


















Fluorescence in situ hybridization (FISH) (Fig. 3) complemented and extended the
immunofluorescence data. The overwhelming majority of the biomass consisted of cells
labeled with the Streptococcus STR probe, and cells reactive solely with the Eubacteria
(EUB) probe (Fig. 3b, panel b2) were rare. Cells labeled with the Pasteurellaceae (PAS)
probe (reactive across the Pasteurellaceae, including Haemophilus) were numerous and

FIG 2 (a) Immunofluorescence localization of Haemophilus and associated cells in undisturbed biofilms from subject 1. Top panels, 4-h
biofilm. Bottom panels, 8-h biofilm. Right panels, zoom of central region in left panels. Scale bar � 10 �m. (b) Immunofluorescence
localization of Rothia and associated cells in undisturbed biofilms from subject 1. All images represent the same field of view. Grayscale
images show cells stained with DAPI, anti-Rm antibodies, or anti-RPS4 antibodies. The lower right panel shows a red-green-blue (RGB)
overlay of grayscale images. Circles mark cells in intimate interaction. (c) Rothia cells had reduced antibody reactivity in 8-h biofilms.
All images represent the same field of view. Grayscale images show cells stained with DAPI, anti-Rm antibodies, or anti-RPS4
antibodies, plus an image with the anti-Rm signal enhanced. RGB overlays include an image showing the enhanced anti-Rm channel.
Scale bar � 10 �m.
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were distributed throughout the confluent biofilm but were also seen in small multi-
species clusters consisting of a few cells. In particular, FISH unambiguously docu-
mented distinctive streptococcus-enveloped islands of Rothia similar in topology to
those revealed by enhancement of immunofluorescence signal (cf. Fig. 2c). Regions
labeled with Neisseria FISH probe NEI (Fig. 3a, panel a2) had a topology similar to that
seen with Rothia and were likewise seen in antibody-labeled biofilms (Fig. S3a and b).
Cells labeled with the Gemella probe GEM were distributed throughout the biofilm (Fig.
3b, panels b1 and b2). In contrast, gemellae localized by immunofluorescence (anti-Gem
reactive) appeared to be less numerous than those labeled by FISH, and immunofluo-
rescently labeled gemellae appeared to have less contact with other biofilm cells than
did those labeled by FISH (Fig. S3c and d).

DISCUSSION

Previous coaggregation surveys employed bacterial strains obtained from disparate
culture collections. Sometimes these organisms were chosen precisely for their high
coaggregation specificity (few partners). Results of previous coaggregation studies
have been extrapolated to encompass oral bacterial communities of all human hosts
despite recognition of subject-specific differences in community composition and the
strain-specific nature of many coaggregations. One important discovery in earlier
studies was that organisms bearing particular complementary coaggregation media-
tors were intimately juxtaposed in vivo (13, 14), and yet those data likewise fail to
address the overall potential for interbacterial adhesion within the community of a
single host. The present study employed broad-based subject-specific culture collec-

FIG 3 FISH localization of genera in undisturbed 8-h biofilms of subject 1. Asterisks in low-magnification images (upper panels) mark
regions shown in high-magnification fields of view (bottom panels). The vast majority of cells were STR-stained streptococci. PAS-stained
cells (Haemophilus) were distributed throughout the biofilm (upper panels), as well as in small multispecies clusters (a2). Rothia (ROT probe)
and Neisseria (NEI probe) occurred in distinctive packets. GEM-labeled cells (Gemella) were distributed throughout the biofilm (b, b1, and
b2) and as single cells (upper right of panel b). Few cells labeled solely with EUB were seen (b2).
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tions as the starting point for pairwise coaggregation assays of all isolates (roughly 500
assays, including lactose reversibility and protease sensitivity assays), an approach
impractical for study of many subjects. However, even for this set of 2 subjects,
investigation of subject-specific clinical isolates yielded important ecologically relevant
information, not only for isolates of little-studied organisms but also for genera (e.g.,
streptococci) central to the earlier studies. In light of the present data, it can be stated
that, within the oral microflora of single individuals, coaggregations are ubiquitous and
encompass numerous representatives of nearly every genus investigated. Organisms
that comprise the early plaque biofilm of single human hosts are predisposed to form
diverse assemblages through cell-cell adhesion.

The present study was the first to comprehensively examine the subject-specific
occurrence of RPS and RPS-mediated coaggregation. Together, five of the seven
described RPS types were found in these two individuals, and, within each subject,
multiple coaggregation partners for each coisolated RPS type were isolated. A strep-
tococcus species bearing the unique H1 polysaccharide occurred in one host, but its
very specific coaggregation partners (Capnocytophaga strains that bear a particular
adhesin) (24) were not isolated; this polysaccharide may be of less ecological conse-
quence than is RPS. Furthermore, RPS was found on streptococcal species not previ-
ously known to bear the molecule (S. infantis, S. australis) as well as on two unnamed
streptococcal species, one of which was first isolated in the course of the present study.
More importantly, several streptococcal isolates bore anti-RPS-reactive cell surface
components that have no classical recognition motif and that appear to mediate
primarily intrageneric coaggregations. In particular, S. salivarius/vestibularis strain 22
from subject 1 bears a polysaccharide that, according to nuclear magnetic resonance
(NMR) spectroscopy, is structurally different from any currently characterized RPS (C. A.
Bush, personal communication). Taken together, the results indicate not only that RPSs
and RPS-mediated coaggregations are important components of oral communities at
the level of the individual host but also that the diversity of these coaggregation-
mediating polysaccharides is higher than previously thought.

Ribosomal gene sequence microarray (HOMIM) analysis showed the oral microfloras
of the subjects to be similar: streptococci dominated, with substantial representation of
Haemophilus and Rothia. These data agree with those of high-throughput sequencing
studies (3, 5); however, species-level HOMIM data were important in assessing the
completeness of the streptococcal collection. Likewise, isolation of S. sanguinis and S.
mitis was important because no HOMIM probe exists for these common species. The
consistent reactivity of the Pseudomonas cluster probe (O96) in subject 2 is puzzling.
Probes specific for the common PCR contaminant P. aeruginosa were unreactive (see
Data Set S1 in the supplemental material). The remaining Pseudomonas species as-
cribed to the cluster probe occur at miniscule abundance in the HOMD clone library,
i.e., are minor components of oral communities. One clear discrepancy between
HOMIM data and culture collection composition is the isolation of S. australis from only
one subject despite consistent detection by HOMIM analysis in both subjects. S.
australis is closely related to S. infantis (25, 26). The 500-base ribosomal gene sequences
of the present S. australis isolates had as few as 2 bases of difference from those of the
HOMD infantis reference sequences and vice versa. However, isolates of these species
participate in high numbers of mechanistically distinct coaggregations: the S. australis
isolates bear RPS, whereas the S. infantis strains bear adhesins. Furthermore, two S.
infantis isolates bind the G recognition motif, a specificity that was first observed in the
present study. The prominence of these species and their propensity for coaggregation
suggest an important role for these organisms in oral biofilm initiation.

Rothia, Haemophilus, and Neisseria are common in early plaque but have been
poorly represented in previous coaggregation studies. Isolates of these genera from the
present study participated in a large number of coaggregations, in some cases more
than any single streptococcus or actinomyces species. This observation provides a
context for an interesting result from a recent study in which Rothia strains were
directly isolated by cell-cell adhesion from dispersed plaque of all three participants
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(27). Based solely on their extensive coaggregations, a greater role in models of oral
biofilm development is warranted for Rothia, Haemophilus, and Neisseria. Should these
organisms be shown to coaggregate with those associated with periodontal disease,
they could play a role similar to that of fusobacteria in coaggregation-based models of
oral biofilm maturation (9). In the present study, complementary use of immunofluo-
rescence and spectral FISH demonstrated that Rothia and Neisseria appear as islands
within the confluent biofilm. The type strain of R. dentocariosa bears an antigenic cell
wall fructan (28), and some Rothia strains from the present study have a prominent
capsule (Fig. S3d). Fructans of cariogenic S. mutans have ecological relevance as
extracellular carbon storage products (29, 30), and the commensal streptococcal spe-
cies S. gordonii and S. sanguinis are predicted by the CAZy database (www.cazy.org) (31)
to have cell surface fructosidases. Other commensals, including S. salivarius, produce
soluble fructan-hydrolyzing enzymes and grow on fructan (32, 33). Accordingly, it is
possible that the streptococci intimately associated with Rothia cells degrade that
organism’s capsular components as an in situ carbon source, a process that could
explain the observed reduction in anti-Rm binding in situ (Fig. 2). Thus, while Rothia
cells are a nucleation point for cell-cell interactions, their role in high-biomass regions
of the biofilm may be limited. In contrast, anti-Haemophilus-reactive cells, as well as
those reactive with the PAS FISH probe, were seen not only in intimate contact with
other cells in nascent multispecies colonies but also dispersed throughout high-
biomass regions (Fig. 2 and 3). In a FISH study of older (h 24 to 48) plaque scraped from
the teeth and gingival margin of healthy subjects, PAS-reactive cells were likewise
prominent (34). The cells were integrated into the distal regions of large structures
(“hedgehogs”) composed to a great extent of corynebacteria. Furthermore, PAS-
reactive cells, together with Lautropia and streptococci, were a major component of a
unique “cauliflower” structure. The present in situ model generates an analogue of the
thin biofilms typical for early smooth-surface plaque. Neither the “hedgehog” or
“cauliflower” structures, nor the organisms central to those structures (corynebacteria
and Lautropia), have been found in the chip model. The extent to which haemophili are
incorporated into nascent as well as highly developed plaque suggests these organisms
to be important in biofilm maturation.

MATERIALS AND METHODS
Subjects and biofilm model. Orally and systemically healthy volunteers were recruited through

NIDCR Clinical Protocol 13-D-0014. Human enamel chips (35) were affixed to a full-mandibular stent
using dental wax (see Fig. S1 in the supplemental material). Chips were carried intraorally for 4 h and 8
h and were then stained with DAPI and fluorescently labeled antibodies against RPS serotypes 1, 2, 3, and
H1 (13). Fourteen subjects participated in an initial screening visit. Two subjects (males, ages 45 and 30;
referred to here as subject 1 and subject 2) were selected for further study based on an increase in biofilm
biomass between h 4 and h 8 and on the number of antibody-reactivity cells relative to those in other
subjects.

HOMIM analyses. On three separate visits, a chip was removed after 4 h and after 8 h, dipped three
times in chilled phosphate-buffered saline (PBS), placed in 54 �l of chilled 10� lysis buffer (200 mM Tris
HCl [pH 8.0], 20 mM EDTA [pH 8.0], 12% [vol/vol] Triton X-100), and sonicated (Bransonic 1510; Emerson
Industrial, North Olmsted, OH) for 15 min. The chip was removed, and the DNA was extracted from the
sonicate using a DNA-Easy blood and tissue kit (Qiagen, Valencia, CA) following the procedure for
Gram-positive (Gram�) organisms and then sent to the Forsyth Institute (Cambridge, MA) for HOMIM
analysis (36). The analysis is based on reverse capture of fluorescently labeled 16S rRNA gene amplicons
onto a microarray of 379 probes correlated to taxa in the highly curated Human Oral Microbiome
Database (HOMD), and it yields heat maps of amplicon abundances with values 1 to 5, representing a
nonselective semiquantitative inventory of the major oral taxa. Each taxon is defined by Linnaean
nomenclature as well as by a human oral taxon (HOT) number important for delineation of unnamed or
uncultivated organisms. In the present report, all HOTs with names that include “sp.” are cultivated but
unnamed organisms. For example, Streptococcus sp. strain HOT 431, previously designated “uncultivated
phylotype” within the HOMD, was cultivated during the present study and is now designated “cultivated
unnamed.” Details of HOTs and the HOMD are available (37) (http://www.homd.org).

Subject-specific culture collections. Two rounds of isolation were performed. An 8-h chip was
dipped three times in reduced transport fluid (RTF), placed in 250 �l chilled RTF, and sonicated as
described above. The sonicate was plated at dilutions from 102 to 104 onto aerobically (5% CO2) and
anaerobically (N2/H2/CO2; 90/5/5) incubated TSA blood agar (tryptic soy agar with 5% sheep blood;
Remel, Lenexa, KS), Columbia blood agar (Remel), and laked blood agar (Anaerobe Systems, Morgan Hill,
CA). Campylobacter agar (Anaerobe Systems) and Fusobacterium agar (Anaerobe Systems) were used
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but yielded no isolates. Cadmium sulfate fluoride acridine Trypticase (CFAT) agar (Anaerobe Systems;
used for Actinomyces spp.) yielded only a single Actinomyces isolate from one individual. Plates were
examined after 24 and 48 h. All colonies of unique morphology were picked, and multiple picks were
made of colonies with similar morphologies. In additional rounds of isolation, the following nonstrep-
tococcal genera prominent in the HOMIM analyses but not obtained with the previously listed media
were targeted: Haemophilus spp. by using chocolate agar (Remel) and chocolate agar plus bacitracin
(Hardy Diagnostics, Santa Maria, CA) and Gemella spp. by using Gemella agar plus colisitin (38). Colonies
were transferred to brain heart infusion (BHI; Oxoid, Hampshire, United Kingdom) broth, BHI broth
supplemented with 10 �g/ml NAD and 5 �g/ml hemin (isolates from chocolate agar), or BHI broth with
10% horse serum (isolates from Gemella agar). Transfers with visible growth were examined microscop-
ically and streaked onto agar, and a single colony was regrown in broth. In rare cases, more than one
colony type was present in the streak, and each was picked for regrowth. Cultures were concentrated
2-fold into broth containing 20% glycerol and frozen at �20°C.

A genomic DNA template was obtained for species identification either by freeze/thaw of cells or,
when the yield from the freeze/thaw was low, by using a DNA-Easy kit (Qiagen). Amplification of the 16S
rRNA gene from genomic template was performed using previously published primers and PCR pro-
grams (37). The presence of a 1,500-base PCR product was confirmed on an agarose gel, and then the
product was purified from the reaction mixture with ExoSAP-IT (Affymetrix, Cleveland, OH). When
multiple bands were present on the gel, the 1,500-base band was excised from a preparatory gel and the
product released using a QIAEX II gel purification kit (Qiagen). Sequencing of the initial 500 bases was
performed at the NIDCR Combined Technical Research Core, and sequences were identified by BLAST on
the HOMD website.

An isolate was assigned to a HOT when the level of identity to a HOMD reference sequence (RefSeq
v13.2) was �98.5%; most were �99%. Identity to other HOT organisms was typically �98%. Certain
isolates (including some streptococcus and Neisseria isolates) had �98.5% identity to more than one
reference sequence. In such cases, the HOT of highest identity was used; these identifications were often
supported by HOMIM data and phenotype. Levels of identity to S. salivarius and to S. vestibularis were
sometimes equal; i.e., no best match existed—these isolates were designated S. salivarius/vestibularis.
After taxonomic assignment, strain-level relatedness was assessed using REP-PCR fingerprinting with
primers REP2-D and Rep1R-D (39). A randomly selected isolate within each REP-PCR fingerprint group
was designated a representative strain (RS) for further analysis.

Coaggregation assay. Overnight cultures were washed twice with coaggregation buffer (40) and
resuspended to 260 Klett units (Klett-Summerson turbidometer), and then 100 �l of each suspension was
added pairwise to a 10-mm-by-75-mm glass tube and subjected to vortex mixing. Coaggregations were
scored as ��� (large clumps, clearing of the suspension), �� (aggregates easily visible, limited clearing
of the suspension), � (small clumps), or � (no interaction). Some pure-culture suspensions were slighty
clumpy. These were tested after the suspension had been subjected to vortex mixing and allowed to
settle for 1 to 2 min; only rapidly apparent coaggregations with scores of �� and ��� were recorded
for these strains. A few cultures autoaggregated and were not tested. Reversibility of coaggregation by
addition of lactose (60 mM final concentration) served as a simple test for certain carbohydrate receptors.
The sensitivity of a coaggregation to protease (which reveals protein adhesins) was assessed by adding
Streptomyces griseus protease (Sigma; 2 mg/ml final concentration) to a pure suspension of each cell type
of the coaggregating pair, heating at 50°C for 1 h, and then mixing each treated cell type with its
untreated partner. If coaggregates did not form in one of the two mixtures, the treated cell type was
scored as having a protein adhesion. If coaggregates did not form in either combination of treated cells
with untreated cells, the mechanism was defined as a protein-protein mechanism. In the results,
coaggregation data are reported only by the criterion “yes/no”; coaggregation scores are provided in
Data Set S1.

Antibody reactivity. Affinity-purified anti-RPS antibodies have been described previously (13). Other
antibodies were produced for this study by washing whole cells from an overnight culture twice with
sterile PBS, concentrating them 2-fold into PBS, adding sodium azide (final concentration of 0.02%), and
storing the suspension overnight at 4°C. The suspension was centrifuged, resuspended in sterile PBS, and
shipped on ice for preparation of rabbit antisera (Covance Inc., Denver, PA). IgG was purified (Nab Protein
A Plus spin columns and Gentle buffers; Thermo/Pierce Scientific, Rockford, IL) and labeled with Alexa
Fluor kits (ThermoFisher, Grand Island, NY). To assess reactivity, PBS-washed cells were subjected to
reactions with 5 �g/ml of labeled primary antibody and examined using a 100� 1.3 numerical aperture
(NA) Fluorotar oil immersion lens on a Leica DM epifluorescence microscope with a 100-W mercury lamp.
A single examiner assessed fluorescence. Dim fluorescence was scored “w” (weak).

Immunofluorescence microscopy. Chips were washed with PBS, stained with 5 �g/ml Alexa
Fluor-labeled antibody plus 1 �g/ml DAPI for 15 min, and then washed again (13). Stained chips were
mounted on dental wax in a petri dish filled with PBS and then examined with a Zeiss 710 laser confocal
microscope using a 63� (0.9 NA) water immersion lens (Zeiss, Thornwood NY). Histograms were adjusted
using the min/max function in Zen software (Zeiss).

Fluorescence in situ hybridization (FISH). Protocols were adapted from Pernthaler et al. (41). Chips
were fixed overnight in 4% paraformaldehyde at 4°C, washed 3 times in water, dehydrated in an ethanol
series, placed in Eppendorf tubes containing 100 �l of hybridization buffer (0.9 M NaCl, 0.02 M Tris [pH
7.4], 0.01% SDS, 20% “Hi-Di”-grade formamide) containing FISH probes (Table 4) (each at 2 �M), and then
incubated at 46°C for 18 h. Chips were again washed in hybridization buffer and then in hybridization
buffer lacking formamide (both washes for 15 min at 48°C). Chips were again dehydrated, mounted on
coverslips in ProLong Gold antifade mounting medium (Life Technologies), and allowed to cure for 24
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to 72 h. Spectral images were acquired using a Zeiss 710 laser confocal microscope with a 32-channel
multianode spectral detector, a 63�/1.4 NA objective, and laser lines at 488, 561, and 633 nm. Linear
unmixing was performed with Zen software using reference spectra acquired on cultured cells using the
same fluors and the same acquisition settings as were used for imaging of the chips.

Accession number(s). Complete 16S sequences from four isolates of the previously uncultivated
Streptococcus sp. strain HOT 431 were determined by the Forsyth Institute and are available in GenBank
(accession numbers KU351674 to KU351677).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00407-17.

SUPPLEMENTAL FILE 1, PDF file, 2.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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