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Abstract

Background—Streptococcus mutans has been strongly associated with dental caries but caries
also occurs in its absence. Association of a new species, Scardovia wiggsiae with childhood caries
suggests this could be a new caries pathogen.

Highlight—S. mutans is considered a caries pathogen based on its association with caries, and on
its ability to produce acid, to survive low pH environments, and to induce caries in experimental
animals. S. wiggsiae was significantly associated with severe-early childhood caries in the
presence and absence of S. mutans. Further S. wiggsiae was elevated in initial carious lesions in
adolescents with fixed orthodontic appliances. S. wiggsiae detection was enriched on a low pH
agar suggesting acid-tolerance. S. wiggsiae isolates were acid tolerant and produced acid from
several sugars at low initial pH values, and were not arginine deiminase positive, characteristics
consistent with potential cariogenicity. Cariogenicity of S. wiggsiae was tested in a rat animal
model in parallel with S. mutans. While S. wiggsiae by itself showed minimal caries induction,
when co-inoculated with S. mutans, there was significant cavity production.

Conclusion—S. wiggsiae was associated with advanced and initial caries, is acid tolerant and
produces acid to low pH at initial neutral and low pH conditions. In combination with S. mutans,
S. wiggsiae was detected in caries in an animal model. Together, these data suggest that S.
wiggsiae has many of the characteristics consistent with its being a caries-associated species.
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1. Introduction

Dental caries importance and role of pH changes

Dental caries in the primary dentition, early childhood caries (ECC), is epidemic worldwide
with a global prevalence burden of untreated caries of 8.8% [1] with increased levels in
selected populations including 32% very young (16 month-old) American Indian children
with cavities [2]. A higher prevalence was observed for 3-year-olds, which ranged from 36
to 85% in the Asian countries of Taiwan, the Philippines and Korea [3]. Caries results from
bacterial acid-induced demineralization of tooth enamel and dentin following ingestion of
dietary fermentable carbohydrates.

The lowering of plaque pH in caries-free subjects and subjects with increasing caries levels
in response to a glucose rinse are known as Stephan curves [4]. In the caries-free individuals
the initial resting pH’s were around 7, fell to around pH 5.5 after the rinse, returning to pH 7
after about an hour. In contrast, in cases of extensive caries the initial pH was around pH 5.5,
which is already low enough to induce enamel and dentin demineralization. After a glucose
rinse the plaque of caries-active subjects pH fell to around pH 4.5 with a slow gradual pH
rise to resting pH levels. Bacteria involved in dental caries thus are able to reduce the pH to
quite low levels, yet remain viable in an acidic environment.

In addition to acid-producing bacteria, the etiology of dental caries was described to include
host diet, particularly frequency of dietary carbohydrates, and host factors [5, 6]. The return
of the plaque pH after dietary challenge is related to host factors including buffering
capacity of saliva which is diminished with low salivary flow rates, and pH raising activity
by the bacterial plaque particularly production of ammonia from urea (urease activity) or
from arginine (arginine deiminase activity) [7-9].

Based in part on the observations of plaque bacteria related to pH, VVan Houte described
caries-etiologic agents as measured by association with caries in humans, physiological cell
traits including acid production and acid tolerance, and cariogenic potential in experimental
animals [10].

2. Bacteria and dental caries

2.1. Streptococcus mutans

Streptococcus mutans is recognized as cariogenic. S. mutans is strongly associated with
caries in humans, particularly children [11-14]. The species can be transmitted from mother
to child [15-17]. The younger the child in which S. mutans is detected, the more caries they
experienced [13, 18], and in longitudinal studies S. mutans detection predicted caries
formation in young children [19, 20].

In addition to its association with caries S. mutans has been considered a caries pathogen
[21] based on physiological cell traits including acidogenicity and acid tolerance [22, 23],
and S. mutans associated caries induction in experimental animals [24]. Together these
characteristics fulfill the criteria for cariogenicity described by van Houte [10].
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2.2. Microbiome changes in an acidic environment

The oral microbiome, including that of plaque biofilm associated with caries, however, is
complex as determined from cultural [25, 26] and molecular [27] methods and comprises
many different species [28]. An extended ecological hypothesis of plaque composition in
relation to caries [29] suggested microbial dysbiosis in response to a low biofilm pH.
Changes included suppression of acid-sensitive species with enrichment of aciduric bacteria,
for example acid tolerant species in Streptococcus and Actinomyeces.

Acid-tolerant caries-associated species have been isolated in broth [30, 31] and on agar [26,
32, 33]. In a population of young children that included caries-free and severe-ECC (S-ECC)
children, the major species cultured on a medium of pH 7 included Streptococcus sanguinis,
Gemella morbillorum and Selenomonas species, whereas at a low pH medium of pH 5 the
major species detected differed and included S. mutans, Streptococcus salivarius,
Lactobacillus gasseriand Veillonella species [26, 33]. On media at pH 7, many Actinomyces
species were detected including Actinomyces naeslundii and Actinomyces gerensceriae
whereas the Actinobacteraceae that favored growth at pH 5 were Scardovia wiggsiae,
Parascardovia denticolens and Bifidobacterium species. Most of the gram negative anaerobic
taxa in Bacteroidetes, Fusobacteria and Proteobacteria preferentially grew only at pH 7.
These microbial differences on media at different pH’s likely reflect the bacterial types in
the acidic microbial biofilm under the selective pressure of progressing dental caries.

3. Scardovia wiggsiae

3.1. Scardovia wiggsiae association with caries

The principal caries-associated species in severe-early childhood caries, on neutral and low
pH agars [26], and by PCR [34] (Figure 1a and b) were Scardovia wiggsiae and S. mutans.
Further S. wiggsiae was cultured from children with caries but no S. mutans detection [26],
and “essential” role S. mutans in the caries process has been questioned [35] S. mutans and
S. wiggsiae were associated with initial white spot lesions assayed by PCR [36]. White spot
lesions were sampled from older children that developed initial enamel lesions after
placement of fixed orthodontic appliances. As in childhood caries, however, the white spot
lesion microbiota was complex. Using 16S rRNA probes in a microarray, community
differences were found between caries-free and white spot lesion sites in cross-sectional [36]
and longitudinal studies [37]. S. wiggsiae was among the species associated with white spot
lesion development [37]. These studies indicated that Scardovia wiggsiae is tolerant to acid
and showed an association with advanced and initial carious lesions.

Other Scardovia or Scardovia-like species have been associated with dental caries. Thomas
and co-workers evaluated caries progression by studying demineralization of enamel chips
worn in an intra-oral appliance [38]. S. mutans was found at higher levels in caries-active
than in caries-inactive subjects. Other species detected in the caries-active group included S.
sobrinus, Streptococcus intermedius, several Lactobacillus species, Rothia dentocariosa and
Scardovia inopinata, which is genetically close to Scardovia wiggsiae. In another study,
Parascardovia denticolens was cultured from the forefront of carious lesions with vitally
exposed pulps suggesting this Scardovia-related species was associated with lesion

J Oral Biosci. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kressirer et al.

Page 4

progression in dentin [39]. In another study, the major taxon cultured from deciduous pulps
was S. wiggsiae (Bifidobacterium Ssp2 was S. wiggsiae by 16S rRNA sequences) [40]. Ina
pyrosequencing study, increased relative abundance of Scardoviawas higher in dentin caries
compared to caries-free sites or initial carious lesions [41]. Together these studies indicate an
association of S. wiggsiae and related taxa with dental caries and suggested that further
study to examine cariogenic potential was indicated.

3.2. Scardovia wiggsiae acid tolerance, acidogenicity and arginine deiminase activity

S. wiggsiae showed acid tolerance on primary isolation [26] and S. wiggsiae isolates from
that study have been tested (Table 1). S. wiggsiae strains grew on agars at pH 7, pH 5.5 and
pH 5 showing comparable growth and acid tolerance to that of S. mutans. Strains of
Streptococcus sanguinis and Actinomyces israelil, however, showed minimal growth at pH 5
suggesting less acid tolerance for these species. Considering acidogenicity, Takahashi and
Nyvad [29] reviewed the acidogenic potential of several major caries-associated genera. Low
final pH values were observed for non-mutans streptococci and Actinomyces species with
lower pH values for mutans streptococci, Lactobacillus and Bifidobacterium species.
Scardovia wiggsiae belongs to the Bifidobacteriaceae [23]. Harper and Loesche reported
acid-production at a low starting pH for S. mutans and Lactobacillus casel, whereas
Streptococcus sanguinis, Streptococcus mitis, and Actinomyces viscosus showed only
modest acid production under acid conditions [22]. While Bifidobacterium or Scardovia
species were not tested in the Harper and Loesche study, several Bifidobacterium species
were shown to have similar acidogenicity and aciduricity to that of S. mutans [23].

S. wiggsiae strains were found to be acidogenic under acidic conditions (Table 2),
comparable to S. mutans, S. sobrinus, Actinomyces naeslundii | and Il and Actinomyces
fsraelifwhen tested at initial neutral (pH 7) and acidic (pH 5.5) conditions. At initial pH 7.0,
S. mutans, S. sobrinus, S. wiggsiae and A. naeslundii | strains lowered the pH below pH 4.0.
Strains of the other Actinomyces species tested lower the pH to between pH 5. At a lower
initial pH, all strains tested lowered the pH at least one unit, except for A. naes/undii /1 that
showed only a small pH reduction. The acidogenicity of the Scardovia-related species,
Parascardovia denticolens, Scardovia inopinata and Bifidobacterium dentium, was examined
in in dual species biofilms with S. mutans [42]. The de Matos study reported an increased
reduction of pH when either A2 denticolens or S. inopinata were added to S. mutansin a
biofilm, although the proportions of the Scardovia-related species were quite low compared
with S. mutans. Together these data on acid-production from Scardovia and Scardovia-
related species indicate that they are strong acid producers, at a similar or greater extent than
that of S. mutans. Further S. wiggsiae strains were arginine deaminase negative (Table 1)
indicating the inability of this species to raise the pH from ammonia production. S. wiggsiae
could thus not mitigate the effects of local acid production in plaque biofilms.

3.3. Scardovia wiggsiae cariogenicity in vivo

S. mutans and S. sobrinus, have been demonstrated to induce caries in experimental animals
[43, 44]. A previous study, however, found only minimal caries induction by a
Bifidobacterium species in a germ free rat model [45] and a low level of test species
colonization was considered the major reason for the low caries level observed. Since in
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clinical samples S. wiggsiae was associated with caries in the presence or absence of S.
mutans [26] caries induction was examined by inoculation with either S. mutansor S.
wiggsiae, or by the combination of S. mutans with S. wiggsiae. The test strains used had full
genome sequence data and were isolated from children. S. wiggsiae strain FO424 (HOMD;
www.homd.org) was isolated from a child with S-ECC [26]. S. mutans strain SJ isolated
from a 2—4 year old child and the strain selected because it synthesized high levels of
glucosyltransferases (Smith and King, personal communication). Rat inoculations were
delivered orally at 25 days of age and repeated for three consecutive days to inoculation
groups of 16 rats. The groups were: S. wiggsiae, S. mutans, a combination of both strains
(same concentrations as individual inoculations), and broth without bacteria as an
uninoculated control group. A molecular method, gPCR, was used to detect and quantitate
bacteria to test colonization and determine levels in inoculae as was advocated for animal
model experiments [46]. It was of particular value for detecting S. wiggsiae as there is no
selective medium for this species and the animal model has a complex resident microbiota.

Induction of caries was evaluated from defleshed jaws from sacrificed experimental animals.
Over 80% of the molar surfaces were caries-free in every group (Figure 2). When detected,
cavities were principally enamel cavities in mandibular lower molar teeth, particularly the
second molars. Rats inoculated with S. wiggsiae alone showed a similar caries pattern and
extent (62 lesions) as the uninoculated control rats (55 lesions) (Figure 2). Whereas all S.
mutans-inoculated rats had at least one carious lesion, although the number of affected teeth
and surfaces was lower in the group co-inoculated with S. wiggsiae. The number of carious
lesions did not differ significantly between rats inoculated with S. mutansand S. wiggsiae
and those inoculated with S. mutans alone (149 and 134 lesions, respectively).

Microbiology evaluation indicated that preinoculation oral swabs were negative for S.
mutans and S. wiggsiae as were swabs from the uninoculated rats at any sampling time. In
the 16 rats inoculated with S. wiggsiae alone, mean S. wiggsiae levels for all rats in the
group were 2.7x1071 at 3 weeks and about 10-fold higher at 2.3x100 at 7 weeks (Table 3).
Only 4/16 of S. wiggsiae inoculated rats had detectable levels of S. wiggsiae at 3 weeks,
levels of which doubled by 7 weeks (8/16 rats). In rats inoculated with S. wiggsiaeand S.
mutans, S. wiggsiae inoculation levels for all rats in the group were 5.8x100 at 3 weeks and
3.5x101 at 7 weeks. Over half of the rats inoculated with the mixed infection (9/16 rats) had
detectable levels of S. wiggsiae at 3 weeks and nearly all rats showed S. wiggsiae at 7 weeks
(14/16 rats) (Table 3).

All rats inoculated with S. mutans tested positive for S. mutans at 3 and 7 weeks. S. mutans
levels from the first inoculation rose from 2.9x103 at 3 weeks to 1.2x108 at 7 weeks. In the
group inoculated with both S. mutansand S. wiggsiae, S. mutans levels rose from 3.9x10% to
1.9x10°% from 3 to 7 weeks. There were increased levels of S. mutansin the presence of S.
wiggsiae compared with S. mutans alone at 3 weeks (p<0.0005) but not at 7 weeks
(p=0.176) (Table 3).

At 3 weeks, S. mutans counts were 13-fold higher when co-inoculated with S. wiggsiae,
compared with inoculation with S. mutans alone. By 7 weeks S. mutans counts were less
than two-fold higher when co-inoculated with S. wiggsiae, compared with inoculation with
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S. mutans alone. At both 3 and 7 weeks there were much higher levels of S. wiggsiae in the
presence (versus absence) of S. mutans (21- and 16-fold increases, respectively) (Table 3).

In addition to counts of inoculated strains, mandibles from each inoculation group were
prepared for histological examination. Bacteria were observed in dentin tubules consistent
with bacterial invasion (Figure 3).

This test of S. wiggsiae cariogenicity /n vivo did not show sufficient lesion induction to
confirm cariogenicity in this rat animal model. The principal limitation appeared to be the
low level of S. wiggsiae colonization even at the end of the experimental period. Controls
using inoculations with S. mutans did show caries indicating the S. mutans-caries model
performed as previously described [47, 48]. A prerequisite in testing pathogenicity is being
able to implant the test species and achieve colonization levels sufficient to induce disease.
For S. mutans, species implantation is facilitated by cell surface adhesins such as Antigen
I/11 [49] and polysaccharides for cell attachment, which for S. mutans includes
glucosyltransferase/sucrose-mediated glucan [50] produced in the presence of dietary
sucrose [51]. It seems likely that that lack of appropriate attachment mechanisms by S.
wiggsiae could have contributed to reduced infection and colonization rates.

S. wiggsiae was detected in the combined S. wiggsiae- with S. mutans-infected animals that
did show caries which suggested that S. wiggsiae could be contributing to disease in the dual
infection model. Enhanced cariogenic potential for species in the Scardovia/Bifidobacterium
family by combinations of species combinations have been observed. Combinations of
Actinomyces or Scardovia species with S. mutans showed enhanced demineralization or
acidogenesis compared with Actinomyces or Scardovia alone. Scardovia inopinata that did
not by itself form biofilms, was found in biofilms when co-inoculated with S. mutans that
lowered the medium pH more than S. mutans as noted above [42]. Enhanced growth and
demineralization in an /in vitro biofilm model was observed when Lactobacillus acidophilus
was co-cultured with either Actinomyeces israelii or S. mutans, with the highest amounts of
demineralization seen when all three species were simultaneously co-cultured [52]. In an in
vivo model of caries progression, several species were increased with caries development
including S. mutans, Scardovia inopinata, Rothia dentocariosa and several Lactobacillus
species suggesting caries developed from a complex of acidogenic species [38]. The
minimal colonization levels and cariogenicity detected in the animal model by S. wiggsiae,
and enhanced cariogenic potential of Scardovia/Bifidobacterium with species combinations
suggest that a different animal model protocol could be needed to demonstrate 7/ vivo
cariogenicity of S. wiggsiae that includes use of species combinations.

For the animal model experiment, the relatively low colonization levels of S. wiggsiae were
likely insufficient to adequately test the cariogenicity of this species. Thus we conclude the
model was not optimal to show /n vivo cariogenicity.

4. Conclusions

Several major criteria were evaluated to define cariogenicity of Scardovia wiggsiae:
association with disease, acid tolerance and acid production and caries indication in animal
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models (Figure 4) [10]. S. wiggsiae fulfilled the disease association and acidogenicity and
aciduricity but not caries induction in the experimental animal model tested. The
microbiome of caries, however, comprises a complex of many diverse bacterial species and
our data do not preclude the likelihood that S. wiggsiae is an important contributor to the
caries microbiome. Several different new species, including S. wiggsiae, have been detected
in association with dental caries. Without evaluating cariogenicity, however, one should be
cautious about describing caries-associated taxa as pathogens to the infection.
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(a) Detection by anaerobic culture on acid medium (b) Detection by species-specific PCR
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Figure 1. S. mutansand S. wiggsiae association with S-ECC
(a) Detection of S. mutans or S, wiggsiae in children with S-ECC (red) or caries-free (blue)

by anaerobic culture of oral samples on acid medium [26]. (b) Percent of children with
detectable S. mutans, S. wiggsiae or a combination of both by species-specific PCR [34]. * =
p <0.05; ** = p<0.01.
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(a) Percent of carious surfaces in S. wiggsiae and uninoculated rats (b) Percent of carious surfaces in S. mutans and mixed infection rats
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(c) Caries by teeth in S. wiggsiae and uninoculated rats (d) Caries by teeth in S. mutans and mixed infection rats
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Figure 2. Distribution of caries by inoculation group in experimental animal model
Based on a protocol for S. mutans [48], 64 25-day-old female Sprague Dawley rats were

randomly separated into four groups of 16 rats each: an uninoculated control group and a
group each for inoculation by S. wiggsiae alone, S. mutans alone or S. mutans with S.
wiggsiae. Rats were housed at two rats per cage, and fed Diet 2000. After 7 weeks infection
the experiment was terminated and jaws defleshed by dermestid beetles [48]. Molar teeth (6
mandibular, 6 maxillary) were scored for presence and extent of carious lesions at occlusal,
mesial, distal, buccal and lingual surfaces. Lesion extent was measured as: O=caries free;
1=enamel demineralization or white spots; 2=enamel cavity; and 3=dentinal cavity. The
distributions of carious lesions at surface, tooth, and rat level were summarized. Generalized
estimating equation models were fit to estimate group differences in caries presence (logit
link) or levels (identity link), counting every surface individually. These models accounted
for the clustering of outcomes within a rat. Analyses focused on differences attributable to S.
wiggsiae.

The percent of molar tooth surfaces with carious lesions presented by lesion severity: enamel
demineralization/white spot lesion, enamel cavity or dentin cavity for rats inoculated with S.
wiggsiae and or uninoculated (a) or S. mutans and dual-species infection (b). The percent of
molars with carious lesions by tooth for rats inoculated with S. wiggsiae or uninoculated (c)
or S. mutans and dual-species infection (d).
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(a) (b)

Figure 3. Sections of a rat molars showing bacterial invasion in first mandibular molar in
experimental rats

Two mandibles from each inoculation group were fixed in 4% paraformaldehyde for 16
hours, rinsed and then demineralized in 10% EDTA in 0.1 M Tris, pH 6.9, for 2 weeks.
Fixed mandibles were washed, dehydrated through a series of graded ethanols, cleared in
acetone and chloroform and embedded in paraffin. Five micron serial sections of the molars
were taken in the mesio-distal plane and stained by Gram stain with crystal violet and
microscopically examined for bacteria invading dentinal tubules.

Bacteria were observed invading dentin in uninoculated control and inoculated animals.
Images show 5x (a) and 100x (b) magnification of bacterial cells stained with Gram stain.
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Figure 4. Scardovia wiggsiae as a candidate caries pathogen
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S. wiggsiae is caries-associated, acidogenic and acid tolerant, but while cariogenicity in
animal model was not demonstrated, overall data suggest that S. wiggsiae is a candidate

caries pathogen.
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Table 2

Acid production of Scardovia wiggsiae, S. mutans, S. sobrinus and Actinomyces species.

Peptone Yeast Broth Initial pH of 7.0 Glucose  Sucrose  Fructose
Bacteria Strain pH 7.0 pH 7.0 pH 7.0

Streptococcus mutans ATCC 251757 3.83 3.76 3.79
Streptococcus mutans SJ 3.86 3.82 3.8
Streptococcus sobrinus ATCC 273527 3.72 3.73 3.74
Streptococcus sobrinus ATCC 33478 2.98 297 291
Scardovia wiggsiae DSM 22547 | C155AT 3.51 3.26 3.23
Scardovia wiggsiae F0424S 3.3 3.36 3.12
Actinomyces israelii A8TA37 4.65 4.66 4.66
Actinomyces naeslundii 1 H101A18 3.8 3.82 3.87
Actinomyces naeslundii 11 H403B5 4.69 4.56 4.68

Peptone Yeast Broth Initial pH of 5.5 Glucose  Sucrose  Fructose

Bacteria Strain pH5.5 pH5.5 pH5.5

Streptococcus mutans ATCC 251757 3.95 3.87 3.89
Streptococcus mutans SJ 411 4.05 4.06
Streptococcus sobrinus ATCC 273527 3.99 4.01 4.03
Streptococcus sobrinus ATCC 33478 3.78 3.71 3.68
Scardovia wiggsiae DSM 22547 /| C155AT 3.47 3.65 3.52
Scardovia wiggsiae F0424S 4.02 3.85 3.75
Actinomyces israelii A87A37 3.85 4.09 4.02
Actinomyces naeslundii | H101A18 4.21 421 4.12
Actinomyces naeslundii 11 H403B5 4.57 4.56 4.59

T=Type strain
S=sequenced strain
All other strains are clinical isolates

Broth media was prepared using Peptone Yeast base and pH adjusted to pH 7 or pH 5.5 and either unsupplemented or with final concentrations of
glucose (1%), sucrose (1%) or sucrose (1%). Strains were harvested from blood agar and inoculated into the broth series, and incubated
anaerobically for 4 days. Final pH values were recorded.
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