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ABSTRACT  

Background:  Probiotic bacterial supplementation has shown promising results in the treatment 

of periodontitis and the maintenance of periodontal health.  The purpose of this investigation 

was to evaluate the influence of Lactobacillus reuteri or Bifidobacterium animalis subsp. lactis 

supplementation with and without prebiotic inulin on biofilm composition using an ex vivo 

biofilm model.   

Methods:  Subgingival plaque specimens from three periodontitis-affected human donors were 

used to grow biofilms on hydroxyapatite disks in media supplemented with varying 

combinations of prebiotic inulin, Lactobacillus reuteri, and Bifidobacterium animalis subsp. 

lactis.  Relative abundances of bacterial genera present in mature biofilms were evaluated using 

16S rRNA next generation sequencing. Diversity metrics of microbial communities were 

evaluated using a next-generation microbiome bioinformatics platform.    

Results:  Inulin supplementation produced statistically significant dose-dependent increases in 

relative abundances of Lactobacillus and Bifidobacterium species (p<0.001) with concomitant 

decreases in relative abundances of Streptococcus, Veillonella, Fusobacterium, Parvimonas, and 

Prevotella species (p<0.001).  Inoculation with L. reuteri or B. animalis subsp. lactis increased 

the relative abundance of only the supplemented probiotic genera (p<0.05).  Supplemental 

inulin led to a statistically significant decrease in biofilm alpha diversity (p<0.001).  

Conclusions:  The described ex vivo model appears suitable for investigating effects of probiotic 

bacteria, prebiotic oligosaccharides, and combinations thereof on biofilm composition and 

complexity.  Within the limitations imposed by this model, results from the present study 



underscore the potential for prebiotic inulin to modify biofilm composition favorably.    

Additional research further elucidating biologic rationale and controlled clinical research 

defining therapeutic benefits is warranted. 

KEY WORDS:  Periodontitis, biofilms, dental plaque, probiotics, prebiotics, inulin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

For almost a half century, researchers have understood that the microbial cells 

colonizing the human body typically equal, or possibly far exceed, the somatic cell count.1-3 

Indeed, our microbial cohabitants are abundant and diverse.  A healthy human may 

accommodate between 500 and 1000 bacterial species at any given time.4  However, the 

mixture and relative abundance of bacterial species inhabiting various dermal and mucosal sites 

exhibit temporal variations, and individual patients may harbor profoundly different microbial 

collections.1,3  For example, only about one third of the gut microbiota appears common to 

most humans, whereas the remaining two thirds comprises species that are specific to the 

individual.3  Although some determinants of temporal and inter-individual microbiome 

variability are known, investigators do not fully understand the influence of these variations on 

health, wellness, and the onset/progression of disease.1  Nevertheless, unfavorable changes in 

the microbiome—with associated immune, endocrine, and nervous system interactions—

correlate with an array of human afflictions including inflammatory bowel disease, cancer, 

sinusitis, and periodontitis.5-9    

Given the abundance and biodiversity of the human microbiome, it is unsurprising that 

manipulation of its composition—physically or pharmacologically—is an important strategy in 

the prevention and treatment of many diseases.  In 1954, Kragen became the first author to 

report inoculation of the oral cavity with a beneficial bacterial species.10 Lilly and Stillwell 

introduced the term “probiotics” in 1965,11 and the World Health Organization subsequently 

established the widely accepted definition “live microorganisms which, when administered in 

adequate amounts, confer a health benefit on the host.”12  In recent years, investigators have 



utilized oral probiotics to treat or prevent dental caries, Candida infections, halitosis, and 

periodontal disease.13,14 Dental practitioners have delivered these supplements as powders, 

suspensions, capsules, lozenges, and foods fortified with specific probiotic strains.14  

New concepts in periodontitis etiopathogenesis may bolster interest in the therapeutic 

potential of oral probiotics.  Periodontitis is an archetypical multifactorial disease process, 

whereby periodontal tissue destruction manifests through complex interactions between 

environmental and genetic factors.8,9  Although genetic influences account for half of the 

variability associated with periodontitis,15 behavioral and environmental factors emerging over 

the last two centuries appear responsible for a sudden surge in the prevalence of the disease.9  

For decades, investigators have associated the presence of Porphyromonas gingivalis and 

Tannerella forsythia in subgingival biofilms with increased risk of developing periodontitis, 

increased risk of progression to advanced disease, and decreased likelihood of successful 

treatment.16  However, ample evidence now suggests that periodontitis results not from one or 

a few bacterial species but from true polymicrobial activity.8  Accordingly, probiotics may 

benefit the host through a variety of mechanisms including competitive inhibition of pathogens, 

suppression of virulence factors, augmentation of the mucosal barrier function, development of 

the immune system, host immunomodulation, and synthesis of antimicrobial peptides.17,18 

Researchers have characterized microbiological and clinical effects of numerous 

probiotic strains.  Of these, Lactobacillus reuteri and Bifidobacterium animalis subsp. lactis have 

shown promising results in the treatment and prevention of periodontal disease with high 

safety margins.18-30  L. reuteri is an indigenous microorganism of the human gastrointestinal 



tract known to modulate cytokine levels, suppress inflammation, and produce reuterin, an 

antimicrobial protein.30, 31 In randomized controlled trials, L. reuteri supplementation has 

reduced the presence of specific periodontal pathogens, decreased levels of cytokines and 

other inflammatory markers, and improved periodontitis treatment outcome measures such as 

probing depth, clinical attachment level, plaque index, gingival index, and bleeding on 

probing.18, 19-22 B. animalis subsp. lactis is also considered a normal resident of the human 

microbiome, exhibiting a symbiotic relationship with the host through antimicrobial and 

immunomodulatory properties.23 In an in vitro study, probiotics of the Bifidobacterium genus 

increased IL-10 levels and inhibited IL-1b and TNF-α effects.24 In randomized controlled trials 

and rodent models, B. animalis subsp. lactis supplementation has decreased pro-inflammatory 

and increased anti-inflammatory cytokine levels, reduced the relative abundances of orange- 

and red-complex bacteria, and produced clinical benefits comparable to those described for L. 

reuteri.13, 23-27  

A technical challenge limiting the clinical application of oral probiotics for therapeutic 

and preventative purposes is the inability to establish beneficial species as prominent members 

of the host microbiota without consistent inoculation.  Although L. reuteri and B. animals subsp. 

lactis are capable of surviving in oral biofilms,25 most researchers agree that colonization of 

these species is transient without sustained/repeated intake.21, 28, 29  Efforts to overcome this 

obstacle have led to studies involving prebiotics—non-digestible oligosaccharides that promote 

proliferation of beneficial commensal species.32  Three criteria have been proposed for 

classifying a carbohydrate as a prebiotic: 1) resistance to hydrolysis and absorption in the upper 

gastrointestinal tract, 2) fermentation by selective intestinal bacteria, and 3) enrichment of 



beneficial bacterial species within the intestinal microbiota.33  Only inulin and fructo-

oligosaccharides, which together comprise the β2-1 fructans, have satisfied all three criteria; 

other oligosaccharides are considered candidate prebiotics.33  Prebiotics have shown 

encouraging results in the stimulation of indigenous gastrointestinal bacteria, leading to a shift 

in the microbiota to a symbiotic state with multiple health benefits.32, 33  In addition to 

positively influencing intestinal health, prebiotic supplementation has been used to selectively 

promote beneficial bacterial species within the oral microbiota.34-36  Slomka and colleagues 

reported that supplementation with N-acetyl-D-mannosamine resulted in biofilm composition 

consisting of 97% beneficial species.34  Clinical studies have demonstrated the effectiveness of 

prebiotics such as inulin to selectively enrich oral biofilms in species of the Lactobacillus and 

Bifidobacterium genera.35, 37  

Although prior reports have demonstrated oral health benefits of L. reuteri and B. 

animalis subsp. lactis, the preferred probiotic species, the most effective vehicle of 

administration, and the optimal regimen remain unestablished.  Moreover, prior research has 

not adequately characterized the value of combining probiotic and prebiotic supplementation.  

The current study aimed to evaluate the influence of L. reuteri or B. animals subsp. lactis, with 

and without prebiotic inulin, on microbial diversity and relative abundances of various bacterial 

species within dental biofilm cultures ex vivo.  

   

  



MATERIALS AND METHODS 

Ethical guidelines 

 This protocol utilized de-identified dental biofilm and saliva specimens and did not 

involve contact with patients or patient records.  The Dwight David Eisenhower Army Medical 

Center Human Research Protections Office determined this research to be exempt from IRB 

review requirements (protocol #20-11301/931759), and the protocol was conducted in 

accordance with the Helsinki Declaration of 1975, as revised in 2013.  Approval was granted to 

use de-identified specimens from the Fort Gordon Dental Health Activity Saliva and Dental 

Plaque Repository, which was reviewed and approved by the Naval Medical Center Portsmouth 

Institutional Review Board (protocol #20-10581/941839). Patients providing biofilm and saliva 

specimens for the repository provided written consent.  

Inclusion and exclusion criteria 

 Three pairs of matched biofilm and saliva specimens were requested from the 

repository described above.  The repository manager provided plaque and saliva from donors 

meeting the following criteria:  

a) Periodontal diagnosis of Stage III or IV periodontitis 

b) Radiographic alveolar bone loss and probing depth ≥ 6 mm at site of specimen 

collection 

c) Age ≥ 18 years 

d) Systemically healthy 

e) Nonsmoker 



f) No surgical or non-surgical periodontal therapy in the last 12 months  

g) No antibiotic use in the last 12 months  

Dental biofilm and saliva collection 

Investigators included in the repository protocol collected dental biofilm specimens by 

inserting sterile coarse endodontic paper points* to the depth of the periodontal pocket of the 

first molar displaying the most severe periodontitis (Figure 1C). The paper point was moved 

laterally within the sulcus for 10 seconds and immediately placed into 1 mL of Amies transport 

medium† at 4°C.  Unstimulated saliva was collected from the same donors and diluted ten-fold 

in reduced Ringers solution‡.  Diluted saliva specimens were centrifuged at 1200 g × 10 min to 

remove large particulate matter then filter-sterilized through a membrane with 0.2-μm pores, 

divided into 2-mL aliquots, and stored at -20 °C. 

Culture conditions 

This study utilized a modification of the ex vivo biofilm model described by Velsko and 

Shaddox.38  Hydroxyapatite (HA) disks,§ 9.5 x 2 mm, were prepared for biofilm development by 

coating the disks in diluted sterile saliva for two hours at room temperature.  The saliva was 

then removed and the disks were washed with 3 mL reduced Ringers solution.  One washed 

disk was placed in each well of a 24-well plate,ǁ and 1 mL reduced sterile tryptic soy broth 

supplemented with 5 μg/mL hemin¶ and 1 μg/mL menadione# (TSB-hm) was then gently added 

to each well.  Gentle sonication of the biofilm specimens in a water bath for 30 seconds 

dispersed the plaque, and each well received 10 μL of a biofilm specimen from one of the three 

donors. 



Broth cultures of L. reuteri (Strain designation 11284)** and B. animalis subsp. lactis 

(Strain designation IDCC 4301)** were grown to an optical density of 0.5 at 600 nm. These 

cultures were used to create 1/10 and 1/100 dilutions in reduced Ringer’s solution. TSB-hm 

media was prepared and supplemented with inulin†† to create final inulin concentrations of 0, 

5, and 20 mg/mL.  

A unique probiotic (L. reuteri or B. animalis subsp. lactis; control, undiluted, 1/10 

dilution, or 1/100 dilution) and prebiotic (0, 5, or 20 mg/mL) combination was added to each 

well, producing a total of 21 experimental conditions (Figure 1A).  Each well received 10 μL of 

the indicated probiotic culture and 1 mL of TSB-hm media with or without inulin 

supplementation.  Well plates were then placed in an anaerobic incubator‡‡ at 37°C-75% 

N2/10% CO2/10% H2 for static growth.  

Every 48 hours all media was gently removed from each well and 1 mL of fresh media 

with or without inulin was added. On the eighth day, new saliva-coated and washed HA disks 

were added to fresh wells.  The HA disk with mature biofilm (eighth day of growth) from each 

of the 21 wells for each of the three donors was removed from the well and added to 1 mL 

reduced Ringer’s solution. The disks were sonicated in an ice water bath for 30 seconds, 

vortexed briefly to disperse any remaining deposits, and 50 μL of the suspension was used to 

inoculate the appropriate well for the next generation. This procedure was repeated for 10 

total generations (80 days of bacterial growth) for each of the three biofilm specimens.  The 

residual biofilm suspensions not used to inoculate the next generation were used for DNA 

extraction (Figure 1B).   



Viable cell count estimations 

The biofilm and probiotic suspensions used to inoculate the first generation for each 

biofilm specimen were plated to estimate viable cell counts. Tryptic soy agar with hemin and 

menadione, Lactobacillus MRS agar,§§ and Bifidobacterium selective agarǁǁ were used to plate 

serial dilutions of the biofilm specimens, L. reuteri cultures, and B. animalis subsp. lactis 

cultures, respectively. The plates were incubated at 37°C-75% N2/10% CO2/10% H2 and read 

after 72 hours of growth. 

Differential species abundance determination (human oral microbiome identification) 

The residual biofilm suspensions from generations 1, 2, 3, 4, 6, 8, and 10 (days 8, 16, 24, 

32, 48, 64, and 80, respectively) were centrifuged at 10,000 rpm for 2 min to pellet cells, and 

the supernatant discarded. The pelleted cells were stored at -20°C for DNA extraction. DNA was 

extracted from the biofilm pellets of interest and submitted to a commercial lab¶¶ for human 

oral microbiome analyses via 16S rRNA sequencing.## This system is capable of identifying over 

600 genera.  Of these, 19 genera have been associated with periodontitis.39, 40  The influence of 

probiotic inoculation and prebiotic supplementation on the relative abundance of 19 

periodontitis-associated genera was recorded, and seven genera were selected for the 

statistical analyses described below. 

Relative abundance analyses 

Genus-level relative abundance analyses were completed at the donor and study 

population levels. Hierarchical multiple regression models were conducted using Statistical 



Package for the Social Sciences*** to determine if the addition of inulin or probiotic strains 

influenced the relative abundance of seven selected genera over the ten generations observed. 

The full models consisted of growth time, concentration of B. animalis or L. reuteri inoculation, 

and concentration of supplemental inulin. Independent samples t-tests were used to compare 

mean relative abundance values in experimental versus control cultures for each genera of 

interest.  Statistical significance was assessed at an alpha level of 0.05. 

Community diversity analyses  

All community diversity analyses were completed at the study population level using an 

open-source next-generation microbiome bioinformatics platform.†††, 41 Intra-group diversity 

(alpha diversity) was assessed using the metrics observed operational taxonomic units (OTUs) 

and Faith’s phylogenetic diversity (FPD) on tables rarefied to a depth of 35,300 reads/sample. 

Rarefications were performed and alpha diversity metrics calculated 10 times and then 

averaged. Differences in alpha diversity between experimental groups were evaluated using the 

Kruskal–Wallis H test.  Statistical significance was assessed at an alpha level of 0.05.  Inter-

group diversity (beta diversity) was assessed using weighted UniFrac distance. Principal 

coordinates analysis was performed on beta diversity metrics, and the results were plotted on 

three axes.  

  



RESULTS 

At eight days of growth, biofilms of adequate mass for DNA extraction/purification and 

establishment of subsequent generations were present in all inoculated wells.  Extraction and 

purification of DNA from all samples yielded sufficient quantity and quality for microbial 

identification and relative abundance analysis via 16S rRNA sequencing.  

Figure 2 presents study population-level changes in relative abundance values for the 19 

periodontitis-associated genera over ten generations of ex vivo biofilm growth. As expected, 

relative abundance values remained stable in cultures receiving no probiotic or prebiotic 

supplementation.   The relative abundance of Lactobacillus and Bifidobacterium species 

increased and putative periodontal pathogens decreased in cultures receiving inulin 

supplementation versus cultures not receiving inulin.  

In relative abundance analysis (Figure 3), addition of either probiotic strain alone (no 

inulin supplementation) produced no statistically significant change for any genera of interest.  

Among cultures receiving only inulin supplementation (no probiotic inoculation), each genera of 

interest exhibited statistically significant changes in mean relative abundance values, with 

Streptococcus, Veillonella, Fusobacterium, Parvimonas, and Prevotella species decreasing in 

relative abundance and native Bifidobacterium and Lactobacillus species increasing in relative 

abundance.  In cultures inoculated with either probiotic strain, inulin supplementation 

produced statistically significant changes in mean relative abundance for each genera of 

interest similar to the effects noted in cultures receiving inulin alone.  For some genera, the 

effect of inulin supplementation appeared dose dependent.   



Donor-level and study population-level results of the hierarchical multiple regression 

analyses are presented in Tables 1 and 2, respectively.  At the donor-level and study 

population-level, inulin supplementation led to statistically significant increases in mean 

relative abundance values of Lactobacillus and Bifidobacterium species (p<0.001).  

Furthermore, inulin supplementation resulted in statistically significant (p<0.001) decreases in 

Streptococcus, Veillonella, Fusobacterium, Parvimonas, and Prevotella species.  Inoculation with 

L. reuteri led to a statistically significant increase in Lactobacillus species only (p<0.05); likewise, 

inoculation with B. animalis subsp. lactis produced a statistically significant increase in 

Bifidobacterium species only (p<0.05).  Inoculation with either L. reuteri or B. animalis subsp. 

lactis produced no statistically significant change in the relative abundances of the pathogenic 

genera evaluated.  

Figure 4 presents the study population-level diversity analyses completed in QIIME 2. In 

alpha analyses by observed OTUs and FPD, inulin supplementation at 20 mg/ml with or without 

L. reuteri or B. animalis subsp. lactis inoculation led to statistically significant reduction in alpha 

diversity (p<0.001). Beta diversity across experimental groups also appears altered with a 

distinct change in community profile between control conditions and biofilms receiving inulin 

supplementation at 20 mg/ml with or without L. reuteri or B. animalis subsp. lactis inoculation; 

control conditions clustered separately from inulin treated biofilms.   

  



DISCUSSION 

The purpose of this investigation was to assess the influence of two probiotic bacterial 

strains, alone and in combination with a prebiotic, on biodiversity within human dental biofilm 

cultures ex vivo.  Outcome measures recorded in this investigation included two distinct 

diversity indices.  Alpha diversity indices reflect the richness (number of unique taxa) and 

evenness (similarity in relative abundance values of the taxa present) within a microbial 

community, whereas beta diversity scores permit comparison of the overall dissimilarity in 

community structure across samples.8  Other dimensions of microbial ecology include relative 

abundance (percentage of the total microbes in a community represented by a particular 

microbe), abundance (absolute quantity of a microbe within a sample), and prevalence (mere 

presence of a particular microbe within a sample).8  In addition, the abundance ratio of two 

taxa can provide practical insight.  For example, in gut microbial ecology, the 

Bacteroidetes:Firmicutes ratio has been proposed as a relevant biomarker.5 

Probiotic and prebiotic applications in the prevention and treatment of inflammatory 

disease represent areas of intense research focus in recent years.12-14, 17-37, 42  Within the gut, 

prebiotics/metabolites stimulate mucin production due to intraluminal pH reduction, disfavor 

colonization of some pathogens by acidifying the local environment, bind specific G protein 

coupled receptors on immune cell surfaces, and modulate gene expression in epithelial cells.33  

Researchers have associated prebiotic supplementation with positive effects on both mucosal 

and systemic immune function.33  Likewise, in the oral cavity probiotic supplementation may 

favorably alter the microbiome and dampen the ensuing host immune response,17-30, 35, 36 and 



supplemental prebiotics may enhance the clinical benefit predominantly by enriching the 

microbiota in beneficial bacterial strains.32-35, 37   

To our knowledge, no prior study has evaluated the influence of prebiotic inulin on 

dental plaque specimens from periodontitis patients ex vivo.  Under the described conditions, 

initial supplementation with probiotic L. reuteri or B. animalis subsp. lactis produced no 

significant alteration of the biofilm composition in terms of pathogen abundance or overall 

diversity.  In contrast, inulin supplementation alone led to dose-dependent increases in health-

associated genera and decreases in pathogenic genera.  Inulin supplementation also 

significantly decreased the alpha diversity of the microbiota, as assessed by observed OTUs and 

FPD.  Abusleme and colleagues compared microbial diversity under conditions of health versus 

periodontitis using 16S rRNA sequencing and reported higher diversity and greater biomass in 

the periodontitis cohort.40  Thus, our observation of reduced microbial diversity among cultures 

receiving inulin may imply a shift toward a healthy microbiota.   

Caution is prudent in the interpretation of our results.  Cultures evaluated in this study 

derived from only three human donors.  Moreover, although investigators have made 

substantial progress in understanding oral microbial profiles differentiating health and 

disease,9, 10, 40 alpha diversity per se has not been validated as a reliable marker.  Indeed, 

considering the unique microbial ecosystems across the various body regions, it appears 

necessary to interpret the significance of microbial diversity in context.  Reduction in 

biodiversity is not universally favorable.  It is accepted that community stability and high 

species diversity in the gut are attributes of a healthy microbiota, with exogenous variables 



such as exercise, diet, and probiotic/prebiotic supplementation influencing the structure of gut 

communities.42-44  Likewise, complex microbiota have been observed in maxillary sinuses of 

patients with and without chronic sinusitis; however, microbial communities in inflamed 

sinuses typically exhibit reduced diversity.7 In contrast, molecular analysis of microbiota 

associated with bacterial vaginosis suggests dramatic increases in bacterial abundance and 

diversity compared with healthy controls.45  Intraorally, reports identifying the biodiversity of 

microbiota at dental caries sites are conflicted.46  Although some studies have found increased 

microbial complexity at caries-affected sites, low pH can select for acid-tolerant species, leading 

to a less diverse and more extreme microflora.46  Biofilms at the dentogingival interface are 

among the most complex in the human body.8,9,40  Interpreting observed biodiversity in such 

communities remains an area of investigation in periodontics.  Eubiosis—a functional balance 

within the microbial ecosystem—has been characterized by diversity of species, ability to 

withstand perturbation (resistance), ability to return to baseline after removal of a stressful 

stimulus (resilience), and stability between the microbial community and the host.9  

Nevertheless, at least one study has reported higher diversity in periodontitis compared with 

control samples.40 

Inulin supplementation purportedly produces beneficial effects by selecting for health-

associated inulin-fermenting species. 32-35, 37  Degradation of inulin—a long, water-soluble 

polymer—produces smaller fructans, which neighboring species may metabolize.47  In research 

involving the gut microbiota of humans and feed animals, this interspecies cross-feeding has 

been found to promote gastrointestinal health.48, 49  It is possible that observations in the 



present ex vivo oral biofilm study reflect a combination of direct promotion of inulin-

fermenting bacteria and cross feeding of secondary consumers in similar and distant genera.  

Results of the present investigation are consistent with findings from previous studies 

reporting prebiotic effects on oral microbiome composition.  In an in vitro biofilm model 

consisting of only 14 oral bacterial species, Slomka and colleagues reported that three prebiotic 

substrates successfully increased the beneficial proportion of genera to > 95%.34  While this 

study did not evaluate inulin as a prebiotic, the authors did assess similar long-chain, water-

soluble polysaccharides that exhibit degradation comparable to that of inulin.34 In a randomized 

controlled trial, Mousquer and colleagues used a combination of inulin and Lactobaciullus 

salivarius for the treatment of halitosis.50  This combination resulted in a significant decrease in 

oral malodor compared to placebo suggesting a modification of the microbiome, although 

microbiological analysis was limited in this study.50  No prior study has evaluated the effect of 

inulin in combination with a probiotic strain in the treatment of periodontitis or maintenance of 

periodontal health.   

The ex vivo model utilized in the present study appears appropriate for evaluating 

prebiotics, probiotics, and prebiotic/probiotic combinations.  The composition of control 

cultures remained consistent over ten generations of biofilm growth in the present study, as 

expected.  For many genera of interest, the effect induced by each experimental condition 

versus control was evident by the earliest time point evaluated.  Having validated our methods, 

future studies involving larger sample sizes and more powerful statistical analyses are necessary 

to confirm observations in this initial investigation.  One limitation of the described model is 



that no data were generated prior to the eighth day of growth in the first biofilm generation.  

Another potential limitation of this study is in the use of relative abundance values.  While this 

quantifier permits comparisons in biofilm composition, it provides no information on absolute 

CFU counts for the genera of interest.  In this study, large increases in relative abundances of 

Lactobacillus and Bifidobacterium species were observed in the presence of inulin.  However, 

the actual counts of the pathogenic genera may have decreased, remained stable, or even 

increased.  

Based on our findings, prebiotics appear to be promising adjuncts in the prevention and 

treatment of periodontal disease through the modulation of the subgingival biofilm.  Although 

in vitro culture methods allow for sustained contact between the biofilm and supplemented 

media, in vivo applications of inulin to subgingival biofilms with prolonged contact time will be 

a challenging therapeutic obstacle.  Additional study further elucidating the underlying biologic 

rationale and optimal mechanism of administration through controlled clinical research are 

warranted.  

 

  



CONCLUSIONS 

In conclusion, we have demonstrated a dose-dependent decrease in the relative 

abundance values of select periodontal pathogens accompanied by a dose-dependent increase 

in the probiotic genera Lactobacillus and Bifidobacterium in response to continued inulin 

supplementation.  These results suggest that prebiotic supplementation may represent a viable 

strategy for promotion of periodontal health through favorable modification of the oral 

microbiome.  
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FIGURES 

 

FIGURE 1. Experimental methods. A) Experimental conditions applied to each donor biofilm. B) 

Biofilm development schematic utilizing 24-well plates containing hydroxyapatite disks. All ex 

vivo biofilm growth completed in anaerobic chamber at 37°C-75% N2/10% CO2/10% H2. C) 

Demonstration of the biofilm collection technique.  Dental biofilm and saliva were requested 

from a repository of de-identified specimens.  Donors had received stage III or IV periodontitis 

diagnoses, and the investigator collected biofilm using a sterile paper point at the first molar 

site exhibiting greatest bone/attachment loss.  
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Figure 2. Mean relative abundance of 19 genera at each generation of ex vivo growth. A) 

Control biofilms not inoculated with probiotic or supplemented with inulin showed minimal 

change in abundance of pathogenic species or naturally occurring probiotic species. B) Cultures 

supplemented with 20 mg/ml inulin exhibited increased relative abundance of native 

Lactobacillus and Bifidobacterium species as well as decreased relative abundance of 

pathogenic genera. C) L. reuteri inoculation plus 20 mg/ml supplemental inulin led to a greater 

increase in Lactobacillus species compared with inulin supplementation alone. D) B. animalis 

inoculation plus 20 mg/ml supplemental inulin led to a greater increase in Bifidobacterium 

species compared to inulin supplementation alone.  
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Figure 3. Mean relative abundance values across 10 generations of ex vivo growth. **p<0.001, 

*p<0.05. A) Varying initial probiotic inoculation with no prebiotic inulin produced no statistically 

significant changes in relative abundance of any evaluated genera. B) Prebiotic inulin 

supplementation with no initial probiotic inoculation led to significant increases in relative 

abundance of native Bifidobacterium and Lactobacillus species as well as significant decreases 

in pathogenic genera. C) L. reuteri inoculation plus inulin supplementation and inulin 

supplementation alone led to led to significant increases in relative abundance of native 
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Bifidobacterium and Lactobacillus species as well as significant decreases in pathogenic genera. 

D) B. animalis inoculation plus inulin supplementation and inulin supplementation alone led to 

significant increases in relative abundance of native Bifidobacterium and Lactobacillus species 

as well as significant decreases in pathogenic genera.  



 

** p<0.001, * p<0.05 

Figure 4. Ex vivo plaque biofilm diversity analysis. A) Alpha diversity.  All cultures receiving 

prebiotic inulin exhibited reduction in alpha diversity, as assessed by recorded operational 

taxonomic unit counts (top) and Faith’s phylogenetic diversity (bottom).  B) Beta diversity.  In 

weighted UniFrac distance analysis, control and inulin-treated cultures clustered separately.  
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TABLES 

 

Table 1.  Donor-level hierarchical multiple regression analysis.  Effect of probiotic and prebiotic 

supplementation on relative abundance predictive values. *p < 0.05, **p < 0.001. Coef. values represent 

the predicted change in genus relative abundance per unit change in variable added to model. 

Concentrations (Conc.) of B. animalis and L. reuteri calculated as dilutions of initial broth culture with OD 

of 0.5. Concentration (Conc.) of inulin calculated as mg/ml. 

 

 

 

 

 

Donorl Donor2 Donor 3 

Variables added to 95% Confidence Interval 95% Confidence Interval 95% Confidence Interval 

Ge u odel oet ower ou_n Coe! ower ound u er oun 
8ifidobacterium Cone. of 8. animalis 0.093 0.047 0.108 *0.087 0.003 0.035 *0.090 0.003 0.177 0.147 

Cone. of L. reuteri -0.002 -0.049 0.044 0.108 -0.084 -0.169 0.000 0.046 -0.020 -0.107 0.067 0.148 

Cone. of lnulin *0.002 0.001 0.004 0.147 **0.024 0.021 0.027 0.602 **0.015 0.011 0.018 0.432 

Lactobacil/us Cone. of 8. animalis -0.003 -0.107 0.101 0.133 -0.042 -0.103 0.019 0.028 *-0.073 -0.132 -0.014 0.041 

Cone. of L. reuteri *0.111 0.007 0.215 0.133 0.056 -0.005 0.117 0.020 0.023 -0.036 0.081 0.010 

Cone. of lnulin **0.018 0.014 0.022 0.426 **0.012 0.009 0.014 0.410 **0.008 0.006 0.011 0.287 
Streptococcus Cone. of B. animalis -0.083 -0.175 0.009 0.020 -0.087 -0.176 0.002 0.037 -0.010 -0.119 0.098 0.239 

Cone. of L. reuteri -0.034 -0.127 0.058 0.024 -0.022 -0.112 0.067 0.038 -0.072 -0.180 0.036 0.247 

Cone. of lnulin -0.002 -0.006 0.002 0.032 **-0.020 -0.024 -0.017 0.498 *-0.006 -0.010 -0.002 0.284 
Veil/one/la Cone. of 8. animalis -0.008 -0.083 0.067 0.055 *0.073 0.021 0.125 0.129 -0.006 -0.068 0.055 0.034 

Cone. of L. reuteri -0.039 -0.114 0.036 0.062 0.012 -0.041 0.064 0.130 0.048 -0.014 0.109 0.049 

Cone. of lnulin -0.001 -0.004 0.002 0.067 *-0.004 -0.006 -0.002 0.218 *-0.004 -0.006 -0.001 0.111 
Fusobacterium Cone. of 8. animalis 0.000 -0.076 0.076 0.094 0.004 -0.034 0.042 0.080 -0.Dl5 -0.050 0.019 0.057 

Cone. of L. reuteri -0.D35 -0.111 0.042 0.098 *0.043 0.004 0.081 0.105 0.240 -0.011 0.058 0.067 

Cone. of lnulin **-0.010 -0.013 -0.007 0.301 **-0.004 -0.006 -0.003 0.256 **-0.004 -0.006 -0.003 0.265 
Parvimonas Cone. of 8. animalis *0.022 0.001 0.043 0.032 -0.016 -0.043 0.012 0.044 0.009 -0.009 0.027 0.029 

Cone. of L. reuteri -0.010 -0.031 0.012 0.037 0.000 -0.028 0.027 0.044 0.016 -0.002 0.035 0.048 

Cone. of lnulin **-0.002 -0.003 -0.001 0.148 **-0.003 -0.004 -0.002 0.210 **-0.001 -0.002 -0.001 0.137 
Prevotella Cone. of 8. animalis -0.002 -0.007 0.004 0.088 0.003 -0.003 0.009 0.013 0.001 -0.020 0.022 0.061 

Cone. of L. reuteri 0.000 -0.005 0.006 0.088 0.003 -0.003 0.009 0.021 0.002 -0.019 0.023 0.061 

Cone. of lnulin **-0.001 -0.001 0.000 0.271 **-0.003 -0.001 0.000 0.121 **-0.001 -0.002 0.000 0.100 



 

Table 2. Study population-level hierarchical multiple regression analysis.  Overall effect of 

probiotic and prebiotic supplementation on relative abundance predictive values. *p < 0.05, **p < 

0.001. Coef. values represent the predicted change in genus relative abundance per unit change in 

variable added to model. Concentrations (Conc.) of B. animalis and L. reuteri calculated as dilutions of 

initial broth culture with OD of 0.5. Concentration (Conc.) of inulin calculated as mg/ml. 

 

 

 

Combined 

Variables added to 95% Confidence Interval 

Genus model Coef. Lower Bound Upper Bound R2 

Bifidobacterium Cone. of B. animalis *0.090 0.035 0.146 0.027 

Cone. of L. reuteri -0.035 -0.091 0.020 0.030 

Cone. of lnulin **0.014 0.011 0.016 0.277 

Lactobacillus Cone. of B. animalis -0.039 -0.091 0.013 0.042 

Cone. of L. reuteri *0.063 0.011 0.115 0.038 

Cone. of lnulin **0.013 0.011 0.015 0.279 

Streptococcus Cone. of B. animalis -0.060 -0.122 0.001 0.050 

Cone. of L. reuteri -0.043 -0.104 0.018 0.052 

Cone. of lnulin **-0.009 -0.012 -0.007 0.162 

Veil/one/la Cone. of B. animalis 0.020 -0.018 0.058 0.005 

Cone. of L. reuteri 0.007 -0.031 0.045 0.005 

Cone. of lnulin **-0.003 -0.005 -0.002 0.041 

Fusobacterium Cone. of B. animalis -0.004 -0.037 0.030 0.016 

Cone. of L. reuteri 0.011 -0.023 0.044 0.017 

Cone. of lnulin **-0.006 -0.007 -0.005 0.163 

Parvimonas Cone. of B. animalis 0.005 -0.008 0.019 0.002 

Cone. of L. reuteri 0.002 -0.011 0.016 0.002 

Cone. of lnulin **-0.002 -0.003 -0.002 0.122 

Prevo tel/a Cone. of B. animalis 0.001 -0.007 0.008 0.026 

Cone. of L. reuteri 0.002 -0.006 0.009 0.027 

Cone. of lnulin **-0.001 -0.001 0.000 0.073 




