of the flow chamber system with indicated components. Blue arrows indicate flow direction with 100 µl/min. Created with BioRender, Winkel. A. (2025) https://BioRender.com/ d73y389. (B) Bacterial growth curves (mean ± standard deviation) of commensal and dysbiotic species composition within the first 24 h in the bioreactor measured by an inline photometer at λ = 600 nm. Significant differences (*) between the commensal and dysbiotic model after 18 and 24 h could be identified with p ≤ 0.05 (N = 5).




2.4 Live/dead staining and microscopic analysis

Static and flow chamber biofilms were stained using SYTO®9 and propidium iodide (PI) of the LIVE/DEAD® BacLight™ Bacterial Viability Kit (Life Technologies, Darmstadt, Germany) at a concentration of 1:2000 of the stock solutions in PBS, followed by fixation with 2.5% glutardialdehyde. For staining of flow chamber biofilms, the dye and fixation solutions were pumped through the system as previously described (8). Likewise, confocal laser-scanning microscopy was done using established protocols (8). For the HOBIC systems, from day 6 onwards, images were taken from the cover slip downwards rather than directly on the titanium surface, since the laser could not reach through the thick biofilm. From at least N = 15 images per condition, biofilm volume and live/dead distribution were quantified using the software Imaris (v8.4.1, Bitplane AG, Zurich, Switzerland). For statistical analysis, biofilm volume data were tested for normal distribution using D'Agostino & Pearson Omnibus Normality test followed by Kruskal–Wallis test with Dunn's multiple comparison correction. Biofilm viability data were tested using 2-way ANOVA with Tukey's multiple comparison test.



2.5 PMA treatment, DNA extraction, and qRT-PCR

After microscopy, the biofilm inside the chambers was harvested and either directly frozen or subjected to additional PMA treatment (9). Following washing with PBS, bacteria were incubated with 0.2 mM PMAxx™ (Biotium, Inc., Fremont, CA, USA) for 10 min at 4°C, and then again for 20 min in the PMA-Lite™ LED Photolysis Device (Biotium, Inc.). DNA was extracted using a customized protocol which deploys a combination of enzymatic lysis, mechanical disruption, and column-based DNA isolation. Bacterial sample material was initially treated with 450 µl lysozyme solution [20 mg/ml lysozyme (Merck, Darmstadt, Germany) in 20 mM Tris HCl, pH 8.0; 2 mM EDTA; 1,2% Triton] for two hours at 37°C. After addition of 50 µl Proteinase K and 500 µl AL buffer (both Qiagen, Hilden, Germany), treatment was extended for 30 min at 56°C and 15 min at 95°C. The complete sample material was then transferred to Lysing Matrix E tubes (MP Biomedicals, Eschwege, Germany) and mechanically disrupted in three cycles of 6,500 rpm for 30 s in a Precellys 24 homogenizer (Bertin Technologies, Frankfurt am Main, Germany), punctuated with cooling on ice for five minutes in between cycles. Finally, beads and debris were sedimented by centrifugation (5 min, 14,000 × g), and the cleared supernatant was mixed 1:1 with 100% ethanol. Subsequent steps were performed with the QIAamp Mini Kit (Qiagen) according to the manufacturer's protocol “DNA Purification from Blood or Body Fluids” – starting with the application to the spin columns. To reduce the risk of contamination, a new collection tube was used after each of the kit-specific wash steps. DNA was eluted with 50 µl of PCR-grade water and stored at −20°C until further usage.

Quantitative real-time PCR and calculation of respective cell numbers and relative species distribution were performed as described by Kommerein et al. (9) using the SYBR Green reaction mix (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) and the LightCycler 96 (Roche Holding GmbH, Grenzach-Wyhlen, Germany) with N = 9 replicates per condition. Primer pairs, reaction components, cycle conditions and genome weight per cell are all given in the Supplementary Tables S1–S4, respectively. Statistical comparisons for individual species development over time was done using 2-way ANOVA with Dunnett's test for multiple comparison.



2.6 Fluorescence-In-situ-hybridization

To prepare HOBIC samples for representative fluorescence in situ hybridization (FISH), 50% (v/v) ethanol was pumped through the system for 20 min with a flow rate of 250 μl/min, after which the ethanol filled chambers were removed from the system and then stored at 4°C overnight to fixate the bacteria. The chambers were then opened, and the titanium specimen were transferred to a 6-well plate and left to dry under sterile conditions. FISH staining and CLSM analysis were performed as previously reported (8, 10). Briefly, 1 g/L lysozyme (Merck) treatment at 37°C for 10 min was used to disrupt cell membranes. Lysis was stopped with pure ethanol, samples were dried and then stained with six fluorescently labeled 16S rRNA probes (Supplementary Table S5) in hybridization buffer at 46°C for 30 min. F. nucleatum was targeted by two probes that shared the same nucleotide sequence, but were labeled with different dyes – resulting in co-localized blue and red fluorescence. Afterwards, samples were washed several times and analyzed by CLSM. A 630-fold magnification was used to take image stacks with an xy-size of 185 × 185 µm2 and a 2 µm z-step-size. Scanning was done sequentially per frame. The first sequence used a 405 nm and a 552 nm laser for excitation, and detected blue and yellow signals in the wavelength ranges 413–477 nm and 576–648 nm, respectively. During the second sequence, a 488 nm and a 638 nm laser were used to excite the samples, and emission detection was done in the wavelength ranges 509–576 nm and 648–777 nm for green and red signals, respectively.



2.7 Gingipain-specific enzyme-linked immunosorbent assay (ELISA)

Supernatants of the HOBIC model flow chambers were collected, frozen, and used for gingipain protein quantification using the human P. gingivalis-specific IgG antibody ELISA kit (Huangshi INS Biological Technology Co., Ltd., Huangshi, China). Analysis of N = 9 replicates was done according to the manufacturer's protocol – but with the samples being additionally incubated for 1 h at room temperature followed by 3 washing steps before addition of the detection antibody. Statistical comparisons of gingipain concentration between the models at individual time points was done using 2-way ANOVA with Śidák's correction for multiple comparison.



2.8 Literature-based metabolic interaction prediction

The potential of biofilm members to engage in metabolic and enzyme-based interspecies interactions was inferred using a custom database (11). Interaction data were sourced from the literature and subjected to manual curation (12, 13). Custom-designed graphs were employed to visualize the interaction networks.



2.9 Statistical analysis

Data presentation and statistical analysis were done using GraphPad Prism 8.4 (GraphPad Software Inc., San Diego, CA, USA). Statistical test details can be found in the respective methods section. Family-wise significance level was defined with α = 0.05.




3 Results


3.1 Time-dependent biofilm growth and viability

Initial bacterial growth in the bioreactor was monitored using inline optical density measurement, and showed typical bacterial growth curves with significantly increased growth of the dysbiotic model (Figures 1A,B). Subsequent biofilm growth on titanium discs was then analyzed by fluorescence staining and confocal microscopy. Within both commensal models, the biofilm volume significantly decreased after one day, and then re-established until day 10 (Figure 2A, Supplementary Table S6). This development was more pronounced in the commensal HOBIC model. In contrast, the biofilm volume of both dysbiotic models significantly increased after day 1, reaching a plateau at day 6 (HOBIC system) and day 15 (static system), respectively (Figure 2A, Supplementary Table S6). Biofilm viability – analyzed by fluorescence-based membrane integrity – was observed to significantly decrease over time for all cultivation conditions except for the static commensal model (Figures 2A,B, Supplementary Table S7). Viability development thereby replicates the respective biofilm volume pattern.


[image: Graphs and images show biofilm development in commensal and dysbiotic models under static and HOBIC cultivation over 21 days. Part A depicts box plots and bar graphs of biofilm volume and membrane distribution percentages. Part B displays microscopic images of biofilm at days 1, 6, and 21, highlighting green intact and red damaged areas.]
FIGURE 2
Biofilm volume and viability development over time of the different oral multispecies models. (A) Tukey box plots of biofilm volume per image (each left) and mean ± standard deviation of membrane-based biofilm viability (each right) of the commensal and dysbiotic models during static and HOBIC cultivation over time analyzed by fluorescence staining and CLSM. Results of statistical evaluation are given in Supplementary Tables S6, S7. (B) Representative 3D reconstructed CLSM images of the commensal and dysbiotic HOBIC model at different time points. Green fluorescence indicates viable cells with intact membrane, whereas red/yellow fluorescence indicates cells with damaged membrane.




3.2 Cultivation condition-dependent species composition

Time-dependent species composition (both, viable and total count) was analyzed by DNA isolation and qRT-PCR as well as FISH staining, and these analyses revealed clear differences between the commensal and dysbiotic model (Figures 3A,B, Supplementary Figure S1). The changes in bacterial species distribution were more pronounced for viable cells (Figure 3) than for the total count (Supplementary Figure S1). Within the commensal HOBIC model, viable S. oralis was the initially dominant species, although its amount significantly decreased over time from approx. 70% to merely 35% (Supplementary Table S8). Within the commensal static model, this decrease was also observed – but only from day 6. Initially, V. dispar was the dominant species, but was then gradually replaced by S. oralis up until day 6. Afterwards, V. dispar's distribution remained on average stable at 30% within both commensal models. In parallel, A. naeslundii established itself with prolonged incubation to approx. 30%. F. nucelatum and P. gingivalis were almost undetectable in both commensal models. In contrast, total and viable species distribution of the dysbiotic model differed remarkably (Figures 3A,B, Supplementary Figure S1). For the static system, V. parvula remained the dominant species independent of incubation time (50%–60%), followed by P. gingivalis (25%), F. nucleatum (20%), and only a very low amount S. oralis and A. naeslundii. In the HOBIC system, the initially dominant V. parvula significantly decreased from approx. 95% to 20% (Supplementary Table S8), while A. naeslundii, F. nucleatum and P. gingivalis successively increased from day 6, 10, and 21, respectively, up to 15%–30% (Figure 3B).


[image: Panel A displays four graphs showing microbial distribution percentages over time under static and HOBIC cultivation for commensal and dysbiotic models. B shows fluorescence images comparing microbial communities on Days 1, 6, 10, 15, and 21 for both models, with varying colors indicating different microbial species.]
FIGURE 3
Viable bacterial species distribution over time of the different oral multispecies biofilm models. (A) Tukey box plots of individual species distributions of the commensal and dysbiotic models during static and HOBIC cultivation over time quantified by qRT-PCR with PMA pre-treatment. Results of statistical evaluation are given in Supplementary Table S8. (B) Representative FISH images of the commensal and dysbiotic HOBIC model at different time points. Color coding is similar to those of (A).




3.3 Species composition-dependent biofilm metabolism

Within the commensal and dysbiotic HOBIC models, pH-values and P. gingivalis gingipain protein concentration over time were determined by optical fiber measurement and ELISA, respectively, and showed clear differences (Figures 4A,B). For the commensal model, pH-values initially dropped below pH 6.0, sharply increased upon medium change at day 1, and then established itself at approx. pH 6.3. In contrast, for the dysbiotic model, pH-values only dropped to pH 6.3 and then gradually increased to pH 6.9 by day 21. These higher pH-values showed a tendency to explicitly increase the growth of the dysbiotic model's P. gingivalis strain (Supplementary Figure S2A). In line with these observations, the amount of gingipain protein significantly increased over time only within the dysbiotic model (Figure 4B). To account for these differences, literature-based prediction of metabolic interactions between the six bacterial species was performed (Figure 4C). Based on the available nutrients from the culture medium, the species could engage in multiple food chain and enzyme sharing behaviors, with peptides, glucose, vitamins and other growth factors produced by S. oralis, A. naeslundii and V. dispar/parvula and then utilized by F. nucleatum and P. gingivalis. Whereas for V. dispar and V. parvula generally similar metabolic pathways could be found, only V. parvula could have the capability of de novo thiamine (vitamin B1) synthesis. However, although the dysbiotic model's P. gingivalis strain showed increased overall growth compared to the commensal model's strain, no growth difference in Veillonella-preconditioned medium could be detected (Supplementary Figure S2B).


[image: Graphical representation of a study on dysbiotic and commensal models over 21 days. Panel A shows pH levels; the dysbiotic model is higher than the commensal. Panel B shows gingipain concentration, with the dysbiotic model increasing while the commensal remains low. Panel C depicts metabolic interactions among oral bacteria and various compounds, illustrating nutrient exchanges and enzymatic activities. Legends clarify species, metabolites, and culture medium components.]
FIGURE 4
Bacterial metabolism of the different oral multispecies biofilm models. Mean ± standard deviation of (A) pH values and (B) gingipain protein concentrations over time in the commensal and dysbiotic HOBIC models. The peak in pH value after day 1 results from the change to fresh, sterile medium. Statistically significant differences with p ≤ 0.05 are marked with (*) (N = 5 for pH, N = 9 for gingipain). (C) Potential metabolic interactions between the different bacterial species interfered using a custom-made database (11) summarizing curated phenotypic information (12, 13). Nodes representing species were placed on an arbitrary circle.





4 Discussion

Early detection of oral biofilm dysbiosis on dental implants can prevent the development of severe infections like peri-implantitis. To help establish dysbiosis sensors, however, reliable in vitro models must first be developed for use as test systems. Within the present study, the existing HOBIC model was successfully adapted to reproduce bacterial dysbiosis for this purpose. With regard to the initial research hypotheses, this model helped to confirm that the dysbiotic shift depended both on the selected bacterial species as well as on the cultivation conditions.

The bacterial characteristic oral species selected for this study were S. oralis, A. naeslundii, V. dispar or V. parvula, F. nucleatum, and P. gingivalis. All genera but Fusobacterium were already included in the previous HOBIC model (8, 9). S. oralis and A. naeslundii are among the dominant primary oral colonizers associated with oral health (2). V. dispar and V. parvula are part of the core microbiome, co-aggregate with S. oralis and A. naeslundii, and metabolize lactate produced by them (2, 14). P. gingivalis is part of the red complex bacteria and associated with periodontitis and peri-implantitis (2). As the biofilm of the initial HOBIC model mainly consisted of S. oralis, A. naeslundii, and V. dispar, and contained only a small proportion of P. gingivalis, it depicts an early commensal oral biofilm (8, 9). To support the dysbiotic shift, F. nucleatum was added as fifth bacterium in this study. The species is considered a central bridging bacterium between commensal and dysbiotic strains as it co-aggregates with bacteria of both groups (2). The species selection closely matched those of other commensal and dysbiotic oral biofilm models (5–7, 15). Blank et al., Sanchez et al. and Siddiqui et al. used S. oralis, A. naeslundii, V. parvula, F. nucleatum, P. gingivalis, and, in contrast to this study, additionally Aggregatibacter actinomycetemcomitans for their dysbiotic/pathogenic biofilm models (5–7). Zhang et al. combined Streptococcus mitis, A. naeslundii, V. parvula, F. nucleatum, and Campylobacter gracilis with P. gingivalis or Prevotella intermedia to obtain commensal and pathogenic biofilm compositions (15). Therefore, all models integrated species from different Socransky complexes (16), with similar species of the “red” (P. gingivalis) and “orange” (F. nucleatum) complexes associated with periodontitis, and slight variation in the selection of species from complexes associated with periodontal health. However, currently several hundred species have been identified in the oral cavity that synergistically and antagonistically interact with each other (2). Thus, it bears noting that all models remain simplifications of the natural microbiome complexity. All results generated by these in vitro models – including their interspecies interactions as well as interactions with the underlying surface and the surrounding – should therefore be interpreted with this limitation in mind and need to be verified by in vivo studies before (clinical) application. In addition, the presented bacterial dysbiosis model does not include any clinically relevant interactions with human cells, most importantly immune cells secreting antibacterial defensins. Recent in vitro studies have shown that the interaction of bacteria and human cells can drastically influence the effects of antibacterial substances (17, 18). To take this important aspect into account, cellular influence within the presented biofilm model should be studied by incubation with preconditioned supernatant or direct bacteria-cell co-culture in the future.

Biofilm growth of the selected bacteria was done in full medium supplemented with vitamin K and hemin with all bacterial species inoculated at the same time. These conditions are similar to several other dysbiosis/pathogenic biofilm models (5–7, 19) and support the growth of the pathogenic species P. gingivalis as identified in preliminary experiments. Within this experimental setup, the dysbiotic shift was induced by intrinsic bacterial interactions only, closely replicating natural oral conditions. In contrast, in the biofilm models of Dalwai et al. and Thurnheer et al., dysbiosis was induced by changing cultivation medium (increasing the volume of serum in modified saliva medium or artificial crevicular fluid) and reducing oxygen concentration alongside with inoculating bacterial species sequentially from commensals to pathogens (4, 20). Whereas these approaches offer the possibility of external control and analysis of the effect of each individual change, the setup selected here is inherently more beneficial for observing intrinsic processes – a pre-requirement for the development of dysbiosis sensors.

Biofilms in the HOBIC model were cultivated on saliva pre-conditioned titanium surfaces, whereas static biofilms were directly cultivated on polystyrene well plates. Most other biofilm models used saliva-coated hydroxyapatite as substratum, while Siddiqui et al. used titanium and zirconium without conditioning and Dalwai et al. used saliva-coated polystyrene plates (3–7, 15). Although the underlying surface significantly influences the initial bacterial adhesion, the effect on multilayered biofilm formation is typically considered lower. For example, whereas saliva coating influenced the first seconds of S. oralis adhesion forces on hydroxyapatite and resin surfaces, an effect on prolonged bacterial adhesion could not always be detected (21–23). In addition, the established four-species HOBIC model has already shown similar species distributions for growth on polystyrene, titanium and glass surfaces (8, 9, 24). Changes in biofilm composition are, thus, most probably not related to the material substrate. However, there is at least a limited number of studies that showed a dependency of healthy and pathogenic species distribution on the underlying topography (25, 26). Therefore, the difference in this parameter has to be kept in mind when comparing the results of the static and HOBIC model in the following and it should be addressed in further studies.

Over the incubation time of 21 days, biofilm volume increased for the dysbiotic model only, reaching a plateau after 6 days. This growth pattern has also been observed for other models with a similar dysbiotic species composition and cultivation time of more than 7 days, as well as for in situ grown biofilms on implant healing abutments (3, 6, 11). In comparison to the commensal model, the initial planktonic growth in the bioreactor of the HOBIC model, and the growth of V. parvula and P. gingivalisW83 at different pH (Supplementary Figure S2A) was found to be significantly higher. This makes the increased growth of these individual species the most likely reason for the elevated biofilm volume of the dysbiotic model. The parallel decrease of biofilm viability independently of the species composition is also in line with previous in vitro and in situ results (5, 7, 11), and most likely due to limited nutrient availability in deeper layers of the maturated biofilm.

The most obvious difference between the commensal and dysbiotic models lies in their divergent species composition. During the first days, the commensal model was dominated by S. oralis after a short initial establishing phase. In contrast, the dysbiotic model was initially dominated by V. parvula. Differing proportions of S. oralis and V. parvula have already been described in previous oral biofilm models – with studies showing an initial dominance of S. oralis (5), an initial dominance of V. parvula (7) or equal amounts of both species (3, 6). Their establishment is probably significantly influenced by the (pre-culture) cultivation conditions; however, the details of these alterations remain to be analyzed in future studies. The different proportions of S. oralis are also the most probable reason for the differences in pH-values measured in the HOBIC model. As indicated in the predicted metabolic interactions and known from literature (27), S. oralis utilizes carbohydrates from the medium to produce lactate via fermentation, causing strong medium acidification. In contrast, Veillonellaceae metabolize nutrients (including lactate) to less acidic acetate and propionate (28), resulting in higher pH-values in the medium.

With prolonged cultivation time, a diversification of commensal species was observed in the commensal model. In contrast, the dysbiotic model showed a notable increase in pathogenic species with reduced proportions of commensal strains. This observation is further supported by the increase in gingipain proteins, which are trypsin-like cysteine proteases that are among the most important P. gingivalis virulence factors (29). Since these models only differed in the Veillonella species and the P. gingivalis strain, their contribution seems to be crucial for the dysbiotic shift – at least within the limited setting of an in vitro experiment. Further evidence to support this observation can also be found in the literature: In a co-association study of Streptococcus mutans, Veillonella dispar and Veillonella parvula within the context of root caries, only V. parvula was found to support S. mutans growth in vitro (30). More importantly, a metatranscriptomic analysis of different oral in vitro biofilm models found that P. gingivalisW83 – a virulent strain which was also used for the dysbiotic model of this study – had a greater effect on biofilm dysbiosis than a lower virulent type strain by specifically influencing genes related to metabolic pathways and quorum sensing of several commensal species (15). An effect on the strain level would also be supported by the species-level metabolic interaction prediction of this study, where only a minor difference in thiamine (vitamin B1) production solely by V. parvula could be identified. Even though P. gingivalis could utilize vitamins produced by Veillonellaceae (31), they exhibit the enzymes for thiamine metabolism themselves according to KEGG-pathway analysis, and thus probably would not rely on cross-feeding by V. parvula. On the other hand, although P. gingivalisW83 showed increased growth compared to P. gingivalis20709, Veillonella-conditioned medium had no different effect on both strains. In summary, these results strongly underscore the importance of further analyzing metabolic interaction within oral microbial communities that seem to significantly contribute to dysbiosis development within basic research approaches. The models developed here can be used for initial insights as well as validation for this purpose.

Aside from strain selection, cultivation conditions also influenced bacterial species composition – albeit to a more minor extent. Previous oral biofilm dysbiosis models have been primarily conducted under static conditions, with only the model of Dalwai et al. being conducted in a bioreactor but with bacterial species being added sequentially (3–6). A direct comparison of static vs. dynamic cultivation conditions of the same biofilm model has not been conducted so far. For both the commensal and dysbiotic model of this study, changes in species composition were more pronounced in the dynamic HOBIC than the static system. During static cultivation (even though medium was exchanged every other day), metabolites accumulated within the biofilm, probably making metabolite-based changes of species composition slower or less pronounced. In contrast, during cultivation in the HOBIC system, medium is constantly replaced, thus, preventing the metabolites from accumulating to a greater degree which might very well induce changes in species composition.



5 Conclusion

Within the present study, different in vitro oral multispecies biofilm models were successfully developed. Depending on bacterial species selection, these models were able to depict the infection-associated dysbiotic shift in species composition solely by intrinsic interactions, and without any deployment of or reference to external stimuli. The different results between cultivation conditions offer the possibility for a number of different future application: For the direct comparison between commensal and dysbiotic biofilms, straightforward static cultivation can be used with species composition being already different after 24 h. In contrast, for the observation of the bacterial shift over time (for example by novel sensor systems), the dysbiotic HOBIC model is to be preferred. The results of this study also point towards the (current) limitations of in vitro models and the need for further in vivo studies that focus on examining how metabolic interactions on the strain level influence bacterial species composition. For the validation of these in vivo observations, we believe that the presented biofilm models will serve as a valuable tool.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

NH: Methodology, Investigation, Formal analysis, Writing – original draft, Writing – review & editing. KB: Writing – review & editing, Investigation. SS: Investigation, Writing – review & editing, Writing – original draft. MD: Writing – review & editing, Investigation. WB: Writing – review & editing, Methodology, Writing – original draft. CV: Investigation, Writing – review & editing. CM: Writing – review & editing, Supervision, Methodology. NK: Supervision, Writing – review & editing, Methodology. ND: Investigation, Writing – review & editing. KF: Writing – review & editing, Investigation. AH: Supervision, Writing – review & editing, Funding acquisition, Conceptualization. TS: Supervision, Writing – review & editing, Conceptualization, Funding acquisition. MT-M: Supervision, Writing – review & editing. JB: Supervision, Writing – review & editing. MS: Writing – review & editing, Supervision, Funding acquisition, Methodology, Conceptualization. KD-N: Conceptualization, Funding acquisition, Supervision, Methodology, Formal analysis, Investigation, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under the Collaborative Research Center SFB/TRR-298-SIIRI – Project ID 426335750.



Acknowledgments

The authors would like to additionally thank Wiebke Smolinski, Hanna Lena Thoms and Teresa Lea Ngyuen for excellent technical assistance and Dr. Andreas Winkel for providing the BioRender image of Figure 1A. This manuscript is available as a preprint on Research Square (19).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/froh.2025.1649419/full#supplementary-material



References


	1. Belibasakis GN. Microbiological and immuno-pathological aspects of peri-implant diseases. Arch Oral Biol. (2014) 59:66–72. doi: 10.1016/j.archoralbio.2013.09.013


	2. Colombo APV, Tanner ACR. The role of bacterial biofilms in dental caries and periodontal and peri-implant diseases: a historical perspective. J Dent Res. (2019) 98:373–85. doi: 10.1177/0022034519830686


	3. Thurnheer T, Bostanci N, Belibasakis GN. Microbial dynamics during conversion from supragingival to subgingival biofilms in an in vitro model. Mol Oral Microbiol. (2016) 31:125–35. doi: 10.1111/omi.12108


	4. Dalwai F, Spratt DA, Pratten J. Modeling shifts in microbial populations associated with health or disease. Appl Environ Microbiol. (2006) 72:3678–84. doi: 10.1128/AEM.72.5.3678-3684.2006


	5. Sanchez MC, Llama-Palacios A, Blanc V, Leon R, Herrera D, Sanz M. Structure, viability and bacterial kinetics of an in vitro biofilm model using six bacteria from the subgingival microbiota. J Periodontal Res. (2011) 46:252–60. doi: 10.1111/j.1600-0765.2010.01341.x


	6. Siddiqui DA, Fidai AB, Natarajan SG, Rodrigues DC. Succession of oral bacterial colonizers on dental implant materials: an in vitro biofilm model. Dent Mater. (2022) 38:384–96. doi: 10.1016/j.dental.2021.12.021


	7. Blanc V, Isabal S, Sanchez MC, Llama-Palacios A, Herrera D, Sanz M, et al. Characterization and application of a flow system for in vitro multispecies oral biofilm formation. J Periodontal Res. (2014) 49:323–32. doi: 10.1111/jre.12110


	8. Kommerein N, Doll K, Stumpp NS, Stiesch M. Development and characterization of an oral multispecies biofilm implant flow chamber model. PLoS One. (2018) 13:e0196967. doi: 10.1371/journal.pone.0196967


	9. Kommerein N, Stumpp SN, Musken M, Ehlert N, Winkel A, Haussler S, et al. An oral multispecies biofilm model for high content screening applications. PLoS One. (2017) 12:e0173973. doi: 10.1371/journal.pone.0173973


	10. Debener N, Heine N, Legutko B, Denkena B, Prasanthan V, Frings K, et al. Optically accessible, 3D-printed flow chamber with integrated sensors for the monitoring of oral multispecies biofilm growth in vitro. Front Bioeng Biotechnol. (2024) 12:1483200. doi: 10.3389/fbioe.2024.1483200


	11. Dieckow S, Szafranski SP, Grischke J, Qu T, Doll-Nikutta K, Steglich M, et al. Structure and composition of early biofilms formed on dental implants are complex, diverse, subject-specific and dynamic. NPJ Biofilms Microbiomes. (2024) 10:155–3. doi: 10.1038/s41522-024-00624-3


	12. Giacomini JJ, Torres-Morales J, Dewhirst FE, Borisy GG, Mark Welch JL. Site specialization of human oral veillonella species. Microbiol Spectr. (2023) 11:e0404222–22. doi: 10.1128/spectrum.04042-22


	13. Goodfellow M, Kämpfer P, Busse H-J, Trujillo ME, Suzuki K-i, Ludwig W, et al. Bergey’s Manual of Systematic Bacteriology. 3–5 ed. New York: Springer (2012). doi: 10.1007/978-0-387-68233-4


	14. Kolenbrander PE. Multispecies communities: interspecies interactions influence growth on saliva as sole nutritional source. Int J Oral Sci. (2011) 3:49–54. doi: 10.4248/IJOS11025


	15. Zhang Y, Shi W, Song Y, Wang J. Metatranscriptomic analysis of an in vitro biofilm model reveals strain-specific interactions among multiple bacterial species. J Oral Microbiol. (2019) 11:1599670. doi: 10.1080/20002297.2019.1599670


	16. Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RLJ. Microbial complexes in subgingival plaque. J Clin Periodontol. (1998) 25:134–44. doi: 10.1111/j.1600-051x.1998.tb02419.x


	17. Doll-Nikutta K, Heine N, Kheirmand-Parizi M, Stein F, Ulrich J, Rehbock C, et al. Bacteria-epithelial cell interaction influences cytotoxicity and antibacterial effect of silver-gold alloy nanoparticles on a species-specific level. ChemNanoMat. (2023) 10:e2023004. doi: 10.1002/cnma.202300400


	18. Kheirmand-Parizi M, Doll-Nikutta K, Mikolai C, Wirth D, Menzel H, Stiesch M. Dual antibacterial and soft-tissue-integrative effect of combined strontium acetate and silver nitrate on peri-implant environment: insights from multispecies biofilms and a 3D coculture model. ACS Appl Mater Interfaces. (2025) 17:26282–95. doi: 10.1021/acsami.5c01093


	19. Ghesquiere J, Simoens K, Koos E, Boon N, Teughels W, Bernaerts K. Spatiotemporal monitoring of a periodontal multispecies biofilm model: demonstration of prebiotic treatment responses. Appl Environ Microbiol. (2023) 89:e0108123–23. doi: 10.1128/aem.01081-23


	20. Thurnheer T, Gmur R, Guggenheim B. Multiplex FISH analysis of a six-species bacterial biofilm. J Microbiol Methods. (2004) 56:37–47. doi: 10.1016/j.mimet.2003.09.003


	21. Spengler C, Thewes N, Nolle F, Faidt T, Umanskaya N, Hannig M, et al. Enhanced adhesion of streptococcus mutans to hydroxyapatite after exposure to saliva. J Mol Recognit. (2017) 30. doi: 10.1002/jmr.2615


	22. Mei L, Busscher HJ, van der Mei HC, Chen Y, de Vries J, Ren Y. Oral bacterial adhesion forces to biomaterial surfaces constituting the bracket-adhesive-enamel junction in orthodontic treatment. Eur J Oral Sci. (2009) 117:419–26. doi: 10.1111/j.1600-0722.2009.00648.x


	23. Kunrath MF, Dahlin C. The impact of early saliva interaction on dental implants and biomaterials for oral regeneration: an overview. Int J Mol Sci. (2022) 23:2024. doi: 10.3390/ijms23042024


	24. Mikolai C, Kommerein N, Ingendoh-Tsakmakidis A, Winkel A, Falk C, Stiesch M. Early host microbe interaction in a periimplant oral mucosa-biofilm model. Cell Microbiol. (2020) 22:e13209. doi: 10.1111/cmi.13209


	25. de Campos Kajimoto N, de Paiva Buischi Y, Mohamadzadeh M, Loomer P. The oral microbiome of peri-implant health and disease: a narrative review. Dentistry Journal. (2024) 12:299. doi: 10.3390/dj12100299


	26. Sinjab K, Sawant S, Ou A, Fenno JC, Wang H, Kumar P. Impact of surface characteristics on the peri-implant microbiome in health and disease. J Periodontol. (2024) 95:244–55. doi: 10.1002/JPER.23-0205


	27. Sharma M, Lee LK, Carson MD, Park DS, An SW, Bovenkamp MG, et al. O-pH: optical pH monitor to measure dental biofilm acidity and assist in enamel health monitoring. IEEE Trans Biomed Eng. (2022) 69:2776–86. doi: 10.1109/TBME.2022.3153659


	28. Ng SK, Hamilton IR. Lactate metabolism by Veillonella parvula. J Bacteriol. (1971) 105:999–1005. doi: 10.1128/jb.105.3.999-1005.1971


	29. Guo Y, Nguyen K, Potem J. Dichotomy of gingipains action as virulence factors: from cleaving substrates with the precision of a surgeon’s knife to a meat chopper-like brutal degradation of proteins. Periodontol 2000. (2010) 54:15–44. doi: 10.1111/j.1600-0757.2010.00377.x


	30. Abram AM, Szewczyk MM, Park SG, Sam SS, Eldana HB, Koria FJ, et al. A co-association of streptococcus mutans and Veillonella parvula/dispar in root caries patients and in vitro biofilms. Infect Immun. (2022) 90:e0035522–22. doi: 10.1128/iai.00355-22


	31. Hojo K, Nagaoka S, Ohshima T, Maeda N. Bacterial interactions in dental biofilm development. J Dent Res. (2009) 88:982–90. doi: 10.1177/0022034509346811






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Influence of species composition and cultivation condition on peri-implant biofilm dysbiosis in vitro

		1 Introduction



		2 Materials and methods



		2.1 Bacterial strains and culture conditions



		2.2 Static biofilm growth in well plates



		2.3 Biofilm growth in the adaptive HOBIC model



		2.4 Live/dead staining and microscopic analysis



		2.5 PMA treatment, DNA extraction, and qRT-PCR



		2.6 Fluorescence-In-situ-hybridization



		2.7 Gingipain-specific enzyme-linked immunosorbent assay (ELISA)



		2.8 Literature-based metabolic interaction prediction



		2.9 Statistical analysis











		3 Results



		3.1 Time-dependent biofilm growth and viability



		3.2 Cultivation condition-dependent species composition



		3.3 Species composition-dependent biofilm metabolism











		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References




















OPS/images/cover.jpg
& frontiers | Frontiers in Oral Health

Influence of species composition and
cultivation condition on peri-implant biofilm
dysbiosis in vitro








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Oral Health





OPS/images/froh-06-1649419-g002.jpg
HOBIC Cultivation

Static Cultivation

<

SUBIQUIGI 1DEU) =l
sueiquop pobeweq mm

"
=
2
-
——
——
-
.
g8 8% 8
[%] uonnquisia
s
e
e
—H - ¢
£

—TH -

ousiquis el =m
sueiquialy pebeweq mm

o
10 15 21

T
3

T
1

HMHM

g 8 8 %

- [%] uonnqisia
— .
i

20

1.3 6 10 15 21
Time [days]

[oBewy,wrl] 401x awnion

.y 01X SWIN[OA wi

oueiquoyy e sueiquiyy 1oe
sueiquep pebeweq mm sueiquayy pabeweq I
| = — <
e SE—
2§ [Ei—
o =
ok S—
- [
— T
EE) 28888 °
[%] uonnquisia
s — <
L e
e e
E¥ HI-2
o —- e
g
© - HH ©
e .l”—. -

Time [days]

Time [days]

Time [days]

Day 21

Day 6

Day 1

I2POIN J190H
|esuawwiod

13POIN DIE0H
anolgsia





OPS/images/froh-06-1649419-g001.jpg
A

Flow Chamber m

OD Measurement

4

Collection Bottle Bubble Trap Peristaltic Pump

°
=

°
@

°
9

°

Optical Density at 600 nm

Dysbiotic Model
Commensal Model

T
12 18
Time [hours]





OPS/images/froh-06-1649419-g004.jpg
B 3
803.  Dysbiotic Model 5 197~ Dysbiotic Model * .
- Commensal Model i e Commensal Model T
3
& 6
4
£ 24
2
> v
@ 9 12
Time [days]
Thiarlr\ine Streptococcus -
(Vitamin B1) oralis — Culture medium
a y Albumin
e mylase
s / Beef heart infusion solids
PTS atass £ Brain infusion solids
/ arbon dioxide
sulfide % . DI‘ i-sodium phosphate
Veillonella [/ Ca gen Poroh H
i LA dio Glyco)Proteins: ofphyromonas emin,
p 1 dioxid (Gl )n nga e gingivalis Hydrogen
ik sidases ¥ sozyme
Glucose = e Proteose peplone
v Peptides Sodium ide
Lactate 3 Mucin
Vitamins asfs Nitrogen
o Vitamin K1
Acetate
Lot >0 mino
fac rm acids
rs| O a
B Legend
Species Metabolite
o
DNase Enzyme  Production/utilization
v

—
. @ —¢

Fusobacterium Actinomyces
atum ‘naeslundii





OPS/images/froh-06-1649419-g003.jpg
Commensal

HOBIC Model

HOBIC Model

Distribution [%]

Static Cultivation
1004 100
80-] £ 80
€
60-] £ 0
5
H
404 E ‘
K]
: ( ﬂ
T
21
Time [days] Time [days]
100+
£ a0
: !
2 60
]
H
i £ 4o
: @
178 54
ﬁ ot

Iy

Time [days]

Day 6

T T
6
Time [days]
Day 15

poom
b (I)

| I |
12

ralis
A. naeslundii
. dispar

F. nucleatum
P. gingivalisz070g

oralis

A. naeslundii
V. parvula

F. nucleatum
P. gingivalisgs





