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Abstract

Biofilms are structured microbial communities adhered to surfaces that cause many human infections. The study of oral biofilms has
revealed complex composition, spatial organization, and phenotypic/genotypic diversity of the resident microbiota at the various sites
in the mouth. Yet, knowledge about the spatial arrangement, positioning, and function of the polymicrobial community across the intact
biofilm architecture remains sparse. Using multiple length scale imaging and computational analysis, we discovered unique spatial designs
comprising mixed interbacterial species and interkingdom communities within intact biofilms formed on teeth of toddlers with caries.
Intriguing structural patterns ranging from intermixed communities with extensive coaggregation (including bacterial-fungal clustering) to
spatially segregated species forming a multilayered architecture were found. Among them, a distinctive 3-dimensional structure exhibited
densely clustered cariogenic pathogens that were surrounded by outer layers of mixed bacterial communities in juxtaposition, forming
a highly ordered spatial organization. These findings are particularly relevant as we approach the postmicrobiome era whereby studying
the spatial structure of the pathogen and commensal microbiota may be important for understanding the microbiome function at the

infection site to coordinate the disease process in situ.
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Introduction

Polymicrobial biofilms are frequently observed throughout the
human body, modulating the transition from health to disease,
whereby different species or specific pathogens act within the
microbial community, often enmeshed in a protective extracel-
lular matrix, to modulate virulence (Stacy et al. 2016; Koo
et al. 2017; Bowen et al. 2018). Molecular sequencing tech-
nologies and bioinformatics have advanced our understanding
of the polymicrobial composition of the oral microbiome
(Dewhirst et al. 2010). Conversely, multiple imaging modali-
ties revealed that the different microbial species form spatially
structured communities across the biofilm (Zijnge et al. 2010;
Mark Welch et al. 2016). Thus, the microbial community
“structure” can be defined by “microbial composition” (based
on sequence read abundance over a range of taxonomy) and
“spatial organization” (based on how microbes are physically
associated to each other) as remarked recently (Mark Welch
et al. 2019; Valm 2019).

Dental caries is a prime example of polymicrobial biofilm-
induced disease that affects 3.9 billion people globally, costing
>$290 billion/y (Listl et al. 2015; Vos et al. 2017). In particular,
early childhood caries (ECC) is the most prevalent biofilm
infection in preschoolers, constituting a major public health
problem (Dye et al. 2015; Peres et al. 2019). Sequencing- and
culturing-based studies on severe ECC revealed a polymicro-
bial community associated with the disease, including
Streptococcus mutans (a cariogenic pathogen), acidogenic-
aciduric bacteria, and even fungi such as Candida albicans
(Hajishengallis et al. 2017; Xiao, Grier, et al. 2018). However,
the spatiostructural organization of polymicrobial communi-
ties on diseased tooth surfaces remains unresolved.

Intact Biofilms and Spatial
Design Approach

Rather than a homogeneous mixture of different species ran-
domly distributed on the surface, the microbes within biofilms
are arranged nonrandomly, forming spatially structured poly-
microbial communities (Nadell et al. 2016; Bowen et al. 2018).
Despite significant advances to understand the biofilm com-
munity structure, most of the knowledge has been generated
from disrupted samples collected at various sites with few
exceptions (Wood et al. 2002; Zijnge et al. 2010; Mark Welch
et al. 2016). Imaging of undisturbed biofilm structure remains
challenging as it requires sample collection from clinical sites
and further processing that disrupts the original 3-dimensional
(3D) architecture. To address this, we removed infected teeth
from patients with severe ECC without perturbing the biofilm
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Figure I. Intact biofilm imaging and spatial design concepts. (A) Schematic diagram of intact biofilm imaging consisted of the following steps: I)
mapping of tooth surface and taxa-specific labeling for confocal imaging, 2) low magnification or tile image acquisition for landscape of intact biofilms
(submillimeter scale: 0.624 x 0.624 [x, y] mm?), 3) high-magnification imaging for biofilm architecture (micron scale; 2 x zoom, 156 x 156 ym?), and 4)
assessment of interior design in spatially organized biofilm via further zoom-in imaging (4 x zoom, 78 x 78 um?) and computational analysis (submicron
scale). Diseased teeth (n = 10) were extracted from children (aged between 36 and 72 mo) diagnosed with severe early childhood caries (S-ECC). In
the case of teeth extraction for healthy individuals (n = 2), only caries-free children were involved who had deciduous (primary) teeth that needed

to be extracted clinically. Ethical approval of the study was obtained from the Institutional Review Board (IRB) at the University of Pennsylvania
(IRB#824243). (B) Precise positioning of pathogens arranged with other microbes may coordinate the disease process in situ. This spatial design of the

polymicrobial community could be a therapeutic target (precision targeting).

to keep its native structure intact. Primary maxillary anterior
teeth with mesial or distal carious lesions were extracted with
the use of a pediatric maxillary anterior forceps adapted to
grasp mesiodistally. To assess the intact biofilm architecture,
we examined the spatial organization of the microbial commu-
nities on the extracted primary teeth from children (ages
between 36 and 72 mo) diagnosed with severe early childhood
caries (S-ECC). Once collected, we examined the spatial struc-
ture of the naturally formed biofilm using confocal microscopy
after fluorescent labeling of the microorganisms (Fig. 1A). For
imaging purposes, we excluded the sample if over 30% of the
enamel surface was cavitated or missing; the biofilm images
were acquired from the noncavitated tooth surface. Since
Streptococcus genus is one of major taxa in the mouth, particu-
larly in supragingival plaque (Dewhirst et al. 2010; Eren et al.
2014; Johansson et al. 2016), and previous sequence-based
analyses have revealed relatively high proportions of
Streptococcus and S. mutans in S-ECC (Johansson et al. 2016),
we employed taxa-based fluorescence in situ hybridization
(FISH) probes (16S ribosomal RNA targeted), including
eubacteria (EUB338-Cy3), Streptococcus (STR405-Cy5), and
S. mutans (MUT590-Alexa Fluor 488), following the taxo-
nomic ranks (kingdom-genus-species) (Fig. 1). This taxa-
specific labeling allowed fluorescence subtraction through
classification of a set of elements (kingdom [EUB]-genus
[STR]-species [SMU]) (Fig. 2). As a targeted approach, we
used a fluorescence subtraction method to analyze the spatial
organization and composition of pathogens and commensal

microbiota in the different phylogenetic scale (e.g., S. mutans
[SMU], non-mutans streptococci [NSMU], nonstreptococcal
bacteria [NSTR]), as well as multiple length scale from submi-
cron to submillimeter across the intact biofilm (Ladau and
Eloe-Fadrosh 2019) (Figs. 1 and 2).

Given the multiscale nature of biofilm spatial organization,
we applied the “spatial design” principle, whereby the land-
scape, architecture, and interior design converge for assessing
the “living space.” In this context, the overall “landscape” of
biofilm through the spatial organization can be assessed to
identify unique “architectures” and dissect its “interior designs”
to determine specific multicellular arrangements or bacterial
positioning associated with disease (Fig. 1).

Spatial Design of Bacterial Communities
on Human Tooth Surface

Based on the spatial design concept, the overall biofilm “land-
scape” revealed 3 common architectures on the teeth from both
healthy individuals and patients with disease, such as corncob-,
hedgehog-, and seaweed-like structures (Fig. 3A). Corncob-
and hedgehog-like structures comprised Streptococcus associ-
ated with filamentous bacteria (Fig. 3A and Appendix Fig. 1),
whereby filaments were located at the periphery of a spiny-like
cluster in hedgehog-like structures, while corncob-like struc-
tures were characterized by cocci surrounding the central fila-
ment, consistent with previous findings (Mark Welch et al.
2016). The seaweed-like structure comprised a bacterial
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Figure 2. Taxa-specific labeling and computational imaging. (A) Differentiation of bacterial group via taxa-specific labeling in planktonic cells. The
cell mixture was prepared at an equal proportion of Streptococcus mutans, Streptococcus oralis, and Actinomyces naeslundii (1:1:1 ratio for each of the

bacterial suspension at ~108 colony-forming units [CFU]/mL). For taxa-specific labeling, fluorescence in situ hybridization (FISH) probes (16S ribosomal
RNA targeted) including all bacteria (EUB), Streptococcus (STR), and S. mutans (SMU) following the taxonomic ranks (kingdom-genus-species) were
used (MUT590, 5'-ACTCCAGACTTTCCTGAC-3' with Alexa Fluor 488 for S. mutans; STR405, 5'-TAGCCGTCCCTTTCTGGT-3" with Cy5

for Streptococcus; EUB338, 5'-GCTGCCTCCCGTAGGAGT-3' with Cy3 for all bacteria at a final concentration of | uM). Bacterial groups were
differentiated by a specific coding based on the classification of fluorescent labeling: S. mutans was labeled by MUT590, STR405, and EUB338 (coded

as SMU); S. oralis was labeled by STR405 and EUB338 (coded as NSMU for non-mutans streptococci); and A. naeslundii was labeled by EUB338 only
(coded as NSTR for nonstreptococcal bacteria). If cells were labeled by SMU and EUB without STR labeling, it was considered nonspecific labeling. The
images were acquired using an LSM 800 (Carl Zeiss) equipped with a 20x (1.0 numerical aperture [NA]) water immersion objective or with a 40x (1.2
NA) oil immersion objective. (B) A fluorescence subtraction method for assessing polymicrobial community organization in intact plaque biofilm. To
analyze the positioning of S. mutans within the polymicrobial biofilm structure, fluorescence subtraction was applied using Image Calculator of Image]
(National Institutes of Health): S. mutans (SMU); Streptococcus (STR405) — SMU = non-mutans streptococci (NSMU); all bacteria (EUB338) — STR405

= nonstreptococcal bacteria (NSTR). For computational image processing, acquired images with similar signal intensity from each taxon channel were

used.

cluster organized with a stem-like arrangement. All these
microbial organizations showed a polybacterial intermixing
and relatively low abundance of S. mutans (Fig. 3A). However,
we found a distinctive dome-like architecture on the diseased
tooth surface. This structure displayed a multilayer cellular
arrangement harboring a dense accumulation of S. mutans,
contrasting from other architectures (Fig. 3A).

We further investigated the interior design of the dome-
shape community using taxa-specific labeling (kingdom-
genus-species) and fluorescence subtraction method. The
imaging analyses revealed a polymicrobial assembly com-
posed of a bacterial cluster dominated by S. mutans (SMU) in
the inner core that was spatially segregated from outer layers
of other bacteria (Fig. 3B, C). In the context of S-ECC, the
observation of such a densely packed S. mutans core in the 3D
dome shape provides evidence of spatial positioning and
arrangement of this pathogen within the polymicrobial com-
munity, which remained elusive despite its clinical association
with the disease. Conversely, other structural organizations

revealed relatively high abundance of non—S. mutans bacteria
(Fig. 3B, C). Hence, the combination of imaging and compu-
tational methodologies employed here can unveil the spatial
structuring of complex and highly heterogenous polymicro-
bial biofilm communities in 3D across multiple length scales
and depth.

Cross-Kingdom Community Organization
on Human Tooth Surface

Although S-ECC has been associated with acidogenic/aciduric
bacteria (Palmer et al. 2010; Tanner et al. 2011; Johansson et al.
2016), Candida albicans (an opportunistic fungal pathogen)
has been frequently isolated in plaque biofilms from children
with S-ECC and its presence correlated with the disease based
on culturing and microbiome studies (Yang et al. 2012; Xiao
et al. 2016; Jean et al. 2018; Xiao, Huang, et al. 2018). The
confocal imaging also revealed the presence of C. albicans
colocalized with oral streptococci (Fig. 4). For identification of
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Figure 3. Spatial design of bacterial community organization on tooth surface. (A) Landscape and architecture of intact biofilms on the teeth. Distinct
biogeography of biofilms from healthy individuals and patients with disease. Biofilm architecture includes dome-, corncob-, hedgehog-, and seaweed-like
structures. (B) Interior design of intermixed and multilayered dome-like structures. Cells were differentiated according to taxonomic ranks (kingdom-
genus-species). EUB338, eubacteria (blue); STR405, Streptococcus (red); MUT590, Streptococcus mutans (green). (C) Spatial structure of pathogens and
commensal microbiota in distinct architectures. NSMU, non-mutans streptococci, NSTR, nonstreptococcal bacteria; SMU, S. mutans.

C. albicans in the clinical sample, we tested the FISH probe for
specificity of C. albicans, especially compared to other
Candida ssp. (e.g., Candida dubliniensis, Candida tropicalis,
and Candida glabrata) (Appendix Fig. 2), which can also be
detected in the plaque and oral mucosa (Silva et al. 2012;
Al-Ahmad et al. 2016; Xiao et al. 2016; Xiao, Grier, et al.
2018).

We found 2 different patterns of cross-kingdom spatial
organization: 1) C. albicans intermixed with bacteria (with a
high abundance of S. mutans, Fig. 4A and Appendix Fig. 3) but
maintaining a certain spatial distance from each other and 2)

C. albicans physically coadhering with non-mutans strepto-
cocci, forming a “cross-kingdom corncob” (Fig. 4B and
Appendix Fig. 3). The observation of C. albicans intermixed
with S. mutans is consistent with a recent clinical study show-
ing that the presence of C. albicans alters the oral bacteriome,
particularly by enhancing the levels of S. mutans in plaque bio-
films in S-ECC (Xiao, Grier, et al. 2018). On the other hand,
the bacterial-fungal “corncob” was previously observed in the
supragingival biofilms from periodontitis patients and in cavi-
tated surfaces via an embedding-decalcification-sectioning
process (Zijnge et al. 2010; Dige and Nyvad 2019).
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Figure 4. Cross-kingdom communal organization of intact biofilms. Bacteria and Candida albicans association in vivo revealed bacterial-fungal
intermixing and bacterial clustering (A) and cell-cell coadhesion (B). In confocal images, C. albicans is labeled in white and bacteria is depicted in blue.
Fluorescence in situ hybridization (FISH) oligonucleotide probes used to label eubacteria and C. albicans: EUB338, 5'-GCTGCTCCCGTAGGATG-3'
with Cy3 for eubacteria; CAAL, 5'-GCCAAGGCTTATACTCGCT-3' with FITC for C. albicans. Electron micrographs were acquired from the same
sample as used in confocal imaging. (C) Assembly of cross-kingdom communal arrangements in vitro using coculture of Streptococcus mutans or
Streptococcus gordonii with C. albicans in the presence of sucrose. For visualization of in vitro biofilm assembly, S. mutans and S. gordonii were stained
with 2.5 uM Syto9 green-fluorescent nucleic acid stain while C. albicans cells were labeled with concanavalin A conjugated with tetramethylrhodamine.
The extracellular polysaccharides (EPS) were labeled with | 1M Alexa Fluor 647—dextran conjugate. For classification of S. mutans and non-mutans
streptococci (NSMU) in cross-kingdom interactions, S. mutans (SMU) is depicted in green and S. gordonii (one of NSMU) is shown in red.

We were particularly intrigued with the presence of extra-
cellular material (Fig. 4A, inset) on the fungal surface in the
C. albicans and S. mutans mixed community. Previous studies
have shown that S. mutans—derived glucosyltransferases (Gtfs)
can bind avidly to the C. albicans cell wall and produce extra-
cellular glucans in situ in the presence of sucrose using in vitro
and rodent models (Gregoire et al. 2011; Falsetta et al. 2014;
Hwang et al. 2017; Kim et al. 2018). Using a glucan-specific
labeling technique based on Gtfs activity (Klein et al. 2009),
we were able to assess localized production of glucans using
the clinical samples. We detected functional Gtf activity bound
to the C. albicans surface, which produced copious amounts of
glucans surrounding the filamentous fungal cells (Appendix

Fig. 4A, C). Interestingly, enzymatically active Gtfs were dis-
tributed across the depth, indicating that Gtfs were also present
at the biofilm-tooth interface (Appendix Fig. 4B).

We recapitulated these cross-kingdom organizations using
experimental mixed biofilms on the apatitic surface whereby
C. albicans cells were cocultured with either S. mutans or
Streptococcus gordonii (Fig. 4C). We found that S. mutans was
intermixed with C. albicans in which extracellular polysaccha-
rides (EPS) glucans interspersed and surrounded the bacterial-
fungal cluster. In contrast, S. gordonii directly coadhered with
C. albicans. C. albicans interacts with commensal (viridans)
streptococci such as S. gordonii and Streptococcus oralis via
well-characterized cell wall proteins and receptors on both
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organisms (Xu et al. 2014; Nobbs and Jenkinson 2015).
Conversely, S. mutans forms a cross-kingdom association with
C. albicans via a glucan-dependent mechanism whereby glucans
produced in situ provide binding sites for S. mutans through glucan-
binding proteins (Gregoire et al. 2011; Falsetta et al. 2014).

Concluding Remarks
and Future Perspectives

Altogether, the spatial design of polymicrobial communities
and mapping the pathogen positioning in their native diseased
state revealed unique structural organization across multiple
scales and taxonomic ranks. We found a 3D dome-like archi-
tecture composed of multiple species with a multilayer arrange-
ment on the infected teeth associated with severe childhood
tooth decay. Further analysis showed dense clustering of a car-
iogenic pathogen (S. mutans) forming an inner core surrounded
by outer layers of other bacteria in a highly ordered manner. In
addition, cross-kingdom communal organizations were also
detected on the enamel surface, whereby C. albicans were
physically associated with S. mutans or non-mutans strepto-
cocci. Notably, we found a functional bacterial exoenzyme
(Gtf) on the surface of the Candida fungal cells within intact
clinical plaque samples, which was capable of producing EPS
in situ. The reasons for these polymicrobial positionings and spatial
organization and how these structured communities can cause
caries remain unknown, requiring further mechanistic studies.

At the same time, we emphasize the limitations of this
study, including the small sample size, the limited number of
species-specific labeling, and further validation of the C. albi-
cans as well as S. mutans probes against other genotypes and
closely related species (such as Streptococcus sobrinus). We
are currently expanding the sample size and conducting addi-
tional enamel surface and quantitative imaging analyses to
determine the association of the spatial organization and its
virulence potential (i.e., acid dissolution of the tooth enamel).
Furthermore, a more comprehensive multispecies (including
uncultivable microbes, other mutans streptococci species and
genotypes) and EPS (other polymeric matrices such as extra-
cellular DNA, proteins) labeling can be achieved using a com-
bination of fluorescence imaging methods, which could reveal
additional spatial designs not observed here.

Future studies shall elucidate the impact of the multiscale
spatial structuring and positioning of the pathogen and com-
mensal microbiota in modulating the disease longitudinally
across different dental sites and individuals. It would be inter-
esting to elucidate how changes in the global microbiome com-
position and activity affect the spatial structuring of the biofilm
community. Furthermore, technological advances using real-
time microscopy-spectroscopy methods combined with an
integrative multiomics approach (Lloyd-Price et al. 2019;
Zhou et al. 2019) provide exciting opportunities to precisely
assess the function of the structured community and how it
coordinates the disease process spatiotemporally. In summary,
our findings provide new insights about the spatial and structural

organization of the polymicrobial biofilm communities on
intact human teeth, which may be important for understanding
the microbiome function and virulence at the infection site.
Investigations in this area of research may reveal more precise
ways to identify community structure associated with severe
childhood caries and help develop enhanced approaches to pre-
vent this highly prevalent and costly pediatric disease.
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