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Figure 2. Effects of human saliva and salivary components in S. mutans colonization. Colony numbers of S. mutans in (A) NOD/SCID wild
type, (B) NOD/SCID.e2f1*'~, (C) NOD/SCID.e2f1~'~ female mice, 4 months of age, at 120 min after inoculation. All mice were pre-treated with human
saliva or salivary components prior to bacterial inoculation. Data are expressed as the means = SDs of the results for 6 mice per strain (*P<<0.05,

** p<0.01).
doi:10.1371/journal.pone.0032063.g002

(693500 CFU/ml) and in NOD/SCID.£2/7*~ (193+190) were
significantly higher than those in wild type mice (17£32) (Fig. 4
D). The colonization was significantly higher in 1% sucrosc-water
and dict than non-sucrosc water and dict in NOD/SCID.e2f1 ™/~
mice (Fig. 4 C, D).

Inhibition effects by FruA on colonization of S. mutans
in vivo

In our previous report, purified and commercial fructanase
(FruA) from Aspergillus niger completely inhibited S. mutans GS-5
biofilm formation on saliva-coated polystyrene and hydroxyapatite
surfaces [36]. Therefore, we examined inhibition using FruA in §.
mutans colonization in the established mouse model system. The
hacterial load in NOD/SCID.e2f1~'™ mice pre-treated with sIgA
and supplied sucrose-water containing FruA (13£20 CFU/m])
decreased as compared to that without FruA (104=159); however,
there was no significant difference (P=0.088).

Discussion

In this study we demonstrated homozygous E2F-1-deficient
NOD/SCID (NOD/SCID.eQﬂ_/_) mice are highly susceptible to

@ PLoS ONE | www.plosone.org

S. mutans colonization when NOD/SCID.e2/7~’~ mice are pre-
treated with human saliva or sIgA using a low concentration (1%)
sucrose supplement (Fig. 1 D, Fig. 4 D). The colonization levels
were remarkably higher in NOD/SCID.e2f/ ™/ mice than other
mouse strains including commercial strains: C57BL/6, B10.D2
and NOD mice [31,37]. The high S. mutans susceptibility in NOD/
SCID.e2f1~’~ mice may be explained because of impaired
salivary clearance. The systemic dysfunction of the salivary gland
(e.g., enlarged nuclear size, increased numbers of ducts) caused by
the E2F-1 deficiency is the principal reason for the decrease of
saliva volume in the mice [33]. Previously we showed that the
percent inhibition of saliva production volume (/100 g BW) in
NOD/SCID.2f1~’" mice was higher than that in other NOD-
background mice [33,35,37].

Salivary component molecules that agglutinate bacteria include
sIgA, mucins, parotid agglutinin, lysozyme, Bo-microglobulin, and
Ca® ions [38]. Some reports suggest that salivary components
may promote colonization of certain strains of bacteria [8,39].
Here we show the positive and negative effects of exogenous
human salivary components in S. mutans colonization on the tooth
surface. In particular, 0.25 mg/ml sIgA promoted colonization of
S. mutans as compared to mucin, d-amylase, and others. SIgA is the
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P<0.01, P<0.001). (B) Colonization assay on the tooth surface from NOD/SCID.e2f1 ™/~ mice pre-treated with slgA and absorbed slgA at 120 min after
inoculation. Untreated mice were controls. The results are expressed as the mean = SD of absorbance obtained in six mice independent experiments.
(Significant differences vs NOD/SCID, P<0.05). (C) Confirmation of residual slgA on the tooth surface using ELISA, at 120 min after treatment. The
ELISA results are expressed as the mean = SD of absorbance obtained in three independent experiments. (Significant differences vs NOD/SCID and
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pre-treatment of sigA was compared with the untreated group. Data are expressed as the means = SDs of the results for 6 mice per strain (Significant
differences vs untreated group, P<0.01, P<0.001).

doi:10.1371/journal.pone.0032063.9003

predominant immunoglobulin found in all mucosal secretions indicated by the effects of specific sIgA antibody on attachment.
including saliva. In general, sIgA is thought to participate in the Therefore, multiple effects of specific sIgA may be dependent on
local disposal of environmental antigens in the oral cavity [38]. sIgA concentration. The antibody titer to surface protein antigen
Indeed, the inhibitory effects of sIgA against bacterial biofilm from §. mutans was negatively correlated with the numbers of .
formation are well demonstrated [40,41]. However, conversely in mutans in saliva from humans and mice [40,42,43]. The
this study, sIgA played a role in aiding the colonization of S. mutans concentration of absorbed sIgA may be an important step for
onto the tooth surface. the colonization of §. mutans on the tooth surface and regulates the
Physiological concentrations of amylase, mucin, and sIgA in microbial flora in the oral cavity. Hapfelmeier e/ al. recently report
human saliva are 0.4, 2.7 and 0.25 mg/ml respectively. Amylase reversible microbial colonization in germ-free mice during a
at 0.4 mg/ml and 2.7 mg/ml mucin showed significantly lower dynamic IgA immune response [44]. They indicated the intestinal
colonization by S. mutans than 0.25 mg/ml sIgA, which showed IgA system lacks classical immune memory characteristics; the
higher colonization than human saliva treatment in NOD/ mtestinal IgA repertoire is characterized by constant attrition and
SCID.e2f1~’ mice (Fig. 2). We considered that sIgA supported thus represents the dominant species currently present in the
the attachment because specific sIgA against S. mufans was intestine. In the oral cavity, a similar function of IgA production to
associated with the colonization. The activities of human saliva intestinal IgA may cause and control commensal microbial flora.
for colonization show dependency on specific sIgA (Fig. 3). In Our findings also show the dynamics of sIgA immune response,
contrast, higher concentrations (0.4 mg/ml) of sIgA than physi- and sIgA may function to equalize the bacterial numbers in the
ological concentrations showed inhibiting activities as compared to oral cavity for the continuous presence of commensal oral
physiological concentrations. The negative effects are also bacteria.
@ PLoS ONE | www.plosone.org 6 February 2012 | Volume 7 | Issue 2 | e32063
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doi:10.1371/journal.pone.0032063.g004

Our in wwo colonization mouse system has a number of
advantages to study specific sIgA effects because sIgA was absorbed
on the tooth surface after exposure of sIgA to NOD/SCID.e2/1™ "~
mice. In our previous report, the production of protein per minute
in 1 pl of saliva was significantly lower in NOD/SCID.e2f1 7~
mice as compared to NOD/SCID mice [33]. NOD/SCID.e2/1~ "~
mice lack mature immunoglobulins due to severe combined
immunodeficiency in NOD.e2f7~’~ mice and a decreased volume
of saliva as compared to both parent strains; NOD and NOD/
SCID mice [33]. Therefore, sIgA was easily absorbed without
competition with mouse IgA, and by decreasing the supply of
proteins and poor salivary clearance on the tooth surface in NOD/
SCID.e2f7™’™ mice as compared to NOD.e2/7™’~ mice [32] and
NOD/SCID mice (Fig. 3 C). Further, absorbed specific sIgA
against S. mutans was responsible for the colonization of S. mutans
(Fig. 3 D). We show sIgA from human colostrum included sIgA
against various microorganisms including S. mutans. Therefore,
exposure of specific sIgA in the oral cavity may induce the first
colonization and initial attachment of bacteria.

The effect of specific sIgA did not persist with the colonization
over a long-term and as a result showed small numbers of S. mutans
at 24 hours after inoculation, enough time to construct the biofilm
on the tooth surface. SIgA supports attachment of S. mutans, but its
effect was limited in the natural condition exposed with
commensal bacteria and saliva in the oral cavity. Therefore, the
sucrose water and diet were given as nutrients for S. mutans biofilm

@ PLoS ONE | www.plosone.org

formation. Using 1% sucrose water and the usual mouse diet after
inoculation supported long-term colonization in NOD/SCI-
D.e2f1”’" and NOD/SCID.e2/7"'~ mice in comparison to
NOD/SCID mice (Fig. 4 D). We demonstrated that a concentra-
tion of 1% sucrose in drinking water with non-sucrose diet could
mduce significant colonization at 24 hours after inoculation. This
shows the solid diet without sucrose enhanced colonization in
combination with 1% sucrose drinking water (Fig. 4 B and D). The
diet contains a few other carbohydrates, and carbohydrates in food
debris or sucrose involved in debris absorbed with sucrose water
after eating the diet and drinking for 24 hours may be employed in
the production of the biofilm matrix. This was not observed
previously using animal models for S. mutans infections. Possibly
this biofilm formation closely resembles the natural environment
of the oral cavity when humans consume various foods. In
previous reports, conditions were dependent on excessive insoluble
glucan formation in high sucrose water [45—48]. Their data
showed rapid insoluble glucan formation and they likely generated
these extreme effects under the high-sucrose experimental
conditions favorable for production of biofilm. Humans cat a
variety of foods, but they consciously control the oral condition to
maintain oral health and view control of the intake of sucrose as
very important. Therefore, we propose that the mouse model
system observed here is more representative of the normal human
oral environment; and better than previous model systems utilized
for demineralization studies.
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If this animal model system is used for assessment of various
preventive dental caries agents, new preventative materials may be
developed. Recently we reported fructanase (FruA) from Strepto-
coccus salivarius and Aspergillus miger as a preventative. FruA can
digest sucrose and prevent colonization [36,49]. In this animal
model, experiments using FruA in the mice supplied with 1%
sucrosc drinking water and diet at 24 hours after the inoculation,
FruA inhibited the colonization by S. mutans; however, there were
no significant differences (p=0.088). It was considered that the
animal model system may be useful in assessment of inhibiting
agents recognized i oviro. However, the present system requires
modifications to develop models for various oral infectious diseases
as well as for dental caries. Our future studies will use this animal
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