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Background: Periodontitis, a chronic inflammatory oral infection is the outcome of disturbances in the homeostasis of the oral biofilm microbiota. A number of studies have found the occurrence of Prevotella species in elevated levels in periodontitis compared to healthy subjects. Even though different aspects of Prevotella as part of oral biofilm have been studied, in vitro biofilms formed by these species have not been characterized systematically. The objective of this study was to characterize biofilms formed by several Prevotella species and further to assess biofilm inhibition and detachment of preformed biofilms.

Methods: Biofilms were grown in 24-well plates containing brucella broth in anaerobic conditions for 3 days, and were quantified using crystal violet staining. Images of SYTO 9 Green fluorescent stained biofilms were captured using confocal microscopy. Biofilm inhibition and detachment by proteinase and DNase I was tested. The biochemical characterization included quantification of proteins and DNA in the biofilms and biofilm-supernatants.

Results: Prevotella loescheii, Prevotella oralis and Prevotella nigrescens showed highest biofilm formation. P. nigrescens formed significantly higher amounts of biofilms than P. loescheii (P = 0.005) and P. oralis (P = 0.0013). Inhibition of biofilm formation was significant only in the case of P. oralis when treated with proteinase (P = 0.037), whereas with DNase I treatment, the inhibition was not significant (P = 0.531). Overall, proteinase was more effective in biofilm detachment than DNase I. Protein and DNA content were higher in biofilm than the supernatant with the highest amounts found in P. nigrescens biofilm and supernatants. P. oralis biofilms appeared to secrete large amounts of proteins extracellularly into the biofilm-supernatants.

Conclusion: Significant differences among Prevotella species to form biofilms may imply their variable abilities to get integrated into oral biofilm communities. Of the species that were able to grow as biofilms, DNase I and proteinase inhibited the biofilm growth or were able to cause biofilm detachment.
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INTRODUCTION

Bacterial biofilms are complex, highly organized functional communities embedded in an organic matrix known as extracellular polymeric substance (EPS) [1, 2]. Biofilms play an important role in medicine in general as they are a common cause of nosocomial infections, which are a leading cause of death [3]. Moreover, they are difficult to treat and handle due to their increased resistance to antibiotics, making them a challenge in the medical field.

The wide spread distribution and easy accessibility of oral biofilms render them a suitable model system for studying bacterial adhesion, biofilm development, and antibiotic resistance. Dental plaques are structurally and functionally organized biofilms, which develop in an ordered fashion and contain diverse microbial communities. The microorganisms in these biofilms tightly bind to each other and to the solid surface of the tooth by means of the organic extracellular matrix.

Oral biofilms generally comprise of commensal oral microbiota. However, disturbances in the homeostasis of the microbiota can lead to opportunistic oral infections such as dental caries and periodontitis [4, 5].

Periodontitis is a chronic inflammatory disease characterized by severe inflammation of the periodontal tissue, progressive destruction of ligament fibers, as well as alveolar bone loss [6]. The disease is primarily related to chronic plaque accumulation in a susceptible host. Major bacterial species implicated in periodontitis are Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola [7]. The advent of high-throughput DNA sequencing technologies during the last decade have shown that the microbiota associated with periodontal disease is highly complex [8, 9]. A number of studies have found the occurrence of Prevotella species in elevated levels in periodontitis compared to healthy subjects [4, 10]. Further, presence of Prevotella has been positively correlated with clinical attachment loss [11], bleeding on probing [12], and periodontal inflammation [13]. Prevotella species are Gram-negative, non-motile, rod-shaped, singular cells that require strict anaerobic conditions for growth. In addition to oral infections, Prevotella species have been found in non-oral infections including abscesses, bacteremia, wound infections, bite infections, and genital tract infections.

Biofilm formation may be considered an important virulence trait of bacteria. For Prevotella species to survive in a complex and competitive oral environment, it is imperative that they can adhere to surfaces and integrate into oral biofilm. Previously, even though different aspects of Prevotella as part of oral biofilm have been studied [14, 15], in vitro biofilms formed by these species have not been characterized systematically. In clinically important systemic infections such as cystic fibrosis, proteinase treatment of the biofilms not only degrades proteins in the matrix, but also releases extracellular DNA (eDNA), which is targeted by using DNase I [16, 17]. Similar biofilm-modification approaches for oral biofilms could help in the development of newer treatment strategies for oral infections. Our aim was to characterize biofilms formed by several Prevotella species. We employed various methods to analyze biofilm contents, and then to investigate inhibition of biofilm formation and detachment of preformed biofilms.



METHODS


Bacterial Strains and Culture Conditions

Prevotella intermedia ATCC 25611, Prevotella nigrescens ATCC 33563, Prevotella loescheii CCUG 5914, Prevotella melaninogenica CCUG 4944, Prevotella oris CCUG 15405, Prevotella oralis CCUG 15408, Prevotella pallens CCUG 39484, Prevotella oulorum CCUG 54769 were cultured on brucella blood agar containing 5% sheep blood for 3–4 days at 37°C in anaerobic atmosphere (10% H2, 5% CO2, 85% N2) using Anoxomat™ Mark II anaerobic gas filling system (Mart Microbiology, Netherlands). Prior to using the cultures in experiments, each strain was observed under a stereo microscope for confirming the colony morphology and to ensure that plates were devoid of contaminant growth.



Biofilm Culture

Bacterial strains were cultured as described above. After that, a loopful of colonies from each strain was inoculated into the wells of a 24-well cell culture plate containing 1 ml brucella broth in each well. Wells with broth but no bacteria served as a negative control. The plates were incubated in anaerobic conditions as above for 3 days. At the end of incubation, supernatant broth was aspirated and the biofilms were washed once with sterile phosphate buffered saline (PBS) to remove unattached bacteria. Attached bacterial cells were fixed with methanol. The biofilms were subjected to quantification by various methods as below.



Biofilm Quantification Assay

Biofilms were washed and air-dried and stained using 0.1% crystal violet stain (Sigma) [18]. First, biofilms were fixed by incubating in 1 ml of methanol per well for 15 min at room temperature. After that, the methanol was removed and the plate was dried for 45 min at room temperature. One ml of 0.1% aqueous crystal violet stain was added to each well and the plates were incubated for 20 min at room temperature. Finally, the wells were washed 5 times with tap water ensuring the complete removal of stain traces, dried and destained by shaking for 5 min with 500 μl/well of 33% acetic acid. Absorbance of stained acetic acid was measured at 590 nm (iMarkTM Microplate Absorbance Reader, Hercules, California, USA).



Confocal Microscopy of Biofilms

For confocal imaging of the biofilms, all bacterial strains were grown as monospecies biofilms on Millicell® EZ slides (EMD Millipore, Burlington, Massachussetts, USA) with detachable wells. After incubating for 3 days, supernatant broth was removed and the biofilms were washed one time with 1 ml sterile PBS to remove unbound and loosely attached bacteria. The biofilms were then fixed by adding 1 ml 4% freshly prepared paraformaldehyde in PBS and incubated for 30 min at room temperature. After removing the fixative solution, the biofilms were washed again as above. The biofilms were stained by directly adding SYTO® 9 Green Fluorescent Nucleic Acid Stain (3.34 mM in DMSO) (Molecular Probes, Eugene, Oregon, USA) on to the biofilms. After a 15-min incubation in dark the staining solution was removed from the wells and the biofilms were washed as above. The polypropylene wells were detached by breaking the tabs and the slides were air-dried. A drop of mounting oil (Invitrogen) was placed on the biofilms and a cover glass placed. The stained biofilms were analyzed by confocal laser scanning microscopy (LSM 700, Carl Zeiss, Oberkochen, Germany).



Biofilm Inhibition Assay

Biofilm cultures were set up as described above. Stock solutions of proteinase and DNase I were prepared in sterile distilled water and 150 mM NaCl, respectively. In separate experiments, DNAse from bovine pancreas (EC number 3.1.21.1, Sigma) and Proteinase from Aspergillus melleus (EC number 232-642-4, Sigma) were added into broth at a concentration of 10, 25, and 50 μg/ml. The plates were incubated anaerobically and biofilm formation was quantified by crystal violet staining method as mentioned above.



Biofilm Detachment Assay

Prevotella biofilms were cultured in 24-well plates as described above. Wells were washed with sterile PBS once to remove loosely adherent cells. Wells were then filled with 500 μl of proteinase from Aspergillus melleus (10, 25, and 50 μg/ml) or DNase I from bovine pancreas (10, 25, and 50 μg/ml). Wells filled with water alone were used as negative controls. After incubating for 1 h at room temperature, wells were washed to remove loosely adherent cells and biofilms were quantified by crystal violet staining method as mentioned above.



Quantification of Protein and DNA Contents of Biofilms

Protein and DNA contents of the biofilms and biofilm-supernatants were quantified. Biofilms were grown in 100-mm cell culture polystyrene dishes in the same culture conditions as described above. The biofilms were washed with distilled water and the biofilm mass were removed with a cell scraper and collected in 5 ml of 0.9% NaCl. The biofilm suspension was homogenized by vigorous vortexing and divided into two parts. One half of the suspension was filtered through a 0.2 μm PES filter (EMD Millipore). Protein content of the filtered suspension (biofilm) and of the biofilm-supernatant was determined by a bicinchoninic acid assay (Pierce, Waltham, Massachussetts, USA). Bovine serum albumin was used for constructing a standard curve. DNA from the biofilms and biofilm-supernatants was purified using DNeasy DNA Purification Kit (Qiagen, Hilden, Germany) according to manufacturer's protocol. Quantities of the purified DNA were determined spectrophotometrically by measuring A260 on a Nanodrop instrument.



Statistics

Data were not normally distributed as determined by Skewness and Kurtosis values, Shapiro Wilkins P-values and histograms. Therefore, quantitative differences between the groups were compared by Mann Whitney U test. Statistical analysis was done using SPSS vs. 22 for Windows. All experiments were performed at least 3 times and in each experiment, biological and technical replicates were included. P-values lower than 0.05 are regarded statistically significant.




RESULTS


Biofilm Formation by Prevotella spp.

Of the eight Prevotella spp. that were tested for their biofilm forming abilities, P. oralis, P. loeschii and P. nigrescens showed the highest biofilm formation in an increasing order. Therefore, these three species were further studied for biofilm characterization. P. nigrescens exhibited significantly higher amount of biofilm than all other species including P. loescheii (P = 0.005) and P. oralis (P = 0.0013) (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) Biofilm forming abilities of eight Prevotella species. After growing static biofilm cultures for 3 days, a standard crystal violet staining technique was used for the quantification of the biofilm mass. Optical densities of the crystal violet solutions post-biofilm staining were measured at 590 nm. *P < 0.005, Mann Whitney. (B) Confocal microscopy images of the biofilms. P. loescheii, P. nigrescens, and P. oralis biofilms which were cultured on glass chambers and stained with SYTO 9 dye. The images show x-y-z projections for a 3D view.


Confocal microscopic images revealed that the three species, P. oralis, P. loeschii, and P. nigrescens formed dense and thick biofilms. The 3D images showed that the cells in the biofilms were arranged as clusters and isolated single cells (Figure 1B).



Biofilm Inhibition and Detachment

To determine how the addition of proteinase and DNase I influences the biofilm growth, the two enzymes were added at the beginning when the biofilm cultures were initiated. Whether proteinase and DNase I cause detachment of preformed biofilms was studied by treating the biofilms with different concentrations of the two enzymes.


Effect of Proteinase on Biofilm Inhibition and Detachment

The effect of proteinase treatment on the biofilm growth varied among species. In P. oralis, biofilm formation was inhibited at all concentrations of proteinase when compared to the untreated control; however, the inhibition was significant only at 10 μg/ml (P = 0.037) (Figure 2A). Further, increasing concentrations of proteinase did not seem to inhibit biofilm formation in a concentration dependent fashion; rather the inhibitory effect decreased with increasing proteinase concentrations. Proteinase treatment did not show an inhibitory activity on P. loescheii and P. nigrescens.


[image: Figure 2]
FIGURE 2. (A) Inhibition of biofilm formation by proteinase. The effect of proteinase treatment on the initiation and development of biofilms was studied. Different concentrations of proteinase were added to the biofilm culture medium at the same time as the inoculum and incubated as described in the methods section. Biofilm mass was quantified using crystal violet technique. *P < 0.005 Mann Whitney. (B) Detachment of preformed biofilms by proteinase. The effect of proteinase treatment on the preformed biofilms was studied. Different concentrations of proteinase were added to the biofilm culture medium at the same time as the inoculum and incubated as described in the methods section. Biofilm mass was quantified using crystal violet technique. *P < 0.005, Mann Whitney.


Detachment of P. oralis biofilm increased with increasing concentrations of proteinase (Figure 2B). The decrease in the biofilm mass of P. oralis following proteinase treatment was significant compared to the untreated control (P = 0.0038). No reduction in the biofilm amounts of P. loescheii or P. nigrescens was seen.



Effect DNase I on Biofilm Inhibition and Detachment

P. oralis biofilms showed a concentration dependent decrease in biofilm quantities upon treatment with DNase I (Figure 3A). However, even at the highest concentration of DNase I (50 μg/ml), the inhibition was not statistically significant compared to the untreated control (P = 0.531). While P. loescheii formed poor biofilms in these experiments, DNase I treatment seemed to enhance biofilm formation in P. nigrescens. Increasing concentrations of DNase I resulted in a significant increase of biofilm amounts of P. nigrescens (P = 0.009).


[image: Figure 3]
FIGURE 3. (A) Inhibition of biofilm formation by DNase I. The effect of DNase treatment on the initiation and development of biofilms was studied. Different concentrations of DNase were added to the biofilm culture medium at the same time as the inoculum and incubated as described in the methods section. Biofilm mass was quantified using crystal violet technique. *P < 0.005, Mann Whitney. (B) Detachment of preformed biofilms by DNase I. The effect of DNase treatment on the preformed biofilms was studied. Different concentrations of the enzyme were added to the biofilm culture medium at the same time as the inoculum and incubated as described in the methods section. Biofilm mass was quantified using crystal violet technique. *P < 0.005, Mann Whitney.


As seen in Figure 3B, DNase I treatment did not result in biofilm detachment of any species. P. oralis biofilms appeared to be increasing in quantities as the DNase I concentration increased. P. nigrescens formed higher amounts of biofilms upon DNase I treatment than the untreated control. P. loescheii showed poor biofilm growth in untreated and treated biofilms.




Biochemical Analysis of Biofilms

As seen in Table 1, mean (SD) biofilm protein concentration of P. nigrescens, which was highest of all, was 1,745 (271) μg per ml, followed by P. oralis, 1,416 (188) and P. loescheii, 1,070 (72) μg per ml. In the case of biofilm-supernatants, P. oralis exhibited highest protein amounts of 1,153 (564) μg per ml. Overall, the protein concentrations in biofilm mass were significantly higher than those of supernatants (P < 0.05). Highest concentrations of DNA were detected in P. nigrescens biofilm. Similar to protein amounts, biofilms showed a higher DNA content than the supernatants.


Table 1. Biochemical characterization of the Prevotella biofilms.
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DISCUSSION

In this study, using a simple crystal violet staining method, we tested eight Prevotella species for their ability to form biofilms on a polystyrene surface. We found that only three of the eight species, P. oralis, P. loeshii, and P. nigrescens, demonstrated ability to form biofilms.

Biofilm formation is generally regarded as a virulence strategy of bacteria. Biofilm formation renders the bacteria more resistant to antibacterial treatment including antibiotics, proteolytic enzymes and DNases compared to their planktonic counterparts, because the extracellular matrix of the biofilm functions as a critical barrier that limits the efficacy of antibacterial treatment agents. Biofilm matrix contains abundant protein and eDNA. Proteinases catalyze the cleavage of peptide bonds and lead to protein degradation [19]. Proteinases can be either intracellular or extracellular in nature. The extracellular proteases are less selective in their substrate recognition and can cleave both self and non-self-molecules with equal efficiency. Moreover, eDNA is essential for biofilm formation in many species [20]. Enzymatic disruption of this DNA specifically inhibits newly forming and established biofilms. DNase I degrades the eDNA present in the matrix liberating bacteria from the biofilm to supernatant fractions, making the matrix weak and susceptible and potentiates the activity of antimicrobial agents [21, 22].

We used Proteinase-K and DNase I, two matrix degrading enzymes to study their potential to inhibit biofilm formation as well as to detach preformed biofilms. In our findings, proteinase and DNase I enzymes showed an inhibitory effect on the biofilm formation of P. oralis but DNase I treatment did not result in the detachment of biofilms. Moreover, the results on biofilm inhibition and detachment were unclear in the case of P. loeschii and P. nigrescens. Overall, no clear inhibition or detachment could be seen. Further, concentration dependent proteinase increase did not seem to inhibit biofilm formation and no inhibitory activity or reduction in biofilm amounts in P. loescheii and P. nigrescens was noticed. It is possible that the enzymes were inactivated by the extracellular components in the biofilms of these species [23].

Recently, Karygianni et al. [24] noticed that the enzymes DNase I and Proteinase interference with composition and integrity of the biofilms. In the above study, confocal images revealed a loss of biofilm integrity and a favored growth of streptococci among the biofilm organisms upon combined application of DNase I and proteinase K. Significant suppression in the growth of Actinomyces oris, Fusobacterium nucleatum, Streptococcus mutans, Streptococcus oralis, and Candida albicans by DNase I was noticed. However, Proteinase K treatment induced significant increase in S. mutans and S. oralis colony forming units (CFU), whereas C. albicans and V. dispar showed lower CFU. No negative impact on total bacterial counts by DNase I and proteinase K treatment implies that both enzymes interact only with eDNA and extracellular matrix proteins, without penetrating the intact membranes of the microbial cells, thereby interfering solely with the structural integrity of the biofilms. In dental procedures such as root canal disinfection, a variety of antimicrobial disinfectant irrigants have been used [25, 26]. Given the limited efficacy of antimicrobials in penetrating mature biofilms, application of enzymes such as DNase I and proteinase K could degrade EPS thereby making the biofilm permeable to antimicrobials. Such a combination of antimicrobials and enzymes has been investigated earlier [22, 27].

Protein and eDNA content of the biofilms play a role in the formation of biofilm matrix and resistance to anti-biofilm strategies [28]. In our study, the protein and DNA contents varied between the species. P. nigrescens biofilms showed highest quantities of DNA and protein. In the biofilm supernatants, the DNA concentrations were very low in all three species. Biofilm matrix composition, including the protein and extracellular DNA, varies among species and is also influenced by the composition of the biofilm growth medium [29].

A major limitation of this study is that the Prevotella biofilms could have been characterized more comprehensively. For example, scanning electron microscopy of the biofilms, profiling the expression of biofilm-associated genes, and characterization of EPS using techniques such as HPLC would have yielded more understanding of Prevotella biofilms. Further, treating the biofilms with antibiotics relevant to oral infections, and use of multispecies biofilms comprising different Prevotella species may provide more insightful information about the biofilm lifestyle of these species. In our upcoming study, we may attempt further comprehensive characterization of Prevotella biofilms, including but not limited to finding novel biofilm-essential genes using random transposon mutagenesis.



CONCLUSION

P. loescheii, P. nigrescens, and P. oralis are important species belonging to the genus Prevotella in particular but also are important members of human oral microbiota. Biofilm inhibition experiments showed that proteinase and DNase I enzymes have an inhibitory effect on biofilm of P. oralis. Biofilm detachment experiments showed proteinase does have an effect on the biofilm of P. oralis. Our results showing differential protein and DNA content among species, and differences in biofilm inhibition and detachment, suggest that Prevotella species might possess strategies for surviving as biofilm communities and that their inhibition by proteinases or DNases could be exploited in treatment strategies.
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