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Abstract
Developing a laboratory model of oral polymicrobial communities is essential for in 
vitro studies of the transition from healthy to diseased oral plaque. SHI medium is an 
enriched growth medium capable of supporting in vitro biofilms with similar diver-
sity to healthy supragingival inocula; however, this medium does not maintain the 
diversity of gram-negative bacteria more associated with subgingival plaque. Here, 
we systematically modified SHI medium components to investigate the impacts of 
varying nutrients and develop a medium capable of supporting a specific disease-
state subgingival community. A diseased subgingival plaque sample was inoculated in 
SHI medium with increasing concentrations of sucrose (0%, 0.1%, 0.5%), fetal bovine 
serum (FBS) (0%, 10%, 20%, 30%, 50%), and mucin (0.1, 2.5, 8.0 g/L) and grown for 
48 hrs, then the 16S rRNA profiles of the resulting biofilms were examined. In total, 
these conditions were able to capture 89 of the 119 species and 43 of the 51 gen-
era found in the subgingival inoculum. Interestingly, biofilms grown in high sucrose 
media, although dominated by acidogenic Firmicutes with a low final pH, contained 
several uncultured taxa from the genus Treponema, information that may aid cultur-
ing these periodontitis-associated fastidious organisms. Biofilms grown in a modi-
fied medium (here named subSHI-v1 medium) with 0.1% sucrose and 10% FBS had 
a high diversity closest to the inoculum and maintained greater proportions of many 
gram-negative species of interest from the subgingival periodontal pocket (including 
members of the genera Prevotella and Treponema, and the Candidate Phyla Radiation 
phylum Saccharibacteria), and therefore best represented the disease community.
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1  | INTRODUC TION

Subgingival oral plaque communities play an essential role in the ini-
tiation and progression of periodontal disease. It is now appreciated 
that disease progression is a shift of the microbial community from 
health to a dysbiotic disease state, triggering the host inflammatory 
response and ultimately tissue and bone loss (Hajishengallis, 2014; 
Lamont et al., 2018). Single species studies on model periopathogens 
and their interactions with the host through in vitro experiments and 
animal models have revealed many important insights (Mountcastle 
et al., 2020). Due to their complexity, studies using diverse multi-spe-
cies communities have progressed to a lesser extent; however, they 
are essential for understanding oral diseases such as gingivitis and 
periodontitis (Edlund et al., 2013; Mountcastle et al., 2020).

Early in vitro models of subgingival plaque bacteria were con-
structed of communities containing only a handful of species (e.g., 
Ammann et  al.,  2012; Sánchez et  al.,  2011; Sissons,  1997; Soares 
et  al.,  2015). The organisms chosen were considered important to 
initiating or sustaining disease and, perhaps more importantly, could 
be cultured in the lab. It is now clear, however, that progression to 
a disease state is caused by more than a few species, and to under-
stand periodontal disease the community as a whole needs to be 
addressed (Dzink et al., 1985; Marsh, 2003; Socransky et al., 1998; 
Theilade,  1986). Next-generation sequencing methods, specifically 
16S amplicon sequencing, allow multi-species samples to be quickly 
and easily characterized, and research applying this technique has pro-
gressed to enable rapid development of more representative complex 
polymicrobial in vitro biofilms (McLean, 2014). The main challenge of 
this approach is to generate in vitro models representative of an in 
vivo community both in taxonomic proportions and abundances. To 
address this, different methods of growing plaque-derived in vitro 
biofilms are being developed, with various conditions such as medium 
composition, inoculum source, and growth time investigated (e.g., 
Baraniya et al., 2020; Cieplik et al., 2019; Velsko & Shaddox, 2018).

SHI medium, an enriched growth medium originally developed 
to support supragingival bacterial communities, can maintain in vitro 
biofilms representative of a diverse inoculum with high reproduc-
ibility, capturing 60%–80% of the taxonomic abundance from the 
original community (Edlund et al., 2013; Tian et al., 2010). Diverse 
models such as these have many benefits over individual monocul-
tures and limited multi-species models using laboratory strains, and 
this approach has allowed the profiling of activity and function of the 
community using parallel omic techniques (metatranscriptomics and 
metabolomics) (Edlund et  al.,  2015, 2018). These in vitro commu-
nities have also shown to include organisms otherwise recalcitrant 
to traditional culturing techniques. Nanosynbacter lyticus stain TM7x 
of the Phylum Saccharibacteria (Formerly TM7), a member of the 
Candidate Phyla Radiation (CPR), was the first cultured representa-
tive of the CPR and was initially isolated from saliva-derived micro-
bial community cultured in SHI medium, validating the utility of this 
medium in sustaining a highly diverse in vitro microbiome (Edlund 
et al., 2013; He et al., 2015).

Saliva-derived, healthy supragingival communities with high 
abundances of gram-positive, saccharolytic organisms grow well 
in SHI medium, but this medium was not designed to support the 
proteolytic, gram-negative microbiota more associated with dis-
ease-state subgingival plaque. In this study, we systematically mod-
ified the well-characterized SHI medium to investigate how changes 
in key components can enable the growth of subgingival-associated 
species. In addition to developing a formulation for diverse subgin-
gival in vitro communities representative of a diseased state, the 
knowledge of which medium alterations could impact the commu-
nity composition will help understand the shift between healthy and 
disease states and is of interest to understand clinical interventions 
that may be beneficial for periodontitis patients.

2  | METHODS

2.1 | Plaque and saliva collection

Subgingival plaque was sampled from an ex-smoker African American 
female with Stage 3, grade C periodontitis (Papapanou et al., 2018). 
African American ethnicity and ex-smoker status represent a sub-
group with high prevalence of periodontitis among US adults 
≥30 years (Eke et al., 2018), and thus the microbial community is of 
high significance to model in vitro. This particular sample was utilized 
as the plaque inoculum for all in vitro biofilms due to its high biomass, 
which facilitated replicate and repeated examinations. Plaque was col-
lected using a sterile curette and stored in 500 µl Anaerobic Transport 
Medium (ATM) (Anaerobe Systems CAT# AS-916) with added 16% 
glycerol, vortexed to homogenize the sample, then further diluted 
in 5 ml ATM/glycerol, aliquoted, and stored at −80°C. Unstimulated 
saliva was collected from four healthy subjects, age 25–50 years and 
was used to coat plate surfaces to enhance bacterial attachment and 
biofilm growth. Subjects were asked to refrain from brushing the 
morning of collection and instructed to spit saliva directly into the 
saliva collection tube. Saliva samples were pooled and centrifuged at 
2,600 g for 10 min to spin down large debris and eukaryotic cells, and 
the supernatant was collected as pooled saliva and stored at 4°C (Tian 
et al., 2010). Patient consent was obtained to participate in this study, 
and the Institutional Review Board confirmed ethical approval for all 
saliva and subgingival plaque collection protocols and research under 
the approved protocol (University of Washington IRB No. 51195).

2.2 | SHI medium variations

The original SHI medium is defined in Tian et al. (2010) with the fol-
lowing composition: 10 g/L proteose peptone (Fisher, BP1420-500); 
5.0  g/L trypticase peptone (Fischer, BP 1421-500); 5.0  g/L yeast 
extract (BD Bacto, 212750); 2.5 g/L KCl (Fisher, P217-500); 5 mg/L 
hemin (Sigma, 51280); 1  mg/L Vitamin K (Sigma, M5625-25G); 
0.06 g/L urea (Fisher, U15-3), 0.174 g/L arginine (Fisher, BP370-100); 
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2.5 g/L mucin (Sigma, M1778-10G); 10 mg/L N -acetylmuramic acid 
(Sigma, A3008-100MG); 5% sheep blood (Colorado serum company) 
and 0.5% sucrose (Sigma, S7903).

SHI medium was modified with increasing concentrations of su-
crose, heat-inactivated fetal bovine serum (FBS), and mucin. Sucrose, 
a carbon source for supragingival bacteria in vivo and at a concentra-
tion of 0.5% in original SHI medium, was tested at 0%, 0.1%, 0.5%, 
and 0.8%. Sucrose was used instead of glucose as it increased re-
covery of streptococci in the original SHI medium (Tian et al., 2010). 
FBS (Gibco, A3160501), a common medium supplement contain-
ing similar growth factors to gingival crevicular fluid (GCF), is not 
included in original SHI medium. Here, the FBS concentrations 0%, 
10%, 20%, 30%, and 50% were tested. Mucin, another supragingival 
carbon source at a concentration of 2.5g/L in original SHI medium, 
was tested at 0, 0.1, 2.5, and 8 g/L. Combinations of medium condi-
tions are listed in Table 1; in total 15 media variations were tested. 
An initial survey was conducted sequencing single replicate in vitro 
biofilms. Based on this preliminary analysis, the most promising con-
ditions were replicated and further media variations were tested in 
an iterative process to refine the model.

2.3 | Growth of in vitro biofilms

Biofilms were grown following the methods of Edlund et al.  (2013, 
2015, 2018). Briefly, SHI-medium was reduced in an anaerobic 
chamber (5% H2, 5% CO2, 90% N2) for 3–4 hr and the initial pH, rang-
ing from 7.0–7.3, was measured prior to inoculation. To produce a sa-
liva pellicle and aid biofilm formation, 24-well plates were precoated 

with 200µl pooled saliva, dried in an incubator at 37°C for 1 hr, and 
UV sterilized for 1 hr. Reduced SHI medium (1.9 ml) was added to 
each well and inoculated with 20 µl of the subgingival plaque inocu-
lum. For each medium condition an uninoculated media control was 
incubated on the plate and processed with the inoculated samples. 
This served as a negative control for any potential bacterial DNA 
amplified and sequenced from the saliva pellicle. Plates were then 
incubated in an anaerobic chamber at 37°C for 48 hrs. After incuba-
tion, the final pH of the medium was measured without disturbing 
the biofilm, then the biofilms were resuspended and collected in a 
2 ml tube. Tubes were centrifuged to pellet the biofilm and superna-
tant was removed. Pellets were stored at −80°C.

2.4 | DNA extraction and 16S sequencing

Genomic DNA from biofilm pellets were extracted using the QIAamp 
DNA Microbiome Kit (Qiagen, CAT# 51704) and further purified 
and concentrated using DNA Clean and Concentrator Kit (Zymo 
Research, CAT# R1016) according to the manufacturer's protocols. 
DNA concentration was determined with Qubit Broad Range dsDNA 
assay (Thermo Fisher Scientific), and samples were stored at −80°C.

16S rRNA gene sequencing was performed for all samples on an 
Illumina MiSeq platform. Samples were sequenced on two sequenc-
ing runs. Each run included a negative kit control, a no template li-
brary preparation control, and a Zymogenetics bacterial community 
standard (Zymo Research, CAT# D6310) positive control. The plaque 
inoculum was sequenced twice to identify any possible variability 
between the two runs.

Condition

Replicates
Average Final 
pH ± SD

Average 
ASVs ± SD

Average 
species ± SD% FBS

% 
sucrose

g/L 
mucin

0 0 2.5 1 7.2 64 50

0 0.1 2.5 5 6.88 ± 0.38 51.8 ± 12.24 43.8 ± 8.04

0 0.5 2.5 3 4.53 ± 0.15 46.7 ± 10.26 41.3 ± 8.39

0 0.8 2.5 2 4.65 ± 0.07 51 ± 12.73 44.5 ± 9.19

10 0 2.5 3 7.23 ± 0.12 57.33 ± 2.08 44 ± 2.65

10 0.1 2.5 3 6.3 ± 0.70 59.3 ± 20.98 49.3 ± 16.65

10 0.5 2.5 2 4.5 ± 0.14 38.5 ± 4.95 35.5 ± 6.36

10 0.8 2.5 2 4.7 ± 0 41 ± 8.49 38 ± 8.49

20 0 2.5 3 6.73 ± 0.12 63 ± 9.64 46.7 ± 5.51

30 0.1 2.5 1 6.1 40 35

50 0.1 2.5 1 5.6 28 24

10 0 0 3 7.47 ± 0.06 57.33 ± 2.89 45.67 ± 2.31

0 0.1 0.1 1 7.1 55 44

30 0.1 0.1 3 5.23 ± 0.06 24 ± 4.36 22.33 ± 3.79

0 0.1 8.0 1 6.4 49 43

Note: subSHI-v1 medium is marked in bold.
Abbreviation: SD, standard deviation.

TA B L E  1   Media conditions with 
number of replicates, average final pH, 
average amplicon strain variants (ASVs), 
and average species numbers
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Library preparation was performed as follows: The V3-V4 
variable region of the 16S rRNA gene was amplified using 
gene-specific primers with Illumina adapter overhang se-
quences (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC 
TACGGGNGGCWGCAG-3′ and 5′-GTCTCGTGGGCTCGGAGATGTG 
TATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). Each reaction 
mixture contained 2.5 µl of genomic DNA, 5 µl of each 1 µM primer, 
and 12.5  µl of HiFi HotStart ReadyMix (KAPA, CAT# KK2602). 
Amplicon PCR was carried out with the following parameters: 95°C 
for 3 min, 35 cycles at [95°C for 30 s, 55°C for 30 s, 72°C for 30 s], 
followed by extension at 72°C for 5 min. PCR products were verified 
by gel electrophoresis (1% agarose gel) and cleaned with AMPure XP 
beads (Beckman Coulter, A63881). Amplicons were indexed using 
the Nextera XT Index Kit V2 set A and set D (Illumina) and puri-
fied again with AMPure XP beads to remove low molecular weight 
primers and primer-dimer sequences. SequalPrep Normalization Kit 
(Invitrogen, A10510-01) was used to normalize samples to a con-
centration of 1–2 ng/µL. Samples were pooled into a single library 
and checked for DNA quality and quantity using a TapeStation 4200 
High Sensitivity D1000 assay (Agilent Technologies) and Qubit High 
Sensitivity dsDNA assay (Thermo Fisher Scientific), respectively. 
The final pooled library was loaded on to an Illumina MiSeq with 10% 
PhiX spike, which served as an internal control to balance for possi-
ble low diversity and base bias present in the 16S amplicon samples, 
was run for 301 cycles (2 × 301 bp), and generated an average of 
106,000 reads per sample.

2.5 | 16S data processing and bioinformatics

Demultiplexed paired-end sequences were downloaded from 
the Illumina MiSeq platform, imported to QIIME2 (v2019.10), 
and trimmed and denoised using the DADA2 package (Callahan 
et al., 2016). Forward reads were trimmed by 15 nucleotides (nt) from 
the 5′ end and 11 nt from the 3′ end; reverse reads were trimmed 
by 15 nt from the 5′ end and 56 nt from the 3′ end. Taxonomic as-
signment to classify the amplicon sequence variants (ASVs) was 
performed using the feature-classifier suite trained on the Human 
Oral Microbiome Database (HOMD v15.1) (Escapa et al., 2018). 16S 
sequence data have been deposited to the Genbank database under 
Bioproject number PRJNA6633916 and raw read counts for each 
sample are provided in Table S1. The .biom file generated in QIIME2 
was imported to RStudio v1.2.1335 for further processing.

Commonly found kit contaminants as well as taxa enriched in 
uninoculated media controls but absent from the plaque inoculum 
were removed in RStudio using Phyloseq v1.30.0 (McMurdie and 
Holmes, 2013). The following taxonomic assignments were removed: 
Unassigned, Delftia, Yersinia, Listeria, Mogibacterium, Acinetobacter, 
Jeogalicoccus, Pseudomonas, Pseudoramibacter, Arthrospira platensis, 
Bacillus subtilis, Variovorax paradoxus, Escherichia coli, Pseudomonas 
aeruginosa, and Pseudomonas fluorescens. Additionally, two ASVs 
(classified to Streptococcus oralis and Veillonella dispar species) 

found at high abundance in all samples and negative controls were 
removed.

Analyses, including Alpha and Beta diversity, were performed in 
RStudio with the packages Phyloseq, ggplot2 v3.3.0 (Wickham, 2016), 
and ampvis2 v.2.5.9 (Andersen et al., 2018). Alpha diversity metrics 
(Shannon, Simpson, and Observed) were calculated with data rarefied 
to 15,141 sampling depth, the lowest sequence number found in a 
sample; all other analyses were performed on unrarefied data. Venn 
diagrams were produced with InteractiVenn (Heberle et  al.,  2015) 
and pie charts were produced with Krona (Ondov et al., 2011). For 
comparison, replicates were combined and DNA concentration, pH 
values, and taxonomic abundances were expressed as mean ± stan-
dard deviation (SD) for each medium condition. When appropriate, 
data were analyzed with the non-parametric Wilcoxon test where 
p <  .05 was considered statistically significant. Normality could not 
be assumed, and statistical comparisons could not be performed for 
several conditions with small sample sizes.

16S rRNA gene sequencing revealed several samples with en-
riched growth of Saccharibacteria phylum G3 group member HMT-
351, provisionally named “Ca. Nanosyncoccus nanoralicus” (McLean 
et al., 2018, 2020), that is likely an epibiont parasite on a bacterial 
host similar to strain TM7x (He et al., 2015). To identify the poten-
tial host of this bacterium, samples were divided into a group of 
biofilms with G3 HMT-351 present and a group with G3 HMT-351 
absent, and the relative abundance of each species was averaged 
within each group. Onesided non-parametric Wilcoxon tests were 
performed to determine which organisms were significantly (p < .05) 
enriched in biofilms containing G3 HMT-351.

2.6 | Whole genome sequencing

Whole genome shotgun (WGS) sequencing was performed on two 
samples enriched in “Ca. N. nanoralicus” G3 HMT-351 (grown in the 
medium condition 10% FBS, 2.5  g/L mucin, 0.1% sucrose) at the 
University of Washington's Northwest Genomics Center (NWGC) 
to extract the genome of this strain. Samples were prepared with 
the PCR-free KAPA HyperPrep Kit (Roche, Cat# 07962355001) 
and sequenced on an Illumina NovaSeq 6000 platform with a 300 
cycle S Prime flow cell, generating 10 million reads per sample. 
Demultiplexed paired end reads were imported into KBase v2.1.4 
(Arkin et  al.,  2018), the reads of both samples were combined 
into one library using Merge Reads Libraries v1.01, trimmed with 
Trimmomatic v0.36, and assembled with metaSPAdes v3.13.0 (into 
4,795 contigs). Within Geneious v11, the Mauve plugin was used 
to map all assembled community contigs to a recently published 
genome of “Ca. N. nanoralicus” G3 HMT-351 (McLean et al., 2020), 
generating a new set of 88 contigs. All reads were then mapped 
to the new set of contigs. Existing contigs and mapped reads were 
de novo assembled resulting in a partial genome of 39 contigs. The 
partial genome has been submitted to the Genbank database under 
Bioproject number PRJNA6633916.
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3  | RESULTS

3.1 | Composition of plaque inoculum

To date, many studies seeking to reproduce oral plaque communities 
in vitro have relied on pooled plaque or pooled saliva from multi-
ple subjects as the source inoculum (Baraniya et al., 2020; Edlund 
et al., 2013; Hope & Wilson, 2006). While a pooled inoculum can be 
beneficial, increasing diversity of models, it may ultimately lose de-
tails specific to the source sample and cannot address the variability 
found between oral sites. Periodontitis is a site-specific disease that 
is noted for its higher microbial diversity than in health, and there 
can be significant taxonomic variability among patients and even be-
tween periodontal pockets of the same person (Mark Welch et al., 
2019; Moore et al., 1984). In order to study the bacterial community 
that comprises a particular disease site, it is important to capture 
the diversity and composition of unique site-specific microbiomes. 
Therefore, the current study used the same subgingival, aggressive 
periodontitis plaque sample for all in vitro biofilms.

This inoculum consisted of nine phyla, 51 genera, 119 spe-
cies, and 162 unique ASVs. Three major phyla—Bacteroidetes, 
Spirochaetes, and Firmicutes—dominated the sample, with smaller 
percentages of Actinobacteria, Proteobacteria, Synergistetes, 
Saccharibacteria, Chloroflexi, and Fusobacteria (Figure  1a). All of 
these phyla are commonly found in subgingival periodontitis sam-
ples at varying proportions (Armitage, 2010; Baraniya et al., 2020; 
Fernandez y Mostajo et al., 2017; Thompson et al., 2015). We do 
note that our inoculum was distinct from general descriptions of 
periodontitis communities. Fusobacterium is a common genus found 
in both health and disease communities (Colombo & Tanner, 2019) 
and its relative abundance can be over 30% of a periodontitis 
sample (Baraniya et  al.,  2020; Fernandez y Mostajo et  al.,  2017). 
However, just one species of Fusobacterium was present in the cur-
rent inoculum, making up only 0.07% of the community. Of the clas-
sically described “red complex” bacteria (Porphyromonas gingivalis, 
Tannerella. forsythia, Treponema. denticola) often present in disease 
sites, this inoculum contained only T. forsythia and T. denticola. 
Within the Porphyromonas, only P. endodontalis was present (com-
prising 11% of the community); P. gingivalis was absent. This inocu-
lum also contained a higher abundance and diversity of Treponema 
(19 species-level taxa; 26% of the community) compared to pooled 
plaque samples described in the literature (Baraniya et  al.,  2020; 
Fernandez y Mostajo et al., 2017).

3.2 | Sucrose variations

Starting with SHI medium originally developed to support growth 
of supragingival microbial communities, adjustments were made 
to levels of sucrose, FBS, and mucin. Sucrose is the primary carbon 
source for supragingival, cariogenic organisms, and original SHI me-
dium contains 0.5% sucrose to support high cell density biofilm com-
munity growth (Tian et al., 2010). However, subgingival pockets in 
the oral cavity are less exposed to dietary sugars or the breakdown 
products from saccharolytic bacteria and the organisms that in-
crease in abundance during the disease state are predominately pro-
teolytic, depending more on peptides for metabolism (Marsh, 2003; 
Wei et al., 1999). Here, in vitro biofilms were grown in media con-
taining 0%–0.8% sucrose (Table 1). When FBS and mucin were held 
constant at 10% and 2.5 g/L, respectively, conditions of 0%–0.1% 
sucrose had significantly (p < .05) higher DNA yield, greater number 
of species (p = .09), and significantly (p < .05) higher pH compared to 
biofilms in 0.5%–0.8% sucrose (Figure 2a).

At the phyla level, biofilms with 0%–0.1% sucrose were primarily 
composed of Firmicutes, Proteobacteria, and Bacteroidetes, espe-
cially when paired with low or no FBS (Figure 3). These low sucrose 
conditions were consistently able to capture a majority of phyla 
found in the inoculum, lacking only Synergistetes and Chloroflexi. 
Proteobacteria, a phylum that composed only 3% of the inoculum, 
was greatly enriched in low sucrose conditions, reaching as much as 
51% of the in vitro community (Figure 3). When 0.5%–0.8% sucrose 
was added, Firmicutes increased to about 90% of the community 
(consisting mostly of the genera Streptococcus, Granulicatella, and 
Gemella) (Figure S1a).

The change in species composition associated with varying su-
crose concentrations (from 0%–0.8% sucrose) was evaluated from 
biofilms with fixed 10% FBS and 2.5 g/L mucin (Figure 2a; Table S1). 
Twenty-three species were found across these sucrose concen-
trations, including P. endodontalis, Eikenella corrodens, and several 
Streptococcus and Actinomyces species. In conditions with 10% FBS 
and 2.5 g/L mucin T. forsythia was present in samples with 0.1%–0.8% 
sucrose, although this species was also found in other medium con-
ditions with 0% sucrose (Table S1). Four species were unique to 0% 
sucrose (including Fusobacterium nucleatum subsp. animalis), while 14 
species were unique to 0.1% sucrose (including seven Prevotella spp.). 
As sucrose concentration increased, 39 species found in 0% and/
or 0.1% sucrose conditions were lost from the community, including 
members of the gram-negative Prevotella, Campylobacter, Dialister, 

F I G U R E  1   Average phylum level 
community profiles of (A) the plaque 
inoculum, biofilms grown in (B) original 
SHI medium (0.5% sucrose, 0% FBS, 
2.5g/L mucin), and (C) subSHI-v1 
medium (0.1% sucrose, 10% FBS, 2.5g/L 
mucin) [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Johnsonella, Selenomonas, the Saccharibacteria bacterium HMT-351, 
and several Streptococcus and Parvimonas species. Conversely, 15 
species appeared in the high sucrose conditions that were missing 

from low sucrose; including the gram-positive Lactobacillus, Olsenella, 
Peptostreptococcaceae, and Rothia, and members of the gram-nega-
tive Fretibacterium and Treponema.

F I G U R E  2   Venn diagram of the number of shared species and boxplots of species count, DNA concentration, and final pH for (A) 
varying sucrose concentrations with fixed 10% FBS and 2.5g/L mucin; (B) varying FBS concentrations with fixed 0.1% sucrose and 2.5g/L 
mucin; and (C) varying mucin concentrations with fixed 0.1% sucrose and 0% FBS. If a species was present in at least one replicate, then it 
was represented in the Venn diagram. Significance is shown with asterisks, all conditions without asterisks are not significant; *: p ≤ .05, **: 
p ≤ .01, ***: p ≤ .001 [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3   Average percent abundance 
of phyla within each medium condition 
and the plaque inoculum. For each 
condition, ASVs were averaged across 
replicates before percent abundance was 
calculated [Colour figure can be viewed at 
wileyonlinelibrary.com]
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3.3 | FBS variations

Gingival crevicular fluid is a serum exudate that consistently 
bathes plaque within periodontal pockets and is a protein source 
for proteolytic taxa within that niche. Inflammation caused by ac-
cumulated subgingival plaque leads to an increased flow of GCF, 
which is correlated with the dysbiotic shift from health to disease 
(Hajishengallis,  2014). FBS is a common medium supplement that 
contains similar proteins and growth factors to GCF for subgingi-
val biofilms grown in vitro, but was not a constituent of original SHI 
medium. In this study, in vitro biofilms were grown in SHI medium 
with 0%–50% FBS (Table  1). When sucrose and mucin were held 
constant at 0.1% and 2.5  g/L, respectively, FBS concentration did 
not affect DNA yield, but low FBS conditions (0%–10%) did have a 
slightly greater species number (p = .13) and higher final pH (p = .10) 
than high FBS conditions (30%–50%) (Figure 2b).

Biofilms with 0%–10% FBS mainly contained the phyla 
Firmicutes, Proteobacteria, and Bacteroidetes, especially when 
paired with low or no sucrose (Figure 3). These conditions were con-
sistently able to capture a majority of phyla found in the inoculum, 
lacking only Synergistetes and Chloroflexi. With the inclusion of ad-
ditional FBS, Bacteroidetes increased from less than 20% in no FBS 
conditions to 66% in the 50% FBS condition (Figure 3, Figure S1b) 
and overall phylum diversity decreased, with the 50% FBS condition 
containing only four of the nine phyla from the inoculum.

The change in species composition associated with varying FBS 
concentrations (from 0%–50%) was also evaluated from biofilms 
with 0.1% sucrose and 2.5 g/L mucin. Twenty species were found 
across these FBS conditions, including E. corrodens, Haemophilus 
parainfluenzae, and several Actinomyces and Streptococcus species 
(Figure 2b; Table S1). Ten species were unique to 0% FBS (including 
T. denticola and F. nucleatum subsp. animalis), while 14 species were 
unique to 10% FBS including members of the genera Prevotella, 
Treponema, and Saccharibacteria (Figure 2b). As FBS concentration 
increased to 30% and 50%, 49 species found in 0% and/or 10% FBS 
were lost from the community, including members of the gram-neg-
ative Alloprevotella, Prevotella, Treponema, and the Saccharibacteria. 
Prevotella melaninogenica, in the phylum Bacteroidetes, became in-
creasingly prevalent as FBS concentration increased. Comprising 
only 0.5% relative abundance of the inoculum, this species steadily 
increased from less than 4% in conditions without FBS to half of the 
resulting culture in the 50% FBS condition.

3.4 | Mucin variations

Salivary mucins and mucin glycans are a source of carbohydrate as-
sociated with the metabolism of supragingival species (Bradshaw 
et al., 1994; Glenister et al., 1988; Van der Hoeven et al., 1991) and 
2.5 g/L mucin is included in the original SHI medium. Relatively lit-
tle is known about how regulating the abundance of this complex 
substrate may impact oral community composition and mucins 
may not be a necessary carbon source for the more asaccharolytic 

subgingival communities within the periodontal pocket that are less 
exposed to saliva. In the present study we varied the media with 
0–8 g/L mucin. When FBS and sucrose were held constant at 0% 
and 0.1%, respectively, there was no difference in average species 
count; however, DNA concentration decreased at lower mucin lev-
els (Figure 2c). Despite there being no average difference in species 
count between these three mucin concentrations, 21 species were 
found only in 2.5 g/L mucin conditions (Figure 2c).

The complete removal of mucin was associated with a slight 
increase in Bacteroidetes (from 9% to 17%) and decrease in 
Proteobacteria (from 51% to 44%) without changing concentrations 
of Firmicutes (Figure 3). Firmicutes (specifically Streptococcus spp.) 
were slightly enriched when concentration increased from 0.1 to 
8.0 g/L mucin.

3.5 | Similarity to source plaque and growth of 
subgingival species

All in vitro biofilms were examined for fidelity to the plaque inocu-
lum in terms of both species proportion and abundance, with specific 
focus on the enrichment of subgingival species. Of the organisms 
present in the inoculum, all nine phyla, 43 of the 51 genera, and 89 
of the 119 species were captured in at least one in vitro biofilm. 
Four genera (Veillonella, Lactobacillus, Solobacterium, and Neisseria) 
comprising 34 species were present in some in vitro communities 
but were not sequenced in the plaque inoculum; these genera were 
likely present at a low abundance in the inoculum and were there-
fore not detected via sequencing.

Rarefied measures of alpha diversity (Observed ASVs, Shannon, 
and Simpson) are presented for each media condition in Figure 4a–c. 
All in vitro biofilms had similar observed ASV counts, with a mean of 
49.2 ASVs ± SD14.0 (n = 36). Conditions with high sucrose (0.5%–
0.8%) had consistently lower alpha diversity than conditions of 
low sucrose (0%–0.1%). The high FBS (50%) condition also showed 
similarly low alpha diversity. Both Shannon and Simpson indices re-
vealed a higher alpha diversity in biofilms with 0%–0.1% sucrose and 
0%–20% FBS, regardless of mucin concentration. Beta diversities 
were measured using unweighted and weighted UniFrac distances 
and plotted using principal coordinate analyses (PCoA) shown in 
Figure 4d,e. The similarity in beta diversity between two indepen-
dent analyses of the plaque inoculum is indicative of reproducible 
results between sequencing runs. In both PCoAs, the inoculum was 
positioned in between two separate clusters of low (0%–0.1%) and 
high (0.5%–0.8%) sucrose.

Beta diversity analyses revealed the conditions that ap-
proached the composition of the plaque inoculum. Of the con-
ditions closest to the inoculum on the PCoAs, biofilms grown in 
media with low (0.1%) sucrose and low (10%) FBS had high alpha 
diversities and supported communities with taxonomic abun-
dances and proportions most representative of the disease-state 
subgingival plaque inoculum (Figures 1c, 3). Mucin did not appear 
to have a significant impact on the community composition but 
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did increase the overall biomass. At this stage in development, the 
medium modified from SHI medium formulated to contain 0.1% 
sucrose, 10% FBS, and 2.5 g/L mucin best captured a subgingival 
community composition and was given the name subSHI-v1 me-
dium (subgingival medium version 1). Although similar in diversity 
metrics to biofilms grown in media with no sucrose or with 30% 
FBS, the in vitro communities from subSHI-v1 medium captured a 
greater number of subgingival species of interest than other media 
conditions, including members of Prevotella, Treponema, and the 
Candidate Phyla Radiation (CPR) Saccharibacteria, most notably 
the G3 HMT-351 (“Ca. N. nanoralicus”).

Despite the relatively higher diversity and inclusion of subgin-
gival species of interest seen in subSHI-v1 medium, this condition 
was unable to fully reproduce the high diversity community of 
the plaque inoculum. Biofilms grown in subSHI-v1 medium were 
most notably lacking representatives of the phyla Chloroflexi, 
Synergistes, and Spirochaetes. While Chloroflexi and Synergistes 
were at relatively low abundances in the plaque inoculum, the 
genus Treponema within the Spirochaetes constituted 26% of this 
in vivo community (Figure 1a). No Chloroflexi or Synergistes taxa 
were present in any low sucrose low FBS condition, and these 
biofilms contained only one or two members of the Treponema 
(Figure  5a). Unexpectedly, these three phyla were present in 
high sucrose conditions (Figures 1b, 3). Although Chloroflexi and 

Synergistes were still at low proportions (averaging 0.0025% and 
0.15%, respectively), each of the four high sucrose biofilms cap-
tured between six and nine Treponema taxa which averaged 1.72% 
of the in vitro community.

3.6 | Partial genome of “Ca. N. nanoralicus” and 
potential host

The Saccharibacteria member G3 HMT-351, comprising 0.2% of the 
plaque inoculum, was present in multiple media conditions of 0%–
20% FBS and 0%–0.1% sucrose (Figure 5b). WGS sequencing was 
performed on two in vitro biofilms that showed enriched growth of 
G3 HMT-351 to extract a partial genome of this strain. The resulting 
assembly had 39 contigs with a total length of 718,376 bp and an 
average G + C content of 41.4%. It contained 719 coding sequences 
(CDS) and 44 RNA genes.

In addition to N. lyticus strain TM7x, several cultured repre-
sentatives of the Saccharibacteria have been isolated recently 
with hosts from the phylum Actinobacteria (Bor et  al.,  2020; 
Cross et al., 2019). Within our in vitro biofilms, Actinomyces oris, 
HMT-180, and HMT-169 were present in most or all biofilms con-
taining G3 HMT-351 (Figure 5c). A. oris and HMT-180 were in all 
biofilms regardless of G3 HMT-351 presence, and the average 

F I G U R E  4   Alpha and Beta diversity analyses for all in vitro biofilms and the plaque inoculum. Alpha diversity was measured with (A) 
observed ASVs, (B) Shannon indices, and (C) Simpson indices using rarefied data. Beta diversity was measured with (D) Unweighted UniFrac 
and (E) Weighted UniFrac distances. [Colour figure can be viewed at wileyonlinelibrary.com]
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species abundance of Actinomyces sp. HMT-169 was significantly 
higher (p <  .05) in biofilms containing G3 HMT-351. These three 
Actinomyces species therefore represent potential hosts of this re-
duced genome epibiont.

4  | DISCUSSION

The shift from oral homeostasis to dysbiosis leads to periodontitis 
and is influenced by interactions of a diverse microbial community 
with the host. To carry out in vitro experiments of subgingival health 
and disease, it is imperative to have a comprehensive lab-grown bio-
film model that emulates site-specific in vivo communities (including 
uncultivated taxa) (Colombo & Tanner, 2019; Edlund et al., 2013). In 
this study, we altered just three major components of SHI medium 
(which maintains a healthy supragingival in vitro community) to gen-
erate subSHI-v1 medium that now has the capability to accommo-
date bacteria found within a disease-state subgingival community.

In vitro biofilms grown in SHI medium with high (0.5%–0.8%) 
sucrose had low final pH of ~4.6 (Figure  2a) and supported com-
munities composed of over 90% saccharolytic Firmicutes that more 
closely resembled the supragingival health-derived communities 
grown in original SHI medium (Figure 1b; Edlund et al., 2013; Tian 
et al., 2010). Disease-associated subgingival bacteria are considered 
to grow best in alkaline environments (Barros et al., 2016), and this 
low pH likely limited the growth of subgingival taxa in high sucrose 
biofilms. Decreasing sucrose to 0%–0.1% dramatically altered micro-
bial composition and supported a diverse community no longer dom-
inated by Firmicutes, showing that a high concentration of sucrose 
is not necessary for growth of the subgingival microbiota and may 
even be adverse to the model. When biofilms with varying sucrose 
conditions were compared, only four species were unique to 0% su-
crose; however, they were in few samples and at a low abundance. In 
contrast, 38 species were only sequenced from sucrose-containing 
media (Figure 2b). This result agrees with Baraniya et al. (2020) find-
ings where media containing 0.1% sucrose supported higher growth 
of subgingival bacteria. The new medium (subSHI-v1) formulation 
includes 0.1% sucrose to generate an in vitro community closest to 
the plaque inoculum.

While not present in the original SHI medium, serum is a com-
mon medium supplement that contains similar proteins and nutri-
ents to GCF (Ammann et al., 2012; Hope & Wilson, 2006; ter Steeg 
et al., 1988). An addition of 10% FBS to SHI medium modified with 
0.1% sucrose did not greatly alter biofilm alpha diversity compared 
to conditions without FBS, while adding 30%–50% FBS actually de-
creased the phylum level diversity. Lower alpha diversity has been 
previously noted at higher serum levels (Baraniya et al., 2020), and 
a recent study comparing plaque growth in media conditions with 
or without FBS saw only an enrichment of Bacteroidetes in FBS-
supplemented media (Naginyte et al., 2019). Our in vitro models with 
10% FBS did, however, maintain the alpha diversity found in 0% FBS 
and capture a few additional subgingival organisms of interest (e.g., 
Prevotella, Treponema, and Saccharibacteria strains). We therefore 
supplement subSHI-v1 medium with 10% FBS to increase the num-
ber of subgingival species captured.

Although decreasing or even removing mucin from our modified 
SHI medium did not have a significant effect on community com-
position, the total biomass was detrimentally impacted (Figure 2c). 
Preserving the original SHI-medium mucin concentration of 2.5g/L 

F I G U R E  5   The presence of (A) Treponema spp., (B) 
Saccharibacteria spp., and (C) Actinomyces spp. in each medium 
condition. A species was considered present in the condition if it 
was detected in at least one in vitro biofilm replicate [Colour figure 
can be viewed at wileyonlinelibrary.com]
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neither impacted alpha diversity nor resulted in substantial loss of 
key subgingival species. These preliminary results suggest mucin 
may not be a necessary component of media for a subgingival model 
nor do low amounts have a large impact. However, the presence of 
mucin may be important when generating a temporal model of the 
transition from health to disease state, and here we keep the same 
2.5 g/L mucin concentration in subSHI-v1 medium.

A major benefit of developing oral communities in vitro is the 
ability to study fastidious organisms with unknown requirements 
for growth. The first cultured member of the Saccharibacteria phy-
lum, N. lyticus stain TM7x, was isolated from a community grown 
in original SHI-medium and determined to be an ultrasmall epibi-
ont on its bacterial host Actinomyces odontolyticus (He et al., 2015). 
Currently, a limited number of Saccharibacteria strains have been 
isolated on their hosts, mostly Actinobacteria (Bor et al., 2020; Cross 
et  al.,  2019). In the current study, the Saccharibacteria member 
G3 HMT-351 provisionally given the genus and species name “Ca. 
Nanosyncoccus nanoralicus” (McLean et al., 2018, 2020) was enriched 
in several low sucrose, low FBS conditions to proportions equal to or 
greater than that of the inoculum (Figure  5b). “Ca. N. nanoralicus” 
enriched cultures were examined for potential Actinobacteria hosts. 
Actinomyces sp. HMT-169 was found to be at significantly higher 
proportions and may be the host of this epibiont. Recently, Cross 
et al. (2019) maintained a coculture of G3 HMT-351 on Actinomyces 
sp. HOT-897; however, this Actinobacterium was not present in our 
plaque inoculum or in vitro communities. It is possible that “Ca. N. 
nanoralicus” exhibits limited flexibility in its host range as recently 
demonstrated for TM7x (Bor et al., 2020; Utter et al., 2020).

Members of the gram-negative genus Treponema are of interest 
as their diversity and abundance correlates with increased severity 
of disease, and they can comprise up to 50% of an advanced dis-
ease community (Armitage et al., 1982; Curtis et al., 2020; Lindhe 
et al., 1980). At least 50 species-level taxa of Treponema have been 
sequenced from periodontitis samples, but they have proven dif-
ficult to culture in the lab and a large proportion of known taxa 
are uncultured (Dewhirst et  al.,  2000, 2010; You et  al.,  2013). 
Counterintuitively, high growth of Treponema was detected in bio-
films with 0.5%–0.8% sucrose (Figure 5a). Several cultured trepo-
nemes have the ability to metabolize sugars, including T. socranskii 
that can ferment sucrose (Chan & McLaughlin,  2000; Sakamoto 
et al., 1999; Smibert et al., 1984; Wyss et al., 2001) and T. denticola 
that can ferment glucose (Hespell & Canale-Parola, 1971; Tanno-
Nakanishi et al., 2018). The high sucrose environment of these in 
vitro biofilms could be supporting the metabolism of Treponema 
with different nutritional requirements, possibly consuming either 
the sucrose itself or the metabolic byproducts of streptococci me-
tabolism. The definitive growth of a diverse array of treponemes 
in our high sucrose biofilms is an exciting observation that may 
shine light on the media conditions required to isolate and culture 
these organisms. Further work is needed to understand how to 
better maintain in vivo levels of Treponema in the in vitro commu-
nity, which appear to be outcompeted and at odds with the current 

formulations that capture much of the species in this aggressive 
periodontitis sample.

Although in vitro communities grown in subSHI-v1 medium 
maintained the presence of major phyla from the original inoculum, 
preserving their relative abundances was more challenging. Over-
enrichment of Firmicutes appears a consistent feature of subgin-
gival biofilm models (Baraniya et  al.,  2020; Fernandez y Mostajo 
et al., 2017; Walker & Sedlacek, 2007), and Firmicutes were found 
in high abundances in almost all of our in vitro biofilms, becoming 
more dominant as sucrose concentration increased. Bacteroidetes, 
however, were less abundant in in vitro biofilms, increasing at higher 
FBS concentrations only with the enrichment of one species P. mela-
ninogenica and losing the diversity of the phylum. Another phylum 
Proteobacteria, comprising only 3% of the plaque inoculum, was 
enriched up to 50% of the community in low sucrose, low FBS con-
ditions. This is particularly interesting as other recent subgingival 
models have been unable to capture much Proteobacteria in their 
communities (Baraniya et al., 2020; Naginyte et al., 2019).

The current study brings us a step closer to a representative 
subgingival in vitro model. While none of the modified media fully 
captured the high diversity of the plaque inoculum, our systematic 
approach to alter a known supragingival growth medium revealed 
that the new subSHI-v1 medium with minimal changes to a lower 
sucrose concentration (0.1% sucrose), the addition of 10% FBS, and 
preserving the original 2.5  g/L mucin concentration was most ef-
fective in approaching both the overall diversity and the gram-neg-
ative subgingival species that were present in the diseased plaque. 
The details presented here on community composition of biofilms 
grown in other SHI media formulations can additionally aid re-
searchers varying media to reach their own research goals, which 
may include enriching for different species of interest. Although only 
one periodontitis sample was used to refine subSHI-v1 medium, we 
demonstrate that in vitro biofilm growth from a single patient can 
reveal features of individual periodontitis sites. We anticipate this 
model may be able to capture more of the diversity found in other 
site-specific subgingival samples and will increase our knowledge of 
the transition between a healthy, gram-positive bacteria dominated 
plaque community to a gram-negative rich community.
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