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Abstract

Background: Several in vitro oral biofilm growth systems can reliably construct oral microbiome communities in
culture, yet their stability and reproducibility through time has not been well characterized. Long-term in vitro
growth of natural biofilms would enable use of these biofilms in both in vitro and in vivo studies that require
complex microbial communities with minimal variation over a period of time. Understanding biofilm community
dynamics in continuous culture, and whether they maintain distinct signatures of health and disease, is necessary
to determine the reliability and applicability of such models to broader studies. To this end, we performed next-
generation sequencing on biofilms grown from healthy and disease-site subgingival plaque for 80 days to assess
stability and reliability of continuous oral biofilm growth.

Results: Biofilms were grown from subgingival plaque collected from periodontitis-affected sites and healthy
individuals for ten eight-day long generations, using hydroxyapatite disks. The bacterial community in each
generation was determined using Human Oral Microbe Identification by Next-Generation Sequencing (HOMINGS)
technology, and analyzed in QIIME. Profiles were steady through the ten generations, as determined by species
abundance and prevalence, Spearman’s correlation coefficient, and Faith’s phylogenetic distance, with slight
variation predominantly in low abundance species. Community profiles were distinct between healthy and disease
site-derived biofilms as demonstrated by weighted UniFrac distance throughout the ten generations. Differentially
abundant species between healthy and disease site-derived biofilms were consistent throughout the generations.

Conclusions: Healthy and disease site-derived biofilms can reliably maintain consistent communities through ten
generations of in vitro growth. These communities maintain signatures of health and disease and of individual
donors despite culture in identical environments. This subgingival oral biofilm growth and perpetuation model may
prove useful to studies involving oral infection or cell stimulation, or those measuring microbial interactions, which
require the same biofilms over a period of time.
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Background

The oral biofilm is a complex microbial community that is
responsible for the world’s most common diseases, peri-
odontal disease [1] and caries [2]. Ecological theories of
oral infectious diseases such as Marsh’s ecological plaque
hypothesis [3] and the recent polymicrobial synergy and
dysbiosis model of disease development [4] emphasize the
role of complex community changes as drivers of disease.
It is now clear that oral biofilms differ between sites of
health and disease at the gene/genomic level [5], the tran-
scriptional level [6, 7], and the metabolic level [8]. How-
ever, despite substantial research into cause of these
infectious oral diseases, relatively little progress has been
made in understanding how community dynamics and
species interactions drive disease. Studies employing poly-
microbial communities, which are necessary to elucidate
oral disease pathology, are rare due to the difficulty of in-
dependently culturing many oral bacterial species, and the
uncertainty in working with undefined samples derived
from dental plaque or saliva.

Differences in immunological and physiological re-
sponses to stimulation with bacterial structures such as
LPS, single bacterial species, and multiple bacterial spe-
cies in vitro and in vivo have demonstrated that it is ne-
cessary to study polymicrobial-induced diseases with
complex communities to better understand disease eti-
ology. For example, murine oral co-infection with Tan-
nerella forsythia and Fusobacterium nucleatum [9] or
with Porphyromonas gingivalis and Treponema denticola
[10] induces greater alveolar bone resorption than either
species alone, while a polybacterial inoculum of P. gingi-
valis, T. denticola, T. forsythia, and F. nucleatum elicits a
unique immune/inflammatory response and physiologic
changes compared to individual oral infection with each
of the species [11-16]. Additionally, peripheral blood
mononuclear cells (PBMCs) from localized aggressive
periodontitis (LAP) patients and healthy patients re-
spond uniquely to stimulation with bacterial surface
components, intact complex oral biofilms, and dispersed
complex oral biofilms [17] indicating that the choice of
stimulant in immunological assays can skew the conclu-
sions drawn about cellular responses in infectious dis-
eases. In contrast, cytokine responses of whole blood
from both LAP and periodontally healthy individuals are in-
distinguishable between stimulation with LAP site-derived
and healthy site-derived dental plaque [17]. Additionally,
unique subgingival plaque community profiles correlate with
distinct gingival crevicular fluid cytokine profiles in general-
ized aggressive periodontitis patients and healthy patients
[18], chronic periodontitis patients, and clinically healthy
sites in chronic periodontitis patients [19].

Bacterial-bacterial interactions in biofilms, particularly
through metabolite cross-feeding, influence bacterial
physiology, which in turn directs host immunological
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and physiological responses to the biofilm. Bacteria in
dental plaque have complex nutritional relationships
that determine community composition and structure
[20, 21], by enhancing and promoting growth of neigh-
boring species [22, 23], and altering expression of sur-
face markers, such as LPS [24, 25]. Comparative genome
analysis of P. gingivalis, T. denticola, and T. forsythia re-
vealed that certain metabolic pathways are covered be-
tween the three that are not complete in any individually
[26], suggesting that close proximity of these species may
be necessary for specific metabolite use. Such intimate de-
pendency may explain their frequent co-detection in
plaque samples, which led to their grouping as Socransky’s
“red complex”, particularly and strongly associated with
periodontal disease [27].

Several reliable, reproducible in vitro complex biofilm
models for studying oral biofilm microbe-microbe inter-
action and biofilm-host interaction exist, based on saliva
and dental plaque inocula [28—32]. The subgingival plaque
growth model developed by Walker and Sedlacek [28] dem-
onstrated, using DNA-DNA checkerboard hybridization
and scanning electron microscopy, that in vitro biofilm
growth and development closely resembled the known suc-
cession of bacteria in dental plaque, and the mature com-
munity at ten days growth had species composition and
proportions highly similar to the original plaque inocula
[28]. There were promisingly also distinguishable differences
between biofilms grown from healthy site plaque and
periodontitis-affected site plaque. Further characterization of
this model, again by culture-dependent DNA-DNA checker-
board hybridization, found it possible to perpetuate the bio-
films up to seven times/generations and maintain the
community composition [33]. Here we have further charac-
terized this model by using Next Generation Sequencing
(NGS) to trace the community dynamics of subgingival bio-
films grown from healthy site and periodontitis-affected site
plaque through ten generations of subcultures. We demon-
strate stable biofilm communities that maintain differences
between healthy site and periodontitis-affected site
plaque inocula, as well as between individual donors,
making it a useful model for long-term study of bio-
film microbe-microbe interactions and biofilm-host
interactions.

Methods

Collection of subgingival biofilms and saliva

Subgingival plaque samples were collected as described
in [34]. In brief, four subgingival biofilm samples were
collected by paper point for growth and propagation:
one from each of two periodontally healthy subjects, and
one from a localized aggressive periodontal disease
(LAP)-affected site in each of two LAP patients. Samples
were collected as part of a larger clinical study approved
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by the University of Florida Institutional Review Board
(IRB #201400349, ClinicalTrials.gov NCT01330719). The
LAP patients had at least 2 sites with >5 mm pocket depth
and a history of site progression based on radiographic as-
sessment, attachment loss of >3 mm and bone loss on first
molar or incisor and in no more than two teeth affected by
bone loss other than first molar and incisor, and had not
yet received any periodontal treatment in the previous
6 months, while periodontally healthy individuals pre-
sented with no pocket depth >5 mm and absence of clin-
ical attachment loss by full mouth probing and no
evidence of bone loss by radiographic imaging [34, 35].
Each plaque sample was collected from a first molar. Paper
points were immediately placed in tubes containing re-
duced Ringer’s solution and stored at 4 °C while saliva was
collected and prepared. From the same four patients, 5 mL
unstimulated saliva was collected in a 50 mL tube and di-
luted 1:10 in reduced Ringer’s solution [33]. Diluted saliva
samples were centrifuged at 1200 g x 10 min to remove
large particulate matter then filter-sterilized through a
0.2pm membrane, divided into 2 mL aliquots and stored at
-20 °C.

Initiation of biofilm growth from subgingival plaque
samples

Biofilms were grown as previously described [33, 34] (Fig. 1).
In brief, subgingival plaque samples were gently sonicated
in a water bath for 30 s to break up the biofilm and stored
at 4 °C while hydroxyapatite (HA) disks were prepared for
biofilm inoculation. Hydroxyapatite disks were placed into
wells of two sterile 24-well cell culture plates, one for
disease-site biofilms and one for healthy-site biofilms, with
two wells for each biofilm source to ensure growth (four
biofilm lineages). The HA disks were coated for 2 h at
room temperature with sterile 1:10 saliva from the donor
whose plaque sample was later added to the well. The saliva
was removed and 2 mlL sterile tryptic soy broth supple-
mented with 5 pg/mL hemin and 1 pg/mL menadione
(TSB-hk) gently added to each well. Plaque samples were
resuspended by briefly vortexing, and wells were inoculated
with 50 pL of plaque sample from the same donor as the
saliva used to coat the wells. Plates were placed in an anaer-
obic incubator at 37 °C-75%N,/10%CO,/10%H, for static
growth. Biofilms were grown in replicates for immune cell
stimulation experiments for a separate study [34].

Propagation of subgingival biofilms in vitro

Biofilms were grown for 8 days before dispersal and
re-inoculation (Fig. 1), as described in [34]. Every 48 h
growth media was gently removed from wells and re-
placed by slowly adding a fresh 2 mL of reduced
TSB-hk. On the 8th day, new HA disks were added to
new wells and coated with respective 1:10 sterile saliva
for 2 h in the anaerobic chamber, then saliva was
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Fig. 1 Schematic diagram of biofilm inoculation and propagation.
Each biofilm lineage was propagated in an independent 24-well
plate. For details see the methods section

Viable cell counts

removed and replaced with 2 mL fresh reduced TSB-hk.
A single disk with mature biofilm (8th day of growth)
from each of the 4 sources was removed from a well and
placed in a tube with 1 mL reduced Ringer’s solution.
The tubes were sonicated in a water bath for 30 s, vor-
texed briefly to disperse any remaining clumps, and 50
pL of the suspension used to inoculate the well for the
second generation. This procedure was repeated for 10
generations (80 days) for all 4 biofilm sources. The bio-
film suspension was further used for viable cell count es-
timations and DNA extraction.

Viable cell count estimations

The biofilm suspension was additionally plated to esti-
mate viable cell counts on the HA disk at the time of
dispersal. For each dispersed biofilm sample, serial dilutions
of 100 pL from 10" — 10”7 were made in sterile reduced
Ringer’s solution, and 100 L of dilutions 10~* — 10”7 were
plated in duplicate on reduced TSB-hk blood agar plates.
Plates were grown for 5 days in the anaerobic chamber,



Velsko and Shaddox BMC Microbiology (2018) 18:70

then colonies counted and plate counts averaged for viable
cell count estimations.

DNA extraction and HOMINGS 16S rRNA gene sequencing
The remaining biofilm suspension from each generation
1-10 was spun at 10000 rpm for 2 min to pellet cells,
the supernatant was removed and the pellet stored at
-20 °C for DNA extraction. DNA was extracted from the
pellet of each biofilm source for all 10 generations as
well as a plaque sample from one of the two LAP patient
plaque donors with a QIAGEN kit, and sent to the Forsyth
Institute for next generation sequencing with Human Oral
Microbe Identification using Next Generation Sequencing
(HOMINGS) technology [36]. In brief, HOMINGS uses
V3-V4 region-specific 16S rRNA gene primers for amplifi-
cation and library generation, then libraries are sequenced
on an Illumina MiSeq. Reads are identified using the pro-
gram ProbeSeq by matching to primers that uniquely
identify the 16S rRNA gene of 638 bacterial and archaeal
species known to reside in the oral cavity based on the
Human Oral Microbiome Database. Reads not matching
species probes are assigned to a genus when possible, and
all remaining reads are unmatched. Raw read data was
processed by the Forsyth Institute/ HOMINGS and a table
with read counts and taxa counts was generated. All ana-
lyses were performed on the species absolute read count
table generated by HOMINGS analysis (Additional file 1:
Table S1).

A separate identification procedure was performed in
QIIME to confirm the trends seen with HOMINGS
technology. Reads were joined and demultiplexed in
QIIME v1.9 [37], using a quality score cut-off of q > 30,
using scripts join_paired_ends.py and split_libraries_-
fastq.py, respectively. Read quality was checked using
FastQC [38] . Taxonomic identification was performed
using pick_closed_reference_otus.py in default (uclust)
with the additional flag enable_rev_strand_match, using
the GreenGenes 13_8 reference database with clusters
set at 97% identity. Operational taxonomic unit tables
were generated in QIIME with summarize_taxa.py at the
genus (L6) and species (L7) levels. The OTU tables are
presented in Additional file 2: Table S2.

Community diversity analyses

QIIME v1.9 was used for all community diversity ana-
lyses [37]. Several species have multiple probes in HOM-
INGS and share the same Human Oral Taxon (HOT)
number, and counts for these species were summed to
remove duplicate HOT numbers for all analyses. The
species tables within each of the 4 biofilm lineages were
compared for consistency through generations by Spear-
man correlation in QIIME. Generations were tested one
to the next as 1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9,
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and 9-10, as well as 1-10, in order to correlate to the
original generation. Diversity within the different bio-
films from LAP disease sites and within healthy sites
(alpha diversity) was assessed using the metrics Faith’s
phylogenetic distance, Chaol, observed OTUs and Shan-
non entropy, on tables rarefied to a depth of 20,000
reads/sample. Rarefications were performed and alpha
diversity metrics calculated 10 times and then averaged.
Diversity between biofilms from LAP disease and healthy
sites (beta diversity) were calculated using weighted Uni-
Frac distance [39, 40] and the Sorensen-Dice index. Prin-
cipal coordinates analysis was performed on beta diversity
matrices from both metrics and the results were plotted in
QIIME. Jack-knifed beta diversity was also determined by
rarefying the table to 20,000 reads/sample 10 times and
calculating diversity metrics. Principal coordinate analysis
was likewise performed on both beta diversity matrices
and the results were plotted in QIIME, while UPGMA
trees based on the beta diversity matrices were gener-
ated in QIIME. The core microbiome of health- and
disease-site-derived biofilms was calculated in QIIME
as species present in all 10 generations of heathy and
disease site-derived lineages.

Differential species analyses

The program Statistical Analysis of Metagenomic Pro-
files (STAMP) [41, 42] was used to assess significantly
different species between health and disease overall
(two-group analysis) as well as within each generation
(two-sample analysis), by comparing the difference in
proportions of species between health- and LAP-derived
biofilms. For comparison by two-sample analyses, the read
counts for each species were summed for both healthy
site-derived biofilms and for both LAP site-derived biofilms.
All input tables were unrarefied absolute read counts.

Statistical analyses

Statistical significance of the difference in alpha diversity
metrics between healthy- and disease-site derived bio-
films were determined in QIIME using a nonparametric
Monte Carlo permutations test. Significance of the dif-
ference in beta diversity metrics between healthy- and
disease-site derived biofilms were determined in QIIME
using adonis from the vegan R package. Alpha values of
<0.05 were considered significant in all analyses. Two
group analyses in STAMP used White’s non-parametric
t-test with bootstrapping to determine the difference be-
tween proportion (DP) with cut-off 95% and Storey’s
FDR correction, and corrected p-values (q-values) of
<0.05 together with an effect size >2 were considered
significant. Two sample analyses in STAMP used a
two-sided Fisher’s exact test with Newcomb-Wilson DP
(cut-off 95%) and Storey’s FDR. Corrected p-values
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(g-values) of <0.05 and an effect size >2 were included
for comparison in all STAMP analyses.

Results

Characteristics of biofilm growth

Biofilm growth was visibly apparent in all inoculated wells
after 48 h of growth, covering the HA disks, the bottom
and the sides of the well. By eight days of growth the bio-
films covering the HA disks were thick and textured
(Fig. 1), with no observable difference between any of the
four lineages. When removed from the anaerobic chamber
for media changing and propagation, the biofilms grown
from disease site plaque smelled distinctly different from
the biofilms grown from healthy site plaque, indicating pro-
duction of more unpleasant volatile compounds, a known
characteristic of disease-associated oral biofilms. Viable cell
counts remained consistent for each lineage for each gener-
ation, reaching ~ 3 x 10° cells on the disk. Colonies growing
on blood agar plates from all four lineages were varied in
size, color and morphology, indicating a polymicrobial
community. Disease-derived biofilm samples grew small
black-pigmented colonies on blood agar up to three genera-
tions, an observed characteristic of disease site dental
plaque samples, while both health and disease-derived sam-
ples grew brown pigmented colonies for all ten generations,
indicating heme-accumulating organisms in both healthy
and disease site plaque-derived biofilms.

Community consistency through generations based on
HOMINGS sequencing

Samples had between 50,000 and 164,000 total reads,
from which 25-59% of reads identified at the species
level and 6-40% identified at the genus level (Add-
itional file 1: Table S1). The total number of species
identified in 3 of the biofilm lineages decreased through-
out the ten generations, HB1 from 60 to 56, DB2 from
116 to 64, DB3 from 83 to 52, while the number of spe-
cies in HB2 increased from 56 to 75 (Additional file 1:
Table S1) but remained in the range reported for oral
biofilms [43]. The healthy site-derived biofilms averaged
59 species each across the 10 generations, while DB2 av-
eraged 83 species and DB3 averaged 67 across the 10
generations. The DB3 plaque inoculum had 154 species
detected, and the observed reduction of species detected
in biofilms derived from this plaque is consistent with
other models of oral biofilm in vitro growth [28-32].
Our model supports 53—80% of the initial species based
on comparison of the plaque inocula for DB3 and the
biofilms of that lineage at each generation. The number
of species-identified reads in each lineage however de-
creased from the first to the tenth generation, ie in HB1
from 76,094 to 40,927, HB2 from 66,206 to 31,677, DB2
from 49,189 to 20,239, and DB3 from 28,597 to 28,122.
However, some species that disappear in a specific
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generation were again detected in subsequent remaining
generations. The
disappearing-one-generation-reappearing-the-next  pat-
tern seen for many of the species detected suggests that
they are present through the entire study, and are simply
not detected, which may be a result of low abundance in
the biofilm, DNA extraction and amplification bias, dif-
ferent sequencing depths, or sequencing errors.

Our independent QIIME analysis classified a compar-
able number of reads as HOMINGS (3,226,031 QIIME,
2,383,617 HOMINGS), and QIIME had nearly half the
number of unmatched reads (808,149 QIIME, 1,869,947
HOMINGS) (Additional file 2: Table S2). However,
QIIME taxonomic assignment had lower resolution,
identifying approximately half the number of species in
each biofilm, demonstrating the superior taxonomic as-
signment provided by the species-specific probes used in
HOMINGS. The taxonomic profile identified by QIIME
was similar to that of HOMINGS, with the majority of
assignments belonging to genera and species known to
inhabit the oral biofilm.

Community diversity within healthy and diseased site-
derived biofilm lineages
There are conflicting reports on the differences in micro-
bial diversity at healthy tooth sites and those experiencing
periodontal disease [5, 44, 45]. Therefore, we calculated
community diversity scores to assess differences between
healthy- and LAP site-derived biofilms using Faith’s phylo-
genetic distance, and observed species. Rarefaction curves
show slightly higher diversity in LAP site-derived biofilms
than healthy site-derived biofilms for each metric, which
were significantly different despite overlapping confidence
intervals (Fig. 2a). Further substantiation of this observa-
tion was seen in rarefaction curves using the Chaol and
Shannon metrics (Additional file 3: Figure S1A). Diversity
metrics were significantly different between healthy and
disease site-derived biofilms at 20,000 reads, (Phylogenetic
distance p <0.05; Observed species p <0.001, Shannon
p<0.001) with the exception of Chaol (Fig. 2b, Add-
itional file 3: Figure S1B). Outliers in the boxplots for each
diversity metric are not consistently the same samples,
nor are they all early or late generation samples. As diver-
sity in generation 1 is higher than the remaining genera-
tions and may be responsible for the significant difference
between healthy and disease site-derived biofilms, we re-
peated our alpha diversity analyses on tables that excluded
generation 1 biofilms. We observed that the average alpha
diversity scores of healthy and disease site-derived bio-
films remain significantly different by observed species
and Shannon diversity metrics but not by Faith’s phylo-
genetic distance (Additional file 4: Figure S2).

To see whether diversity changes substantially through
repeated dispersal and re-inoculation of the biofilms, we



Velsko and Shaddox BMC Microbiology (2018) 18:70

Page 6 of 14

1Y

Phylogenetic distance

10000 15000 20000

T
5000
Sequences per sample

— Diseased plaque collection site
— Healthy plaque collection site

Plaque collection site

o 25 *

Qo —

c

8 2

k]

k)

o 1.5

°

5 1.

g

= 0.5

&

0.0 T —
Healthy Diseased
Plaque collection site
12 ok

8 10 —_—

5]

2 3

]

B 6

g 4

7]

S 2

0- T T
Healthy Diseased

Plaque collection site

3
S 80
3
5 it
g M
2 4o i
] :,,,.,..m||||m|||||||||ll l
8 204 ]
o i

T T T T 1

0 5000 10000 15000 20000

Sequences per sample
— Diseased plaque collection site
— Healthy plaque collection site
0 2 Healthy o
2 2
S 2 g
k4 k]
T k-]
o™ 2
=
TR =

g1 2
) )
S 2
> >
£ &
& o0t T T ; .

0 5000 10000 15000 20000

Sequences per sample

Observed species
Observed species

T T 1
10000 15000 20000

T
5000
Sequences per sample

percentile. All error bars indicate + SD

Fig. 2 Alpha diversity of healthy and disease site-derived biofilms. a Rarefaction curves of phylogenetic distance (top) and observed species
(bottom) of all ten generations combined for healthy and disease site-derived biofilms. b Phylogenetic distance (top) and observed species
(bottom) are significantly different between healthy and disease site-derived biofilms at 20,000 reads. ¢ Rarefaction curves of phylogenetic
distance (top) and observed species (bottom) of healthy (left) and disease (right) site-derived biofilms at each generation. Box plots show 5-95

2. Diseased Generation
—_1
2, — 2
-— 3
1. 4
~— 5
1. — 6
7
0. — 8
— 9
oo ; T T , 10
0 5000 10000 15000 20000
Sequences per sample
Generation
—_1
-2
— 3
4
- 5
- 6
7
— 8
— 9
10

T T T 1
5000 10000 15000 20000

Sequences per sample

0
0

averaged the alpha diversity scores of both healthy
site-derived biofilms and both disease site-derived biofilms,
and plotted rarefaction curves for individual generations of
healthy and disease-site derived biofilms (Fig. 2c, Add-
itional file 3: Figure S1C). These curves reveal that for each
diversity metric, between the first (black line) and second
(red line) generations, diversity increases slightly in healthy
site-derived biofilms yet decreases slightly in disease
site-derived biofilms, while there is no substantial change in
diversity between generations after the second generation
in either healthy or disease site-derived biofilms. Addition-
ally, we compared the alpha diversity scores between
healthy and disease-site derived biofilms for each gener-
ation at 20,000 reads to understand if the overall significant

difference in diversity is manifested at each generation
(Fig. 3a, ¢; Additional file 5: Figure S3A, C). There were no
significant differences in diversity score between healthy
and disease site-derived biofilms for any generation at
20,000 sequences/sample (Fig. 3b, d; Additional file 5: Fig-
ure S3B, D), but having only two samples in each group is
likely insufficient power to detect statistical differences.

The consistency of biofilm community composition be-
tween generations was tested by Spearman’s correlation
for each lineage. The correlation coefficients demon-
strated significant positive and strong correlation between
generations (correlation coefficient 0.5-0.7, p <0.001),
which was strongly supported by statistical tests (Table 1).
Because low-abundance taxa were inconsistently detected
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between generations, we repeated the tests using a species
table containing only species present at > 0.1% abundance
(Table 1). After removing low abundance species, the cor-
relation coefficients between generation rose in each
lineage (0.6—0.9, p <0.001), except between the first and
tenth generations, however, still maintaining significant
correlations, as observed before.

Community diversity between healthy and diseased site-
derived biofilm lineages

We also assessed community diversity differences between
LAP site- and healthy site-derived biofilms (beta-diversity)
to determine if the biofilms maintained a distinct commu-
nity structure throughout growth in identical media. Princi-
pal coordinates analysis was used to determine separation
of healthy and disease site-derived biofilms based on the
weighted UniFrac metric. A clear separation of healthy and

disease site-derived biofilms is seen based on the weighted
UniFrac distance (Fig. 4), and the separation is significant
as determined by adonis (p <0.001), indicating that there is
significant community diversity between the two groups.
Additionally, the Sorensen metric separated healthy and
disease site-derived biofilms (p <0.001) as well as the two
LAP site-derived biofilm lineages (Additional file 6: Figure
S4), which suggests the initial plaque inocula from the two
distinct disease patients had different microbial communi-
ties, which in fact remained distinct despite culture in the
same media, while the initial healthy site plaque inocula
from individual donors contained similar communities.

To test the strength of these results we also performed
jack-knifed beta diversity using weighted UniFrac and Sor-
ensen metrics, and performed PCoA on the matrices
(Additional file 7: Figure S5A, B), with results very similar
to that in Fig. 3 and Additional file 6: Figure S4. This
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Table 1 Spearman correlation of biofilm species composition between generations in each lineage
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All species Species > 0.1% abundance

Biofilm Generations Spearman 95% Cl Spearman 95% Cl

lineage compared coefficient lower Upper coefficient lower Upper

Healthy 1 1vs?2 0.5050 04078 0.5908 0.6682 04603 0.8067
2vs3 0.6042 0.5204 0.6766 0.7532 0.5852 0.8592
3vs4 0.5644 04749 0.6424 0.8539 0.7445 09187
4vs5 0.6696 0.5961 0.732 0.9083 0.836 0.9496
5vs6 05167 0421 0.6011 0.8649 0.7627 0.925
6vs7 0.5462 04541 0.6266 0.8875 0.8006 09379
7vs 8 06155 0.5334 0.6862 0.9210 0.8581 0.9567
8vs9 06139 05314 0.6848 0.8953 08137 0.9423
9vs 10 06239 0.543 0.6934 0.9286 08713 0.9609
1vs 10 04580 0.3556 0.5496 0.5608 0.3132 0.737

Healthy 2 1vs?2 04954 0.3971 0.5825 06761 04714 08116
2vs3 0.5083 04115 05937 0.7583 0.593 0.8623
3vs4 0.5863 04998 06612 0.8439 0.7281 0.9129
4vs5 0.6530 0.5768 0.718 0.8876 0.8006 0.9379
5vs6 0.5687 04798 0.6461 0.8599 0.7545 0.9221
6vs7 0.6336 0.5542 0.7016 0.9182 0.8532 0.9551
7vs8 0.6443 0.5666 0.7106 0.9497 0.9084 09726
8vs9 0.5907 0.5048 0.665 0.8961 0.8151 0.9427
9vs 10 0.5827 04957 0.6582 0.8959 0.8148 0.9426
1vs 10 0.3896 0.2806 04887 0.6559 04427 0.7989

Disease 2 1vs2 0.6508 0.5741 0.7161 0.7375 0.5616 0.8496
2vs3 0.7205 0.656 0.7746 0.9085 0.8364 0.9497
3vs4 0.7189 0.6541 0.7733 0.9560 0.9198 0.9761
4vs5 0.7559 0.6981 0.8039 0.9565 0.9207 0.9764
5vs6 0.7128 0.6469 0.7682 0.8019 0.6606 0.8883
6vs7 0.6978 0.6292 0.7557 0.7500 0.5803 0.8572
7vs 8 06517 0.5753 0.7169 09215 0.8589 0.957
8vs9 0.7446 0.6846 0.7945 09137 0.8454 0.9526
9vs 10 0.6835 06124 0.7437 0.9584 0.924 0.9774
1vs 10 04775 03772 0.5668 04053* 0.1195 0.6291

Disease 3 1vs?2 0.7083 06415 0.7644 0.9005 0.8227 0.9452
2vs3 0.7489 0.6897 0.7981 0.9602 0.9272 0.9784
3vs4 06725 0.5994 0.7344 0.6996 0.5054 0.8263
4vs5 06971 0.6284 0.7551 0.9261 0.8669 0.9596
5vs6 0.6804 0.6087 0.7411 08171 0.6849 0.8973
6vs7 0.6639 0.5894 0.7272 0.7555 0.5888 0.8606
7vs 8 06415 0.5633 0.7083 0.8654 0.7635 0.9253
8vs9 0.7485 0.6893 0.7978 0.9341 0.8808 0.964
9vs 10 0.7567 0.6991 0.8046 0.9294 08727 09614
1vs 10 0.5463 04543 0.6268 0.3555* 0.0617 0.5925

*Non-parametric p-value

*p=0.001 for all unless otherwise indicated

*p <0.05
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repeated calculation of beta-diversity by leaving out a ran-
domly selected sample each time reveals if there are sam-
ples that strongly affect community diversity, and may
therefore be outliers in the dataset. Repeated analyses of the
weighted UniFrac metric had very little variation, with only
six samples with ellipsoids demonstrating plot location vari-
ability, strongly supporting the separation between healthy
and disease site-derived biofilms. In contrast, the Sorensen
metric had substantial variation within the healthy biofilms
and within the disease site biofilms, as the ellipsoids extend
predominantly along the PC3 axis, which separates the gen-
erations of each group, rather than along the PCl1 axis,
which separates healthy and LAP-derived biofilms. For both
diversity metrics, however, consensus UPGMA trees group
the healthy biofilms separate from the disease site-derived
biofilms, although biofilms are not distributed in the trees
here by chronological order (Additional file 8: Figure S6).

These analyses support the observation that distinct com-
munity composition between healthy and LAP site-derived
biofilms are maintained through the generations.

Differentially abundant taxa between healthy and disease
site-derived biofilms

Methods to determine species significantly different between
different environments can be particularly sensitive to
low-abundance taxa. Therefore, we determined differentially
abundant taxa between healthy and disease-site derived bio-
films by comparing the difference in species mean propor-
tions using the program STAMP, first by comparing all
detected species (Fig. 5) and then comparing only species
that were detected at >0.1% abundance (Additional file 9:
Figure S7). Removing organisms present in less than 0.1%
abundance resulted in a species table with 43 species, just
17% of the 257 total species detected, however this had no
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effect on the species that met cut-off criteria for differential
abundance (q < 0.05 and an effect size > 2). Fourteen species
were differentially abundant between healthy and disease
site-derived biofilms (Fig. 5, Additional file 7: Figure S7).
Seven species were more abundant in healthy site-derived
biofilms (blue bars/dots), while six were more abundant in
disease site-derived biofilms (red bars/dots).

Comparing healthy and disease site-derived biofilms of
each generation revealed a similar profile difference to that
of the combined generations. Species that were significantly
differentially abundant in at least seven generations in-
cluded Atopobium rimae, Fusobacterium nucleatum subsp.
animalis, Veillonella atypica and V. parvula in healthy
site-derived biofilms, and Oribacterium sp. oral taxon 102,
Prevotella  oralis, and Veillonella dispar in disease
site-derived biofilms. Of note, V. dispar was significantly
more abundant in healthy site-derived biofilms for the first
two generations, then for the remaining 8 generations was
more abundant in disease-site derived biofilms, while F.
nucleatum subsp. animalis displayed opposite dynamics,
initially more abundant in disease-site derived biofilms, but
after the first generation was more abundant in healthy
site-derived biofilms.

Core communities in healthy and disease site-derived
biofilms

We determined the species that were detected in every
generation of both healthy plaque-derived lineages to de-
fine the “healthy core community”, and the species de-
tected in every generation of both disease plaque-derived
lineages to define the “disease core community”. Healthy
site-derived biofilms had eleven core species: Fusobacter-
ium nucleatum subsp. animalis, Fusobacterium sp. oral
taxon 204, Granulicatella adiacens, Lachnoanaerobacu-
lum saburreum, Oribacterium sp. oral taxon 078, Prevo-
tella melaninogenica, Rothia mucilaginosa, Streptococcus
sanguinis, Veillonella atypica, Veillonella dispar, and Veil-
lonella parvula, while disease site-derived biofilms had
fourteen core species: Atopobium parvulua, Campylobac-
ter curvus, Capnocytophaga sp. oral taxon 338, Dialister
invisus, Fusobacterium nucleatum subsp. animalis, Fuso-
bacterium nucleatum subsp. nucleatum, Fusobacterium
periodonticum, Fusobacterium sp. oral taxon 204, Granu-
licatella adiacens, Lachnoanaerobaculum saburreum,
Oribacterium sp. oral taxon 078, Veillonella atypica, Veil-
lonella dispar, and Veillonella parvula. Several species in-
cluded in one but not both core communities are missing
in a single generation in one or both of the lineages, so
may actually be present and undetected.

Propagation of uncultured taxa

A unique advantage of growing complex plaque-derived
biofilms compared to defined polyspecies biofilms is the
inclusion of rare and uncultured microbes. The role of
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these organisms in oral biofilm structure and activity is
difficult to study in vitro due to the difficulty in cultur-
ing these organisms in the lab, but next generation se-
quencing has opened a way to study their abundance,
distribution, and gene content in silico, which may facili-
tate their independent culture in a laboratory setting.
Both the LAP site-derived and healthy site-derived bio-
films contained numerous uncultured oral organisms
identified in the Human Oral Microbiome Database
(HOMD). Several uncultured species were detected in
biofilms throughout the generations, including Peptos-
treptococcaceae [XI][G-3] sp. oral taxon 495 Prevotella
sp. oral taxon 300, Prevotella sp. oral taxon 304, Prevo-
tella sp. oral taxon 315, Fusobacterium sp. oral taxon
204, Fusobacterium sp. oral taxon 205, Stomatobaculum
sp. oral taxon 097, and Stomatobaculum sp. oral taxon
910. Members of the phylum TM7 (now Candidatus
Saccharibacteria), which has only one cultured member
[46], were detected in both healthy site-derived biofilms,
up to 7 generations and up to 10 generations, respectively,
while they were detected in disease site-derived biofilms up
to 4 and 5 generations, respectively. Additionally, members
of the uncultured phylum SR1 were detected in the 4th
generation of one healthy site-derived biofilm, and in the
3rd, 7th and 9th generation of one disease site-derived bio-
film. This indicates that our biofilm model is capable of sus-
taining growth of these poorly characterized organisms and
may be useful for their in vitro study.

Discussion

With the emphasis growing on how oral microbial com-
munity interactions influence health and disease, in vitro
models of complex oral biofilms are likely to become in-
creasingly used. Such models need to maintain viable
communities for long-term studies and reproduce con-
sistent communities to reduce variability in study condi-
tions. The developers of the model we used here
determined that the biofilms could not be reliably grown
longer than ten days, because the biofilms would release
from the disks [28], necessitating the development of a
method to perpetuate the biofilms [33]. Here we have
demonstrated longevity and reproducibility of biofilms
seeded from a single source by Next Generation Sequen-
cing technology, and shown that stationary growth of sub-
gingival plaque-derived biofilms can maintain complex
multi-species microbial communities including uncultivata-
ble species, even sustaining signatures of health and disease
when grown in identical media. These results are highly
promising for use of this model as a complex oral biofilm
for studies of plaque development, microbial-microbial in-
teractions, and microbial-host interactions, while further
development and refinement of the model are likely to
broaden and enhance its applications.
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Long-term in vitro biofilm growth models are particu-
larly appealing for studies using patient samples or ani-
mal models, which may last weeks to months. In these
circumstances, it may not be possible to recall the same
plaque donor, and patients with periodontal disease who
undergo treatment cannot be re-sampled. We recently
published an application of this model to stimulating pa-
tient peripheral blood mononuclear cells [34], where pa-
tients fulfilling inclusion criteria were enrolled over
several months. We aimed to measure immune cell re-
sponses to stimulation with biofilms from the same
source to reduce potential variability in responses, in
contrast to our study that used fresh plaque collected
from a new patient to stimulate each new set of patient
samples [17]. Maintaining several biofilm lineages allowed
us to have biofilms grown from the same source ready for
stimulation each time patient blood samples were col-
lected. Additionally, serially grown biofilms can be used
for murine oral infection models of periodontal disease,
which require serial infection over 3—-24 weeks [15, 16, 47]
to develop symptoms. Multi-species infection models
could use serially grown biofilms from human plaque, ra-
ther than independently growing several bacterial species
and combining them just before infection, which is the
current standard [15, 16].

While comparison of all four biofilm lineages to their
initial plaque inocula would be beneficial for under-
standing what proportion of the original diversity is
established in culture, we did not have any remaining in-
ocula from 3 of our samples to sequence. However, a
comparison with initial plaque inocula was previously
done for our model [28, 33], and our goal was instead to
demonstrate consistent and long-term reproducible bio-
film growth. There are no in vitro oral biofilm growth
models that support greater than 80% of the species
present in the initial plaque or saliva inoculum, and
based on assessments by Walker and Sedlacek [28] and
Shaddox, et al. [33] as well as comparison of the plaque
sample used to inoculate DB3 with the biofilms of that
lineage here, our model our model supports 53—-80% of
the initial community. This is comparable to four inde-
pendent oral biofilm microcosm models that reproduced
64% [29], 78% [30], 62% [31] and 44% [32] of the OTUs
present in the initial inocula. Biofilms grown from
plaque rather than saliva appear to lose a greater amount
of diversity, a phenomenon that suggests that there are
some fundamental components necessary for in vivo
plaque growth that have not yet been elucidated and
replicated in vitro. For example, Fernandez y Mostajo, et
al. [32] found that supplementing growth media with
high amounts of serum was necessary to support growth
of Treponema species, and further studies of plaque bio-
film ecology are clearly needed to improve in vitro models.
Despite this limitation, we were able to demonstrate here
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that serially-grown biofilms could consistently reproduce
similar, stable communities, through several generations.

It was recently shown in E. coli that cell lineage history
was a stronger predictor of overall cell metabolic activity
than spatial proximity [48]. If this holds true for other
bacterial species, especially when growing in complex
biofilm communities such as dental plaque, selecting the
source of biofilm inoculum becomes important, and
thus, plaque biofilm inoculum may be preferential to sal-
iva inoculum or defined species inoculum for seeding in
vitro biofilms. The bacteria in dental plaque are already
established, transcriptionally and translationally, for bio-
film growth and are likely to be more closely related to
each other than are bacterial cells in saliva because of
constant mixing and turnover of saliva. Further, initial
characterization of the subgingival plaque model used in
our study demonstrated that biofilm growth was inhib-
ited when sterilized saliva from individuals other than
the dental plaque donor were used to initiate biofilm
growth [28]. This suggests that an individual’s microbiota
are optimally adapted for surface attachment in their na-
tive saliva, while salivary components from other donors
may contain inhibitory molecules such as antibodies or
small antimicrobial peptides that the microbiota are not
adapted to combat. Therefore, dental plaque inocula may
be more likely develop in vitro biofilms that maintain meta-
bolic characteristics of healthy and disease site plaque, and
thus, this warrants further investigation.

Although it is uncommon for in vitro oral biofilm
studies to report biofilm community composition be-
yond 72 h of growth [29, 31], allowing the biofilms to
grow to maturity (seven to ten days for this model [33])
may be critical to maintaining community profiles for
propagating the biofilms, as longer growth periods allow
slow-growing, low-abundance and “late colonizer” species
to reach sufficient levels that they are not out-competed
by rapid-growing species, or lost by chance from the small
aliquots used to inoculate subsequent generations. Saliva-
and plaque-derived biofilms as well as subgingival plaque
develop continuously over at least seven days [28, 30, 49],
which supports using more mature biofilms (older than
72 h) in studies of biofilm-host interactions, as older bio-
films are more representative of plaque collected from
subgingival sites, which themselves require days to de-
velop familiar community profiles.

While community changes between generations due to
inconsistent detection of low abundance species may ap-
pear to make the system unreliable, it is similar to the
recently reported dynamics of oral microbial communi-
ties [50, 51]. Hall, et al. [50] demonstrated that a core
set of microbes were consistently present over time in
temporally sampled supragingival plaque, tongue swabs,
and saliva, but that there was substantial change in low
abundance organisms, which caused community drift.



Velsko and Shaddox BMC Microbiology (2018) 18:70

Our biofilm generations similarly have a core community
with a few species that comprise a majority of the reads in
each sample, and the changes in the community are pre-
dominantly due to the low-abundance species. Additionally,
our biofilm communities do not appear to drift beyond a de-
fined profile, just as is reported in plaque communities over
time. These dynamics suggest that oral biofilms, while influ-
enced by their environment, are stable and resilient commu-
nities, wherein the metabolic and physical interactions of
the members prevent drastic community profile changes.

The microbiological composition of LAP site and
healthy site plaque has been characterized in this popu-
lation [52], and we compared the composition of our
biofilm samples to this to see how well the biofilms re-
flect the known characteristics of LAP site and healthy
site plaque. Many of the species that were significantly
more abundant in LAP plaque samples were fastidious
asaccharolytic organisms, which propagate poorly in our
model. Even though we do not detect high levels of spe-
cies traditionally associated with periodontitis in our dis-
ease site-derived biofilm samples, we do detect several
species that were recently associated with LAP by NGS
[52], including Solobacterium moorei, Parvimonas micra,
Capnocytophaga sp., Filifactor alocis, Aggregatibacter
actinomycetemcomitans and Tannerella forsythia. There
is very little overlap between the core species in the bio-
film lineages and the most abundant species reported in
LAP plaque and healthy control plaque samples using
HOMIM technology [52], despite consistency between
HOMIM and HOMINGS technologies [36]. However,
there is substantial overlap between the core communi-
ties of healthy and periodontitis sites as has been re-
ported previously [5].

Indeed, beta-diversity analysis of the plaque samples
discussed in Shaddox, et al. [17], reveal significant differ-
ences between LAP site plaque and healthy patient
healthy site plaque (p <0.05 by Bray-Curtis similarity,
Sorensen-Dice index and Jaccard index by adonis test).
Although it is not possible to directly compare HOMIM
and HOMINGS data, the significant difference within
each dataset supports that plaque at healthy and
disease-affected sites harbor uniquely diverse communi-
ties, which has also been reported in other in vitro bio-
film models [32]. An unrelated study of dental plaque
communities in periodontal health and disease found
that periodontitis-associated communities cluster into
two groups related to periodontitis clinical parameters
[53], while another found several distinct communities
within generalized aggressive periodontitis site plaque
[18]. Distinct microbial profiles within LAP plaque sam-
ples have not yet been investigated, but is a possible ex-
planation for the differences we observe.

Fusobacterium nucleatum subsp. animalis and Veillo-
nella dispar were the only two species that started highly
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abundant in biofilms from one source and during culture
decreased in abundance in those lineages and became highly
abundant in the other. Both species are common in sites of
disease and health [5], and may have flexible metabolic re-
quirements that allow them to rapidly multiply in the pres-
ence of a wide variety of other bacterial species. Promisingly,
the healthy and diseased site-derived biofilms still maintain
a differentiated profile through the generations, and a poten-
tial unique metabolic profile as well, evidenced by the dis-
tinct difference in smell, although this was not directly
tested here. This may be related to the production of short
chain volatile fatty acids and volatile sulfur compounds,
which are attributed to proteolytic, disease-associated spe-
cies [54]. Recent reports on the transcriptional activity of
biofilm plaque from healthy and periodontitis-affected sites
suggest that community activity is more uniform across dis-
ease sites than is microbial profile [6, 7, 55], and further in-
vestigation of protein expression and metabolic output in
healthy and disease-site derived biofilms is warranted [56].

Conclusions

In conclusion, we have demonstrated that our subgingival
oral biofilm growth and perpetuation model can maintain
reliable communities and differentiated health/disease mi-
crobial profiles for at least 80 days, and mimics dynamics
of natural plaque. This method of biofilm perpetuation
may be useful for growing biofilms to use in in vivo oral
infection studies, patient immune cell stimulation studies,
biofilm transcriptional, translational, and metabolic stud-
ies, and to study the effects of anti-biofilm agents.
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Additional file 1: Table S1. Per sample total read counts and absolute
read counts for each species and genus detected (species table from
HOMINGS analysis). (XLSX 180 kb)

Additional file 2: Table S2. Per sample total read counts and absolute
read counts for each species and genus detected by QIIME analysis of
raw fasta files. Tab 1 (otu_table_L6) is all taxonomic assignments down to
genus level. Tab 2 (otu_table_L7) is all taxonomic assignments down to
species level. Tab 3 (CompHOMINGS-giime) has total, matched, and
unmatched read counts for each biofilm for HOMINGS and QIIME
analysis, as well as the total number of species detected by each
method. (XLSX 135 kb)

Additional file 3: Figure S1. Alpha diversity of healthy and disease
site-derived biofilms. (a) Rarefaction curves of Chaol index (top) and
Shannon index (bottom) of all combined generations for healthy and
disease site-derived biofilms. (b) Chaol index (top) and Shannon
index (bottom) are significantly different between healthy and disease
site-derived biofilms at 20000 reads. (¢) Rarefaction curves of Chaol
index (top) and Shannon index (bottom) of healthy (left) and disease
(right) site-derived biofilms at each generation. Box plots show 5-95
percentile. All error bars indicate + SD. (PDF 78 kb)

Additional file 4: Figure S2. Alpha diversity of healthy and disease-site
derived biofilms generations 2-10. Alpha diversity score for Faith’s
phylogenetic distance, Observed species, Chaol and Shannon indexes at
20000 reads averaged across generations 2-10. Box plots show 5-95
percentile. All error bars indicate + SD. * p < 0.05, *** p < 0.001. (PDF 26 kb)
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Additional file 5: Figure S3. Alpha diversity of healthy and disease site-
derived biofilms throughout the generations. (a) Chao1 index rarefaction
curves at generations 1,4, 7, and 9. (b) Chao1 index of biofilms by generation
at 20000 reads. (c) Shannon index rarefaction curves at generations 1, 4, 7, and
9. (d) Shannon index in biofilms by generation at 20000 reads. N = 2 biofilms
per group so statistical significance could not be calculated. Box plots show
5-95 percentile. All error bars indicate + SD. (PDF 103 kb)

Additional file 6 Figure S4. Principal coordinates analysis of beta
diversity by Sorensen distance of healthy and disease site-derived biofilms.
Biofilms cluster based on disease status of original plaque inocula and group
separation is significant based on adonis analysis (p < 0.001). Additionally,
disease site-derived biofilms cluster into 2 groups based on plague inocula
donor. (PDF 5954 kb)

Additional file 7: Figure S5. Principal coordinates analysis of jack-knifed
beta diversity by weighted UniFrac and Sorensen distances of biofilms.
Biofilms cluster based on disease status of original plaque inocula and disease
site-derived biofilms separate based on donor. (a) Biofilm coordinates exhibit
very little variation in PCoA based on weighted UniFrac distance. (b) Biofilm
coordinates demonstrate variation in PCoA based on Sorensen distance but
retain distinct clustering of healthy and disease site-derived groups.
Additionally, disease site-derived biofilms likewise retain distinct separation
into groups based on plaque inocula donor. (PDF 1518 kb)

Additional file 8: Figure S6. UPGMA consensus trees of jackknifed
beta-diversity measurements. (@) Weighted UniFrac distance groups
several early biofilm generations despite differences in plaque source, but
otherwise distinguishes between healthy and disease site-derived biofilm
lineages. (b) Sorensen distance clearly distinguished between healthy and
disease site-derived biofilm lineages. (PDF 532 kb)

Additional file 9: Figure S7. Differential abundance of species present
at > 0.1% abundance between healthy and disease site-derived biofilms.
Species statistically different (q < 0.05) and with an effect size (DP) > 1 by
analysis in STAMP are considered differentially abundant. (PDF 5946 kb)
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