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Abstract

Screening for microbiome modulators requires availability lsiyd throughput in vitro model that
replicates subgingival dysbiosis and normobiosis, alotig aviool to measure microbial dysbiosis. Here,
we tested various formulations to grow health- and pentiiassociated subgingival microbiomes in
parallel, and describe a new subgingival dysbiosis indexgiBgial plaque samples pooled from five
healthy, and separately, five periodontitis subjects wseel to inoculate a Calgary Biofilm device
containing saliva-conditioned, hydroxyapatite-coated pegs. Miarwsovere grown for 7 days on either
nutrient-rich media, including a modification of SHI (m3HBHI supplemented with hemin and vitamin
K (sBHI), and a blend of SHI and BHI (BSHI), each at ttseerose concentrations (0%, 0.05% and
0.1%), or nutrient-limited media (saliva with 5%, 10% or 20%timated human serum). The
microbiomes were assessed for biomass, viability, and 16S grdf#es. In addition to richness and
diversity, a dysbiosis index was calculated as the ddtibe sum of relative abundances of disease-
associated species to that of health-associated spa8id¢lsand BSHI resulted in the highest biomass,
whereas saliva-serum maximized viability. Distinct groups ofds@&tvere enriched in the different
media. Regardless of medium type, the periodontitis«elgmmicrobiomes showed higher species
richness and alpha diversity and clustered with the régpacoculum separately from the health-
derived microbiomes. Microbiomes grown in saliva-serunwa&ubthe highest species richness, and the
highest similarity to the clinical inocula, both in ltband disease. However, inclusion of serum reduced
alpha diversity and increased dysbiosis in healthy microé#in a dose-dependent manner, mainly due
to over-enrichment of Porphyromonas species. mSHI, stood settets of species richness and
diversity, but resulted in low biomass and viability, anehi$igantly worsened dysbiosis in the
periodontitis-derived microbiomes. Overall, saliva with 5% Aarserum was optimal for replicating

subgingival microbiomes from health and disease.
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I ntroduction

An emerging strategy for prevention and adjunctive treatnof periodontitis is to selectively target
keystone pathogens or/and stimulate growth of commensalgeiceanicrobial dysbiosis (or re-establish
normobiosis) by using microbiome modulators, such as prebior probiotics. Both prebiotics and
probiotics have been extensively studied within the corgéxfut heath (Gareau et al. 2010; Holscher
2017); however, their applicability, particularly prebioticspéviodontal health and oral health generally
— has been minimally explored. A major obstacle has ke lack of a reliable in vitro tool for the
screening of banks of potential modulators to identify tlwaisie promising activities before testing them
further in animals, and eventually, humans. Recentlyn&doet al. (Slomka et al. 2017) used a dual-species
biofilm model to screen a panel of 704 nutritional compoundmstyb6 oral bacterial species for prebiotic
activity. However, dual-species biofilms are far from beiegresentative of complex oral microbial
communities.

Classically, dental biofilm models for the screening oibatterials or mouthwashes have included
a limited number of oral species (Ammann et al. 2013; Guggenheain 2001) while more complex
biofilms have been produced from clinical inocula in cornistiepth fermenters or CDC biofilm reactors
(Hope and Wilson 2006; Rudney et al. 20)hough the latter systems replicate the dynamic camdit
of the mouth, they are complex and costly, have lowuphput and are more suited for studying biofilm
development and structure (Darrene and Cecile 204&) recently, oral microbiome models have been
successfully generated from pooled saliva samples irpehelaigh-throughput devices, such as microtiter
plates or the Calgary Biofilm Device (CBD) (Edlund e8l13; Kistler et al. 2015; Kolderman et al. 2015;
Tian et al. 2010). While these models are static, théi®fjenerated captueegreat deal of the species
and functional diversity of the original samples. Ferthore, when subgingival plaque samples from
healthy and periodontitis patients were used as inoculfiinisovere generated with a close similarity to

the clinical inocula with clear distinction betwetre health- and periodontitis-derived microbiomes



(Velsko and Shaddox 2018; Walker and Sedlacek 208@yever, none of these models have been
designed for studying microbiome modulation.

The current study is one in a series aimed to establish athimgihghput, reproducible in vitro
subgingival microbiome model, specifically optimized for théingsof microbiome modulators. Here, the
objective was to identify the optimal medium for repiiegtsubgingival normobiosis and dysbiosis in
vitro, and to describe a new subgingival dysbiosis index thabeaised to quantitatively assess dysbiosis

and microbiome modulation.

M aterials and methods

Clinical inocula and saliva

Subgingival dental plaque samples were collected from fitierga with untreated, moderate to severe
periodontitis (defined as having at least one tooth per quadrant with bleeding on probing, pocket depth >
5mm and attachment loss > 4 mm) and five periodontally-healthy controls (defined as having no more
than slight gingivitis and no probingcket depth or attachment loss > 3mm) with no previous history of
periodontitis. Subgingival plaque was sampled by insertgigead0 paper point to the base of gingival
sulcus/ pocket for 30s. Samples were obtained from the stgepeket in each quadrant in the
periodontitis patients, and from the buccal gingivalssilof first molars in the healthy subjects. The
samples from each subject were pooled in 1 ml reducesipiwat fluid (Hoover and Newbrun 1977) and
placed on ice for use on the same day.

Separately, unstimulated saliva samg&40 ml) were collected from each of 10 dentally-
healthy volunteers (distinct from the 5 healthy costagscribed above) and centrifuge&@®0 rpm for
15 minutes. The supernatants were pooled, treated with dithikati (2.5 mM final concentration) for 10
minutes, mixed with equal volume of phosphate buffered safiB&), filter-sterilized and stored at -

20°C.



The studywas approved by the Temple University’s Institutional Review Board (protocol #

25586).

Growth media

Nutrient-rich and nutrient-limited media were used to graavrtiicrobiomesThe former included Brain
Heart Infusion broth (Difco, Becton Dickinson, USA) supplementéh hemin (5 mgL), vitamin K
(0.5 mgLY) and mucin (1 mgt) (sBHI medum); a modification of SHI medium (Tian et al. 2010) in
which potassium chloride was replaced by PBS for buffemmg§Hl medum); and a blend of mSHI and
sBHI (BSHI hereatfter), prepared by adding together the edaadant components from both media.
Each medium was tested at three sucrose concentré@n®.05% and 0.1% wi/v)The nutrient-
limited media comprised sterile saliva (prepared as descridmacontaining 5%, 10% or 20% (v/v)
heat-inactivated serum (Sigma Aldrich, USA). In all, altofd2 media were compared (find detailed

composition inAppendix Tables 1 and 2).

Growing the microbiomes

Subgingival plaque samples were briefly vortexed and poséghrately for the periodontitis patients
and healthy controls, to make two inocula. Periodontitig-teealth-derived microbiomes were grown in
triplicate in each mediummn a Calgary Biofilm Device (Ceri et al. 1999) with hydroxyapativated pegs
(CBD; Innovotech, Edmonton, Canadat 37C in an anaerobic chamber (10% hydrogen, 10% carbon
dioxide, and 80% nitrogen). The plate layout is shawhppendix Figure 1. Outer wells were not used
to prevent evaporation. The different microbiomes weparsgeed from each other and from the negative
control by empty wellgilled with 180 uL PBS to avoid well-to-well contamination The pegs were
preconditioned by immersion in sterile human salival®hours prior to inoculation. Experimental

wells contained! 70 pL growth mediumand 10 pul of the respective pooled clinical sample (steriléSPB

for negative control wells). The plate was incubated’fdays with media replenished on days 2, 4 and



6. Microbiomes (for each inoculum and medium type) wereeggnd in two sets; one was used
immediately for measurement of viability and the otherefdraction of DNA. A portion of each pooled

clinical sample was kept aside for microbiome analysis.

Measurement of biomass and viability

The pegs with microbiomes were washed three times witht®B&nove planktonic bacteria. Biomass
was measured in terms of DNA vyield (ng per microbiome).0M9A extraction, pegs were snapped off
and each was placed in an Eppendorf tube withll8BS containing 18I MetaPolyzyme (Sigma,
USA) and incubated at 36 for 4 hours. The digests were then used for DNA extracising the
Purelink Genomic Kit (Life Technologies, USA), following timanufacturer’s instructions. DNA from

the clinical samples was extracted similaflp account for extracellular DNA (eDNA) possibly present

in saliva (Okshevsky and Meyer 2015), a saliva-serum mednlyneontrol was included. DNA was

guantified by Qubjt ® 2.0 FIuorimet|er (Life Technologies, USAfpbe storing at -8C.

Viability of the microbiomes was directly assessedhengegs (i.e. without harvesting the

bacteria) using an ATP assay (BacTiter-Glo assay, &jaimlJSA) according to theanufacturer’s

modified protocol for biofilms Mttps://www.promeqa.com/-/media/fiIes/resources/promeqa-notes/9|9/use-

of-the-bactiter-glo-microbial-cell-viability-assdg-study-bacterial-attachment.pdf?la¥en

Luminescence signal was recorded on a Synergy HTX moltienmicroplate reader (Biotek, USA) and

normalized to biomass.

16S sequencing and bioinformatic analysis
16S rRNA gene library preparation and sequenciege performed at the Australian Center for
Ecogenomics (Brisbane, Australia) as described previo(shHebshi et al. 2017a). Briefly, the

degenerate primers 27FYM (Frank et al. 2008) and 519R (Lanel®B&l) were used to amplify the V1-


https://tools.lifetechnologies.com/content/sfs/manuals/mp32866.pdf
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3 region using standard PCR conditions. The resultant PCRcangp(~ 520 bpwere purified, indexed

with unique 8-base barcodes in a second R©Bled together in equimolar concentrations and sequenced

employing the v3 2x300 bp chemistry on a MiSeq platformrfliha, USA) at 30,000 reads/sample. No
detectable eDNA was found in the saliva-serum medium-onlyraousing the Qubit dsDNA High
Sensitivity kit) and so it was not sequenced.

Preprocessing of data (primer trimming, merging of reads,tytfdtration, alignment and
chimera removal) asdone as described previously (Al-Hebshi et al. 2017b). The highyguaérged
reads were classified to the species level using our BLA%iBrd algorithm (Al-Hebshi et al. 2015; Al-
Hebshi et al. 2017b). The QIIME (Quantitative Insights Intorbhial Ecology) software package
version 1.9.1 (Caporaso et al. 2010) integrated into ourssglpeline was used for downstream
analysis including subsampling, generation of taxonomy pddie$ and rarefaction curves, and
calculation of species richness, coverage, alphagitiyendices and beta diversity distance matrices
Principal component analysis (PCoA) was used to visudlzeistances between the microbiomes.
Linear discriminant analysis (LDA) effect size (LEf§&egata et al. 2011) was used to detect taxa
enriched by the different media, adjusting for migtipomparison with the Benjamini-Hochberg method.
To quantitatively assess the similarity of the generatietbiniomes to the clinical inocula, a similarity

index was calculated as 1-abundance-weighted Jaccard distamcie respective clinical inoculum.

Subgingival dysbiosis index
A subgingival dysbiosis index (SDlinspired from the dysbiosis index described by Greved. dbora
Crohn’s disease (Gevers et al. 2014) was calculated for each generated noinrelais follows:

By Y. relative abundances of periodontitis associated species

Y. relative abundances of health associated species



where periodontitimssociated species are all of the species that wereeabandant in the periodontitis

clinical inoculum compared with the healthy clinicalantum, and vice versaAppendix Dataset 1)

Results

Raw data are available from Sequence Read ArgRRENAS57956). Summary and detailed sequencing

and data preprocessing statistics are providégpjpendix materials (Appendix Dataset 2).

Biomass and viability

The biomass and viability of the microbiomes generatelderlifferent media are shownhigure 1.

sBHI and BSHI, resulted in the highest biomass, with thegentitis-derived microbiomes havirzg
significantly higher biomass than the health-deriveglsoregardless of sucrose concentration (1712+416
ng vs. 1055+389 ng for BSHI; 14381113 ng vs. 771+£128 ng for sBidvever, the viability of
periodontitis-derived microbiomes was very low in both mediae microbiomes grown in mSHI had

the lowest biomass (144+74 ng and 421+185 ng for the diseaskealtia-derived microbiomes,
respectively), and both also displayed low viability. The t@mlof sucrose to the three media did not
havea consistent effect. For example, including sucrosel&n sBHI and BSHI significantly

enhanced viabilityf the health-derived microbiomes, but not the periodont#s®eated microbiomes;

it also reduced biomass of both types of microbiomes groB8itl, but only health-associate
microbiomes grown in sBHwhile it tended to increase it in mSHI-grown microbiomése saliva-

serum media generated microbiomes with intermediatedserf161+286 ng and 453+145 ng for the
disease- and health -derived microbiomes, respectivelt/algo the highest viability, especially in the
periodontitis-derived microbiomes (on averagé,10 times higher compared to other media). Increasing
the serum concentration to 10% (v/v) improved biomass akhdityiaof the microbiomes; at 20% (v/v)

serum, biomass further increased but viability was adveasiegted.


https://www.ncbi.nlm.nih.gov/bioproject/579567

Microbiological profiles by general medium type

All phyla, 71 out of 74 genera and 224 out of 231 species presertdiirtical inocula were also
detected in at least one of the in vitro microbiome subgr@pgendix Datasets 2-4). The average
relative abundances of phyla and top genera (accounting f&¥-oBthe sequences) in the microbiomes
generated and the respective clinical inocula are pegsanEigure 2. Major phyla identified in both the
inocula and grown microbiomes were Firmicutes, Fusoba@adaBacteroidetes. All media
significantly enriched for Firmicutes, while hardly supportezlgrowth of Proteobacteria. At the genus
level, Haemophilud_eptotrichig AggregatibacterCapnocytophaga-retibacterium and Mycoplasma
were among the major genera present in the clinicabiadout were found in low abundance (or absent)
in the in vitro microbiomes. Conversely, genera Parvimokagibacterium Oribacterium Atopobium
Dialister, Eggerthia and Peptostreptococcus, were over-represented in thbionwes compared to the
respective inocula, irrespective of the medium usedrdstingly, there were 25 species (6 genera)
including Mogibacterium neglectyrivlogibacterium pumilumAlloscardovia omnicolens
Acidaminococcus sp. str. D21 and several potentially novel OTUsvdtat not detecteih the clinical
inocula, but were present in the derived microbiomggéndix Dataset 5). The microbial profiles were
highly reproducible between the replicatéppendix Figure 2)

Different bacteria were enriched in the various mediaevealed by LEfSe analysfsppendix
Figure 3). Saliva-serum enriched for Bacteriodetes (genera PorphyroramaaAlloprevotella) and
Spirochaetes (Genus Treponema); sBHI enriched for Firnsi¢gemera Veillonella and
Peptostreptococcus) and Saccharibacteria; mSHI enhanced the gfgettera Fusobacteriym
Streptococcus and Tannerella; while BSHI favored the genus Prevatadlanost pronounced
enrichment was that of Porphyromonas gingivalis in the healitriediemicrobiomes grown in saliva-
serum (relative abundance of ~30% compared to 5.8% irsipective clinical inoculum and less than

0.1% in microbiomes grown in other media). Similarly, Pyramidtdrapiscolens was significantly



enriched in the periodontitderived microbiomes grown in sBHI, reaching a relative dbnoe of

11.0% compared with 1.7% in the periodontitis inoculum.

Species richness, alpha- and beta-diversity
The species richness and alpha-diversity indices aremisgsinFigure 3. Saliva-serum was associated
with the highest observed and expected (Chao) spedmeess, especially in the periodontitis-derived
microbiomes, supporting growth of up to 160 species from thiealimoculg however,ahigher serum
concentration (especially at 20%) was associated withrlspecies richness. mSHI generated a
comparable richness in the health-derived microbiomes totmicrobiomes grown in saliva-serum
(125-140 observed species). Growth of microbiomes in salivarsdowever, resulted in a significant
drop in Shannon’s and Simpson’s indices, particularly in the health-derived microbiomes in which the
reduction was serum concentration-dependeweérall, BSHI resulted in the lowespecies richness and
alpha-diversity. Including sucroge BSHI, mSHI or sBHI increased species richness, but didawe &
consistent effect on alpha-diversity.

The results of clustering of the microbiomes and @dihinocula by PCoA are shownkingure 4
A and B. Regardless of the medium used, the periodontitis-denvegbbiomes clustered with the
periodontitis inoculum separately from the health-d=timnicrobiomes, accounting for the variation
along principle coordinate (PC) 1 (44.55%). Differences bginme type accounted for variation along
PC2 (31.15%). The microbiomes grown in saliva-serum clustdosest to the clinical inocula followed
by those generated in mSHI. To better visualize the sityilairthe microbiomes to therespective
clinical inocula by specific medium type, the similatitgex was calculated and plotted as presented in
Figure 4C. In both health- and periodontitis-derived microbiomesyaatith 5% serum resulted in the
highest similarity to the clinical inoculéncreasing serum concentration reduced similarity, kit th

microbiomes generated still had a greater similarity thase grown in mSHI. Including sucrose in



mSHI enhanced similarity, but onfgr the health-derived microbiomes. BSHI and sBHI gendrate

microbiomes with the least similarity to the clinicabcula.

Dysbiosis

All media replicated the normobiotic and dysbiotic stafiehe respective clinical inocula to some
degree FFigure5), although there were significant differences amongtleBHI and BSHI media
generated health-derived microbiomes with an SDI veredioshat of the respective clinical sample,
but were associated with a significant dimoglysbiosisof the periodontitis-derived microbiomes,
resulting in a difference in SDI of 0.9 to 1.4 betweenrtbrmobiotic and corresponding dysbiotic
microbiomes (compared to a difference of 1.84 between theallinocula) Growth in mSHI resulted

in an extreme difference in SDI of 2.4-3.2 by loweringldgsis in the health-derived microbiomes
relative to the healthy clinical inoculum and significantiorsening itin the periodontitis-derived
microbiomes. Saliva with 5% serum generated periodontgisced microbiomes with the closest SDI to
that of the periodontitis sample, but worsened dysbingise health-derived microbiomes; nevertheless,
it nearly replicated the difference in SDI between thaazlrinocula (1.80 vs. 1.84). Higher serum
concentrations increased dysbiosis in both microbigmest and resulted s SDI difference of 2.2 and

1.6 for 10% and 20% serum, respectively.

Discussion

In this study, we tested various media to replicate eaftd periodontitis-associated subgingival
microbiomes. BHI supplemented with hemin, mucin and vitamim&tbeen shown to support growth of
a diverse microbial community, including periodontal pathegé&om saliva inocula (Kistler et al.

2015) The original SHI with 0.5% sucrose has been primarily useépicate microbiomes associated

with dental caries (Edlund et al. 201Bbwever, lowering the sucrose concentration (0.1%) hadteds



in higher proportions of subgingival species, which is why vaduated it and compared different
sucrose concentrations. The combined medium (BSHI) wasapeed based on the assumption that it
could maximize the number of species in the microbiomas/gSserum was included as a nutrient-
limited medium that simulates nutritional conditionsha gingival crevice/pocket. More details about
the choice of methods and their limitations are provideded ppendix Discussion.

Regardless of the medium, the health- and periodsxaigtiived microbiomes clustered
separately, consistent with previous work (Fernandek 2047; Velsko and Shaddox 2018)dicating
that the final composition of the generated microbiomégeely dictated by that of the respective
inocula. All media also replicated normobiosis and dysbimssome degree, demonstrating the overall
validity of the model. Nevertheless, there were diffices between the media worth highlighting, such
as the relationship between biomass and viability. sBHI ardl B&sulted in high biomass but low
viability suggesting that they provide an early boost to thertirof bacteria such that a significant
proportion of the microbiome enters the stationarydewine phases of growth before the medium is
replenished. This may also explain the lower specibsegs observed in these media, as slowly
growing species were probably outcompetBerhaps, growth rates in the less rich saliva media wer
lower and population growth was more balanced resultingogttar relationship between final biomass
and viability. This might explain why saliva-serum resulted in the hsgjlspecies richness, and hence,
greater similarity to the clinical inocula. mSHI wasaartlier in that it resulted in both low biomass and
viability especially in the periodontitis-derived microbiomekjch warrants further investigation

The dysbiosis index provided a valuable layer of informaticaddition to the standard
microbiome metrics, and reflected another important diffee between the tested media. Compared
with the clinical inocula, sBHI and BSHI narrowed th#atence in SDI between the h#aland
periodontitis-derived microbiome, while mSHI widened it. Ondtteer hand, saliva-serum (especially at
5% serum) nearly replicated the difference betweenlitieal inocula, despite over-enrichment of P.

gingivalis in the health-derived microbiomes, indicating ti@imobiosis/dysbiosis is a microbial



community feature not dependent on a single speltiether words, the high abundance of P. gingivalis
was accompanied by decreases in the abundance of othelopéitie-associated species and
maintenance of commensal/health-associated specres tiee low SDI and a difference between
healthy and diseased microbiomes similar to that seen congphe inocula. Nevertheless, over-
enrichment of P. gingivalis remains noteworthy since we canebidif such a microbiome (high P.
gingivalis/low SDI) would still be pathogenic. Since serumrbably enriching for P. gingivalis
(Cieplik et al. 2019; Naginyte et al. 2019), lowering its cormagioin may overcome this limitation.
Another caveat worth mentioning, is that the SDI was tatled based on the differences between the
clinical inocula, which limits its validity to the experental run. We are currently developing a more
generic index based on the relative abundancapddefined set of health and periodontitis-associated
species, that can be compared across experimentamdressen for assessment of clinical samples.

In conclusion, we describe here a model system, andel dysbiosis index, that could form the
basis of a high throughput model for screening microbiomautators. Overall, saliva-serum is probably
the optimal medium for modelling the subgingival microbidsganaximizing species diversity and

maintaining viability, while replicating normobiosis/dysbiosis
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Figure legends

Figure 1. Biomass and viability of the microbiomes grown in the different media. Biomass was
measured as the yield of DNA in nanograms extracted tihermicrobiomes. Viability was assessed
using a luminescence ATP assay, normalizing the relatmenescence signal to biomass.

Figure 2. Microbiological profiles. The relative abundances of phyla (upper panel) and majerae
(lower panel) identified in the clinical inocula andpestive microbiomes grown in the different media
(data presented for the four general media types)

Figure 3. Speciesrichness and alpha diversity. Taxonomic profiles were rarified and used to calculate
observed richness, expected richness (Chao index), and alpha diversity indices (Shannon’s and

Simpson’s) for eachof the clinical inocula and respective microbiomes grawthe different media,
employing standard QIIME scripts.

Figure 4. Beta diversity analysis. Distances between the microbiomes were calculated based
abundance-weighted Jaccard index employing standard QIIMiEsscFhe microbiomes were clustered
using Principle Coordinate Analysis (PCoA) Aythe respective clinical inoculum aBJ general
medium type. The clinical inocula are represented by bmasnicons. C) The similarity of the
microbiomes to the clinical inocula from which they wgrewn, calculated for each microbiome as 1-
abundance-weighted Jaccard distance from the respelitivalanoculum. PC: principle coordinate.

Figure 5. The level of dysbiosis in the clinical inocula andoextive microbiomes grown in the different
media as assessed by a subgingival dysbiosis index (SBl)atal as [total abundance of all species
increased in the periodontitis inoculum] over [total atance of all species increased in the healthy
inoculum]. Higher values indicate a greater levelystiosis.



