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Abstract

In this essay we propose an extension of the caries ecological
hypothesis to explain the relation between dynamic chang-
es in the phenotypic/genotypic properties of plaque bacte-
ria and the demineralization/remineralization balance of the
caries process. Dental plague represents a microhial ecosys-
tem in which non-mutans bacteria (mainly non-mutans
streptococci and Actinomyces) are the key microorganisms
responsible for maintaining dynamic stability on the tooth
surface (dynamic stability stage). Microbial acid adaptation
and subsequent acid selection of ‘low-pH’ non-mutans bac-
teria play a critical role for destabilizing the homeostasis of
the plaque by facilitating a shift of the demineralization/
remineralization balance from ‘net mineral gain’ to ‘'net min-
eral loss’ (acidogenic stage). Once the acidic environment
has been established, mutans streptococci and other acidu-
ric bacteria may increase and promote lesion development
by sustaining an environment characterized by 'net mineral
loss’ {aciduric stage). Hence, high proportions of mutans
streptococci and/or other aciduric bacteria may be consid-
ered biomarkers of sites of particularly rapid caries progres-
sion. This cascade of events may change the surface texture
of caries lesions from smooth to rough (enamel) or hard to
soft (dentin). These clinical surface features can be reversed

at any stage of lesion development provided that the acido-
genic/aciduric properties of the biofilm are resolved. From
an ecological point of view it is therefore not only important
to describe which bacteria are involved in caries, but also to
know what the bacteria are doing.
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The dental biofilm supports a ‘micro-ecosystem’ of
bacteria that exhibit a variety of physiological character-
istics. In particular, the production of acid resulting from
sugar metabolism by these bacteria and the subsequent
decrease in environmental pH is responsible for demin-
eralization of the tooth surface and formation of dental
caries [for review, see Marsh and Nyvad, 2008].

Much research has suggested that mutans streptococ-
ci (MS) are the major pathogens of human dental caries.
This is because, first, MS are frequently isolated from
cavitated caries lesions; second, MS induce caries forma-
tion in animals when fed a sucrose-rich diet; third, MS
are highly acidogenic and aciduric [Hamada and Slade,
1980; Loesche, 1986], and fourth, MS are able to produce
water-insoluble glucan, which promotes bacterial adhe-
sion to the tooth surface and to other bacteria [Hamada
and Slade, 1980]. A systematic literature review by Tanzer
et al. [2001] confirms a central role of the MS in the ini-
tiation of dental caries on enamel and root surfaces.

However, some recent studies indicate that the rela-
tionship between MS and caries is not absolute: high pro-
portions of MS may persist on tooth surfaces without le-
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sion development, and caries can develop in the absence
of these species [Nyvad, 1993; Bowden, 1997; Aas et al.,
2008]. Under such circumstances, it is suggested that ac-
idogenic and aciduric bacteria other than MS, including
‘low-pH’ non-MS and Actinomyces [van Houte et al,
1994, 1996; Sansone et al., 1993] are responsible for the
initiation of caries. Recent molecular analyses have
strengthened this concept by showing that the microflo-
ra associated with white spot lesions is more diverse than
hitherto appreciated and that novel phylotypes and spe-
cies including A. gernesceriae, A. naeslundii, and A. is-
raelii as well as a broad range of non-MS and Veillonela
spp. may also play a role [Becker et al., 2002; Aas et al,,
2008]. Since all the bacteria that have been associated
with caries belong to the normal microflora of the oral
cavity, dental caries has been described an endogenous
infection [Fejerskov and Nyvad, 2003]. Endogenous in-
fections may occur when members of the resident flora
obtain a selective advantage over other species whereby
the homeostatic balance of the biofilm is disturbed
[Marsh and Martin, 1999]. Therefore, an ecological hy-
pothesis is attractive [Marsh, 1994].

Concurrently with these changes in the interpretation
of the microbial etiology of caries, novel concepts have
evolved around the caries process itself. Thus, there is a
growing awareness that caries lesions can be managed by
non-operative interventions [Fejerskov, 1997; Fejerskov et
al., 2008]. Moreover, it has been demonstrated that the ef-
fect of such interventions is reflected in the clinical ap-
pearance and activity of the lesions [Nyvad and Fejerskov,
1997; Nyvad et al., 2003, 2005; Thylstrup et al., 1994].

So far, these clinical and microbiological advances
have not been integrated into a comprehensive concept
that may broaden our understanding of caries. Given
these circumstances, the aim of this paper is to revisit the
‘ecological plaque hypothesis’ pioneered by Carlsson
[1986] and Marsh [1994, 2003] and to clarify the relation-
ship between the ecological succession of bacteria in den-
tal plaque and the caries process.

Recent Concepts of the Caries Process

Dental caries has been described as a chronic disease
that progresses slowly in most individuals. The disease is
seldom self-limiting and, in the absence of treatment,
caries progresses until the tooth is destroyed. The local-
ized destruction of the hard tissues, often referred to as
the lesion, is the sign or symptom of the disease [Fejer-
skov et al., 2008]. Lesion progression is often depicted on
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a linear scale ranging from initial loss of mineral at the
ultrastructural level to total destruction of the tooth. In
reality, however, caries lesion development is a highly
dynamic series of processes with alternating periods of
progression and arrest/regression [Backer-Dirks, 1966;
Nyvad et al., 2003]. Lesion progression may be arrested at
any stage of lesion development, even at the stage of frank
cavitation [Lo et al., 1998], provided the local environ-
mental conditions, e.g. biofilm control and topical fluo-
ride exposure, are favorable [Nyvad and Fejerskov, 1997].
Hence, the clinical stages of caries represent nothing but
historical signs of past caries experience. What may be
perceived clinically as an ‘“incipient’ or ‘early’ lesion may
in reality turn out to be an ‘aged’ established lesion that
has been present in the oral cavity for months or years.
Likewise, carious cavities may have experienced major
differences in their history in the oral cavity.

Changes in the progression rate of caries are associ-
ated with alterations of the surface features of the le-
sions, active non-cavitated enamel lesions being dull and
rough and inactive non-cavitated enamel lesions being
shiny and smooth [for review, see Thylstrup et al., 1994].
These clinical distinctions have been shown to provide a
reliable and valid classification of caries lesion activity
[Nyvad et al., 1999, 2003]. Furthermore, such classifica-
tion has offered novel information about caries lesion
transition patterns [Baelum etal., 2003; Lima et al., 2008]
and served as a useful basis of selecting high-risk patients
[Hausen et al., 2007] in randomized clinical trials. There-
fore, when trying to understand the clinical dynamics of
caries, assessment of the surface texture of lesions may be
a more sensitive parameter than merely assessing the
stage of severity of a lesion as revealed by the presence or
absence of a cavity.

From a biochemical point of view, the caries process is
much more complex. Metabolic processes are constantly
taking place in the dental plaque as a result of microbial
activity, and this is reflected by continuous, rapid fluc-
tuations in plaque pH, both when the plaque is starved
and fed [Newman et al, 1979]. Hence, any clinically
sound or carious tooth surface that is covered by an un-
disturbed plaque may experience minute mineral losses
and mineral gains depending on the metabolic status of
the microflora. The key point is that only when the cu-
mulative result of the de- and remineralization processes
produces a net mineral loss over time may a caries lesion
develop or progress [Manji et al., 1991]. Such situations
are likely to occur when there is a drift of pH in the bio-
film, e.g. as a consequence of increased carbohydrate
availability or reduced salivary clearance. By contrast,
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when the integrated de- and remineralization processes
result in a net mineral gain over time, this may lead to
deposition of minerals in the tooth surface and arrest of
lesion development. This explains why the caries process
has been regarded as a ubiquitous and natural phenom-
enon [Manji et al., 1991]. Because of the constantly meta-
bolically active biofilm, these processes cannot be pre-
vented, but they can be controlled to the extent that caries
does not appear clinically [Fejerskov, 1997; Kidd and Fe-
jerskov, 2004]. This new microdynamic concept of caries
suggests that an updated explanation of the microbial
ecology of caries must take into consideration that the
caries activity may change over time in response to pH
drifts in the biofilm.

Microbial Characteristics and the Caries Process

Distribution of MS and Non-Mutans Bacteria in
Supragingival Dental Biofilm at Clinically Healthy
Sites and in Carious Lesions

In situ studies have shown that the initial colonizers of
newly cleaned tooth surfaces constitute a highly selected
part of the oral microflora, mainly S. sanguinis, S. oralis
and S. mitis 1 [Nyvad and Kilian, 1987]. Together, these
three streptococcal species may account for 95% of the
streptococci and 56% of the total initial microflora [Li et
al., 2004; Nyvad and Kilian, 1987]. Surprisingly, MS com-
prise only 2% or less of the initial streptococcal popula-
tion, irrespective of the caries activity of the individual
[Nyvad and Kilian, 1990a]. These observations imply that
the vast majority of the early colonizers on teeth belong to
the ‘mitis group’. These bacteria as well as other viridans
group streptococci, except for the MS, are often referred
to as the non-MS, which are genetically distinguished
from the MS that belong to the ‘mutans group’ [Kawamu-
raetal,, 1995]. As the microflora ages it shifts from Strep-
tococcus-dominant to Actinomyces-dominant [Syed and
Loesche, 1978; van Palenstein Helderman, 1981]. The pre-
dominant species in mature smooth surface plaque be-
long to Actinomyces and Streptococcus, most of which are
non-MS [Ximénez-Fyvie et al., 2000]. MS are found in
very low numbers [Bowden et al., 1975].

The proportion of MS in plaque covering white spot
lesions in enamel is often higher than at clinically healthy
sites, although still rather low, ranging between 0.001 and
10% [van Houte et al., 1991b]. Meanwhile, non-MS and
Actinomyces still remain major bacterial groups in enam-
el lesions. In fact, it has been shown that in the absence of
MS and lactobacilli, the initial dissolution of enamel can
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be induced by members of the early microflora, exclu-
sively [Boyar et al., 1989].

In cavitated lesions in dentine, including rampant car-
ies, MS constitute about 30% of the total flora [Boue et al.,
1987; Loesche et al.,, 1984; Milnes and Bowden, 1985], in-
dicating that these species are associated with progressive
stages of caries. By contrast, MS are encountered less fre-
quently at the advancing front of dentin caries where lac-
tobacilli, prevotellae and Bifidobacterium are more prev-
alent [Aas et al., 2008; Becker et al., 2002; Chhour et al.,
2005; Edwardsson, 1974; Munson et al., 2004].

Non-MS as Generalists and MS as Specialists:

How Non-MS Can Become Dominant in

Supragingival Plaque

Most non-MS have adhesins [Gibbons, 1989; Kolen-
brander, 2000] which adhere to proteins and sugar chains
ofacquired pellicles coating the tooth surface. This seems
to be one of the reasons for the dominance of non-MS at
the initial stage of plaque formation. In addition, most
oral streptococci produce extracellular polysaccharides
such as glucans and fructans [Banas and Vickerman,
2003; Whiley and Beighton, 1998]. Polysaccharides can
fill the gaps between bacteria and form the matrix of
plaque, and accelerate plaque formation.

On the other hand, MS do not attach efficiently to the
acquired pellicle [Nyvad and Kilian, 1990b], although
they have adhesins such as the antigen I/IL. Instead, these
bacteria have been emphasized to produce water-insolu-
ble glucans, which are adhesive and capable of accelerat-
ing bacterial accumulation. However, it should be noted
that glucans only act as additional factors in plaque for-
mation, and that not only MS but also non-MS can pro-
duce glucans [Banas and Vickerman, 2003; Vocca-Smith
et al., 2000].

Both non-MS and MS metabolize various sugars and
produce acids. When sugar is supplied in excess, strepto-
cocci can store the extra sugars as intracellular polysac-
charides (IPS) [Hamilton, 1976; Takahashi et al., 1991;
van Houte et al., 1970], and they can utilize the IPS as an
energy source to produce acids when sugar is limited as
occurs between meals. The final pH values of non-MS
when grown with sugars are heterogeneous, ranging
from 4 to 5.2, whereas those of MS are more homoge-
neous, being around 4 [Hardie, 1986]. In general, on the
basis of final pH values, MS are more acidogenic and ac-
iduric than non-MS. It should be realized, however, that
the final pH values of non-MS can be much lower than
pH 5.5 [Hardie, 1986], the ‘critical’ pH for the deminer-
alization of enamel.
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Non-MS have a variety of extracellular glycosidases
[Whiley and Beighton, 1998] that can liberate sugars and
amino-sugars from glycoproteins such as the mucin con-
tained in saliva. Furthermore, all non-MS$ grow on ami-
no-sugars [Byers etal., 1996; Whiley and Beighton, 1998].
This is an advantage for non-MS in the oral cavity, where
salivary glycoproteins are always available.

In addition, most non-MS can utilize arginine or ar-
ginine-containing peptides available in saliva through
the arginine deiminase system, which degrades the argi-
nine molecule to ammonia and carbon dioxide with pro-
duction of ATP. Overall, this metabolic pathway produc-
es alkali and neutralizes the intracellular and the envi-
ronmental pH [Burne and Marquis, 2000]. Arginine
deiminase system is helpful for non-MS not only to uti-
lize arginine as an energy source but also to survive under
the acidic conditions in the oral cavity. However, most
MS do not have these metabolic features.

In summary, non-MS have diverse physiological ac-
tivities, suggesting that they are generalists, versatile
enough to adapt to various conditions in supragingival
biofilm, and this could be the reason why they are the
dominant streptococci in supragingival biofilm. On the
other hand, MS are aciduric specialists in sugar metabo-
lism and acid production, which male them less com-
petitive in clinically sound supragingival environments.

Acidogenicity and Acidurance of Non-MS:

Key Factors in the Caries Process

It is clear that an ability both to produce acid (acido-
genicity) and to tolerate a low-pH environment (acidur-
ance) is a crucial feature for microorganisms responsible
for caries. Sansone et al. [1993] compared the microbial
composition of dental plaque at clinically healthy sites
and white spot lesions and found that non-MS were dom-
inant at both sites while MS were present at low and sim-
ilar levels at both sites. However, the ability of plaque to
reduce pH in vitro was significantly greater at white spot
lesions (pH 4.13) than at clinically healthy sites (pH 4.29).
These results suggest that MS are neither a unique caus-
ative agent for white spot lesions, nor a main determinant
of the acidogenicity of plaque.

In order to evaluate the acidogenicity of the non-MS,
Sansone et al. [1993] further grew these bacteria in liquid
culture media supplemented with 1% glucose and mea-
sured the final pH of the culture media. In agreement
with Svenséter et al. [2003], they found that non-MS are
heterogeneous for acidogenicity: some strains lowered
the culture pH to below 4.4, a pH comparable to that pro-
duced by MS, whereas for other strains the pH-lowering
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capacity was less pronounced. In addition, the propor-
tion ofacidogenic non-MS was higher at white spotlesions
than at clinically healthy sites. The acidogenic non-MS,
identified as S. gordonii, S. oralis, S. mitis and S. angino-
sus, were subsequently designated as ‘low-pH’ non-MS
[van Houte, 1994], and it was suggested that the pH-low-
ering capacity of plaque may be related to the proportion
of ‘low-pH’ non-MS [van Houte et al., 1991a, 1991b]. Lat-
er observations by van Ruyven et al. [2000] have support-
ed this notion.

The question still remains: Which of the non-MS are
to be considered ‘low-pH’ non-MS? Alam et al. [2000]
obtained two groups of S. oralis - one comprised the total
S. oralis population in dental plaque, whereas the other
comprised aciduric strains that were able to grow at pH
5.2. They then differentiated these strains into 15 geno-
types on the basis of genetic similarity. The distributions
of genotypes were different between the total bacterial
group and the aciduric group; only some genotypes of S.
oralis seemed to be aciduric and to form an aciduric sub-
population. These results are in line with another study
showing that strains of non-MS differ distinctly by their
rate of acid production at decreasing pH; in particular
some strains within S. mitis 1, S. oralis and S. gordonii are
capable of producing acids as rapidly as many S. mutans
strains at pH 5.0 and 5.5 [de Soet et al., 2000]. Collective-
ly, it is suggested that the group of ‘low-pH’ non-MS§
comprise a mosaic of acidogenic subpopulations of each
species of non-MS.

Involvement of Actinomyces

Most of our knowledge about the role of Actinomyces
in caries stems from studies of root surface caries. How-
ever, there is no evidence that Actinomyces spp. have a
specific role in root caries. In fact, a review of the litera-
ture has concluded that the basic patterns of microbial
colonization are identical on enamel and root surfaces,
structurally as well as microbiologically [Nyvad, 1993].

As with enamel caries, MS comprise only a small pro-
portion of the microflora of root surface caries lesions.
van Houte et al. [1996] reported that non-MS and Actino-
myces spp. were dominant in dental plaque covering root
surface caries and that the isolated Actinomyces strains
were heterogenous with respect to acidogenicity: strains
isolated from root surface caries were more acidogenic
than those from clinically healthy root surfaces. Mean-
while, Brailsford et al. [2001] observed that, in subjects
with root surface caries, aciduric bacteria able to grow at
pH 4.8 comprised 21.6% of the total microflora in root
surface caries lesions (lactobacilli and Actinomyces were
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dominant), whereas aciduric bacteria comprised 10.7% in
clinically sound root surfaces (Actinomyces dominant).
However, in subjects without root surface caries, aciduric
bacteria comprised only 1.4% of total microflora in clini-
cally sound root surfaces. These findings indicate an as-
sociation between acidogenic/aciduric Actinomyces, i.e.
‘low-pH’ Actinomyces and root surface caries.

Actinomyces are as versatile to adapt to the dental bio-
film environment as are the non-MS; they have adhesin-
mediated adhesion to tooth surfaces, produce acids from
various sugars, and synthesize intracellular and extracel-
lular polysaccharides. In addition, Actinomyces have a
unique glycolytic system [Takahashi etal., 1995] in which
they utilize high-energy polyphosphate and pyrophos-
phate compounds for synthesis of hexokinase and phos-
phofructokinase, respectively, acting as phosphoryl do-
nors instead of ATP. This means that Actinomyces are
able to exploit a surplus ATP to synthesize polyphosphate
as an energy reservoir, and salvage energy from pyro-
phosphate, a high-energy-phosphoryl-bond-containing
byproduct from the metabolism of polymers such as nu-
cleic acids and glycogens. In addition, Actinomyces are
often ureolytic [Kleinberg, 2002; Yaling et al., 2006] and
can utilize lactate as a carbon source for growth [Taka-
hashi et al., 1996]. These diverse physiological character-
istics of Actinomyces seem to be advantageous to survive
and dominate in supragingival plaque [Takahashi and
Yamada, 1999b)].

Acid Adaptation and Acid Selection: Adaptive
Changes in Acidurance and Acidogenicity and the
Consequent Selection of ‘Low-pH’ Non-MS

Non-MS are not only genotypically heterogenous, but
they are also able to change their physiological character-
istics adaptively. Takahashi and Yamada [1999a] have
shown that when these bacteria were exposed to an acid-
ic environment, they increased their acidogenicity. These
bacteria were grown first at pH 7.0 and afterwards at pH
5.5 for a short time: 30, 60 and 90 min. The bacteria were
then harvested, washed and incubated with glucose, and
the final pH values were measured as a marker of acido-
genicity. Their acidogenicity or final pH values varied
(pH 4.04-4.33), but after incubation at pH 5.5 for 60 min,
all the bacteria increased their acidogenicity (pH 3.93-
4.12).

Non-MS were also able to increase their acidurance
adaptively [Takahashi and Yamada, 1999a]. Bacteria ini-
tially grown at pH 7.0 were killed by acid stress in a strain-
dependent manner following exposure to pH 4.0 for 60
min (survival rate: 0.0009-71%), but after pre-acidifica-
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tion at pH 5.5 for 60 min, all the bacteria increased their
acidurance (survival rate: 0.4-81%).

The biochemical mechanisms underlying the acid ad-
aptation are considered to involve the following mecha-
nism [Quivey et al., 2000]: (1) an increase in proton im-
permeability of the cell membrane; (2) induction of
proton-translocating ATPase (H*-ATPase) activity that
expels proton from cells; (3) induction of the arginine
deiminase system that produces alkali from arginine or
arginine-containing peptides, and (4) induction of stress
proteins that protect enzymes and nucleic acids from acid
denaturation. In non-MS, the increase in activities of H*-
ATPase and arginine deiminase and expression of stress
proteins (homologues of heat shock protein, Hsp60 and
Hsp70) were observed following incubation at pH 5.5
[Takahashi and Yamada, 1999a].

In the oral cavity, acidification of the biofilm due to
frequent sugar intake or poor salivary secretion can be a
driving force to enhance the acidogenicity and acidur-
ance of the non-MS, resulting in establishment of a more
acidic environment. Even if acid adaptation occurs, non-
MS are still so heterogeneous with respect to acidurance
that the population of more aciduric strains, i.e. ‘low-pH’
non-MS will increase selectively in this environment.
This will cause a shift in the composition and acidogenic
potential of the biofilm, which, provided the demineral-
ization/remineralization balance is disturbed over an ex-
tended period of time, leads to dental caries. Similar mi-
crobial acid adaptation and acid selection processes may
occur in Actinontyces,

Competition between Non-MS and MS§

Transient Acidification. Although ‘low-pH’ non-MS$
can adaptively increase their acidurance and acidogenic-
ity, and take over the position in supragingival plaque,
MS are more competitive under severely acidic condi-
tions. Following a rapid exposure to pH 4.0 for 60 min as
often observed in dental plaque after a sugar exposure, S.
sanguinis ATCC 10556, a strain of ‘low-pH’ non-MS, was
able to survive. However, this bacterium temporarily lost
the ability to grow, along with the inactivation of glyco-
lytic enzymes, and did not start growing again until 90
min after the pH had returned to neutral [Takahashi et
al,, 1997]. By contrast, the growth of S. mutans NCTC
10449 at pH 4.0 was not influenced at all. In view of this
observation, it is expected that the population of non-MS
decreases gradually during frequent acidification, where-
as the proportion of MS would increase.

Prolonged Acidification. Experiments using in vitro
cultures of mixtures of oral bacterial species have clearly

Caries Res 2008:42:409-418 413
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Fig. 1. An extended caries ecological hypothesis explaining the
relationship between acidogenic and aciduric shifts in the com-
position of the dental biofilm and changes in the mineral balance
of the dental hard tissues. Note that the cascade of ecological
events in the biofilm is reversible and is reflected in the surface
features of the dental hard tissues at any stage of lesion formation.
MS = Mutans streptococci. For detailed explanation, see text.

shown that prolonged acidification is the driving force
behind the emergence of MS in dental plaque. Bowden
and Hamilton [1987] demonstrated that S. sanguinis (for-
merly S. sanguis) was dominant when the pH was kept at
7.0-6.0 in a mixed continuous culture, whereas when pH
was shifted to 5.5, S. mutans overcame S. sanguinis, al-
though S. sanguinis survived in the culture at pH 4.5. A
similar phenomenon was observed by Bradshaw and
Marsh [1998]. They established a continuous culture with
9 oral bacterial species and demonstrated that non-MS
(S. oralis and S. gordonii) were dominant when the pH
was kept at pH 7.0 during daily pulses of glucose for 10
days, whereas when the pH was allowed to fall to a preset
value of 5.0, MS as well as lactobacilli became dominant;
non-MS were excluded from the consortium when pH
was allowed to fall without control (final pH = 3.83). Sim-
ilarly, Takahashi et al. [1997] showed that a strain of ‘low-
pH’ non-MS (8. sanguinis ATCC 10556) was not able to
grow at pH =< 4.2 in a complex liquid medium under an-
aerobic conditions, while S. mutans was still able to grow
at pH 4.2. Given these observations, it is suggested that
prolonged acidic conditions around pH 5.5 may cause the
emergence of MS in the microbial flora and that more
severe acidic conditions around pH 4 may exclude the
non-MS. In the oral cavity, prolonged acidic conditions
(pH = 5.5) can occur in carious cavities [Dirksen et al.,
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1962; Hojo et al., 1994], where clearance of acids is ham-
pered. This may be the reason why MS and particularly
lactobacilli are frequently isolated from established cari-
ous cavities.

An Extended Caries Ecological Hypothesis

In the light of the foregoing we suggest an extended
caries ecological hypothesis that explains the relation-
ship between the composition of the dental plaque and
the caries process (fig. 1). In this hypothesis, dental plaque
is a dynamic microbial ecosystem in which non-mutans
bacteria such as non-MS and Actinontyces are the key
players for maintaining dynamic stability. These bacteria
can produce acids from sugary foods and the resulting
acids can demineralize the enamel. However, the tempo-
rary decreases in pH are easily returned to neutral level
by homeostatic mechanisms in the plaque [Marsh and
Martin, 1999]. This is a natural pH cycle, which occurs
numerous times daily in supragingival plaque (dynamic
stability stage).

However, when sugar is supplied frequently or salivary
secretion is too scarce to neutralize the acids produced,
the pH decreases in the plaque may enhance the acidoge-
nicity and acidurance of the non-mutans bacteria adap-
tively. Under such conditions the population of the ‘low-
pH’ non-MS and Actinomyces then increases via acid se-
lection, leading to a microbial shift to a more acidogenic
microflora. These changes in the phenotype and geno-
type of the microflora may shift the demineralization/
remineralization balance from ‘net mineral gain’ to ‘net
mineral loss’ and initiate lesion development (acidogenic
stage). At this stage, lesion development could also be ar-
rested with de-adaptation of the microflora, provided
that the mineral balance is restored to a ‘net mineral gain’
by reduced environmental acidification.

If prolonged acidic environments prevail, lesion devel-
opment (‘net mineral loss’) is likely to progress. In these
environments, more aciduric bacteria such as MS and
lactobacilli may replace the ‘low-pH’ non-mutans bacte-
ria and further accelerate the caries process (aciduric
stage). However, even at this highly aciduric stage, the
mineral balance and composition of the microflora could
possibly be reversed by modification of the acidic envi-
ronment, e.g. as a result of sugar restriction [de Stoppe-
laar et al., 1970].

In this scenario, the microbial acid adaptation and the
subsequent acid selection of low-pH’ non-mutans bacte-
ria play a crucial role in destabilizing the homeostasis of
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the biofilm and facilitating lesion development. More-
over, once the acidic environment has been established,
the proportion of aciduric bacteria such as MS and lacto-
bacilli may increase and act as promoters of lesion pro-
gression by sustaining an environment characterized by
‘net mineral loss’. Hence, high proportions of MS and/or
other aciduric bacteria may be considered biomarkers of
sites that undergo particularly rapid caries development
[Bowden et al., 1976; Chhour et al., 2005; Macpherson et
al., 1990; Nyvad and Kilian, 1990b]. We suggest that this
cascade of events is associated with changes in the surface
texture of the dental hard tissues from smooth to rough
(enamel) or from hard to soft (dentin) [Nyvad et al., 1999,
2003].

Two decades ago, Carlsson [1986] presented a caries
microbiological hypothesis by which he speculated that
ecological changes in the oral flora were determined by
competition for nutrients. Carlsson proposed that at low
levels of sugars, the oral microflora would be dominated
by bacteria with a high affinity for sugars (the ‘gleaners’),
whereas at consistently higher concentrations of sugars,
bacteria with lower affinity for sugars, but with high
growth rates, would be favored (the ‘exploiters’). Under
the latter condition the metabolic end products estab-
lished acidic environments favoring an outgrowth of aci-
duric bacteria, the so-called ‘pH-strategists’ [Carlsson,
1986]. This concept was further developed as the ecolog-
ical plaque hypothesis by Marsh [1994, 2003], who fo-
cused on the dynamic and reversible processes of de- and
remineralization in the plaque by linking between sugar
supply, pH change and microflora shift. We suggest that
the ecological concept of caries should be extended and
strengthened by including clinical manifestations of car-
ies lesion processes, and by detailing the microbial acid
adaptation and acid selection processes.

Clinical and Scientific Perspectives

The extended caries ecological hypothesis supports
the ‘mixed-bacteria ecological approach’ proposed by
Kleinberg [2002] that the proportion of acid- and base-
producing bacteria is the core of caries activity. Clearly,
the extended hypothesis undermines the view that dental
caries is a classical infectious disease, and therefore that
prevention and control of this condition by elimination
of a specific group of microorganisms, such as the MS,
through vaccination, gene therapy or antimicrobial treat-
ment, is unwise. Rather environmental control of the mi-
croflora should be achieved by stimulating the non-mu-

Dental Caries Ecology

tans bacteria such as non-MS and Actinomyces by avoid-
ing acidification of the dental biofilm.

Practical solutions to this strategy may include me-
chanical plaque control, reduction/substitution of the in-
take of sugary foods and/or application of pH-neutraliz-
ing techniques such as saliva stimulation. Even if the ef-
fect of such interventions on the composition of the
microflora is sparsely documented, it has been shown
that dietary modification may facilitate such changes.
Hence, de Stoppelaar et al. [1970] observed a clear reduc-
tion in the proportion of MS at carious and filled sites at
the expense of S. sanguis following a 3-week period of su-
crose restriction. These changes were reversed when in-
dividuals resumed a normal diet containing sucrose.
Conventional culture studies of young dental plaque in
caries-inactive individuals have failed to reveal a consis-
tent microbial response pattern to sucrose-regulated di-
ets [Staat et al., 1975; Scheie et al., 1984]. In these studies,
sucrose-related modulation of the microflora was found
to depend on prior oral colonization by mutans strepto-
cocci, and these species were not entirely eliminated on a
low-sucrose diet. [t is interesting to speculate that differ-
ences in the propagation of MS might reflect differences
in acid tolerance between clones of these species [Welin-
Neilands and Svensiter, 2007]. Future studies describing
the site-specific microbial shifts in response to sucrose
should therefore focus on both the MS and the non-mu-
tans bacteria, e.g. by applying molecular identification
methods.

An important consequence of the extended hypothe-
sis is that knowledge about the acidogenic and aciduric
properties of bacteria, i.e. the phenotypic characteristics,
and their regulatory mechanism may be a more relevant
parameter than knowledge about their taxonomy. The
phenotypes of most bacteria have already been well de-
scribed in textbooks such as the Bergey’s Manual of Sys-
tematic Bacteriology [Holt, 1984]. Nevertheless, such de-
scriptions are not particularly helpful to explain the in
vivo behaviors since bacterial phenotypic characteristics
may change depending on the local environmental con-
ditions. Therefore, from an ecological point of view it is
not only important to describe which bacteria are in-
volved in caries but also to know what the bacteria are
doing [Takahashi, 2005].

Recently, van Ruyven et al. [2000] have detected non-
mutans aciduric bacteria other than non-MS and Actino-
myces from dental biofilms covering white spot lesions.
They found that these bacteria consisted of various spe-
cies including lactobacilli and Bifidobacterium. Interest-
ingly, the samples differed with respect to dominance of
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particular bacterial species, suggesting that any bacterial
species can participate in the development of caries as
long as they are aciduric and dominant [Bowden, 1984,
In this essay we have focused on the non-MS and the Ac-
tinomyces as the major non-mutans aciduric bacteria be-
cause detailed studies have been conducted for these bac-
teria. However, it would not be surprising if other non-
mutans aciduric bacteria were found to be associated
with dental caries. As stated above, it is not the genotype
per se, but the phenotype in a certain environment, i.e.
the acidogenic and aciduric potential of the bacteria, that
is conducive to a microbial shift leading to caries.
According to the extended hypothesis, there is a firm
association between the de- and remineralization bal-
ance of caries lesions and the overall composition of the
microflora. In the in situ study of Nyvad and Kilian
[1990b], root surface caries lesions experiencing the high-
est mineral loss, as assessed by quantitative microradiog-
raphy, were dominated by uniform Actinomyces spp., or
a combination of MS and Lactobacillus spp., whereas le-
sions experiencing a smaller mineral loss were associated
with a more diverse microbiota including non-MS, MS,

Actinomyces, lactobacilli, Bifidobacterium as well as lac-
tate-metabolizing species (Veillonella spp.). Such differ-
ences in the pattern of the microflora in response to dif-
ferent lesion progression rates not only lend support to
the suggested acidogenic and aciduric stages of bacterial
succession in caries, but also conform with the concept
that microbial diversity may exert a protective effect on
the dynamic stability of the biofilm community, recently
referred to as the ‘insurance hypothesis’ [Yachi and
Loreau, 1999; Boles et al., 2004]. Therefore, in the future,
if we truly wish to advance the ecological understanding
of caries, it is important to describe the total microbiota
of caries lesions by studying lesions with a known age and
history in the oral cavity or, alternatively, employ clinical
caries diagnostic methods that reflect the activity state of
lesions [Nyvad et al., 1999, 2003].

Acknowledgements

This essay was developed on the basis of joint discussions fol-
lowing our presentations at the ORCA Symposium Japan (No-
vember 13-14, 2006, Nagoya, Japan).

References

Aas JA, Griffen AL, Dardis SR, Lee AM, Olsen 1,
Dewhirst FE, Leys EJ, Paster BJ: Bacteria of
dental caries in primary and permanent
teeth in children and young adults. J Clin
Microbiol 2008;46:1407-1417.

Alam 8, Brailsford SR, Adams S, Allison C, Shee-
hy E, Zoitopoulos L, Kidd EA, Beighton DI:
Genotypic heterogeneity of Strepfococcus
oralis and distinct aciduric subpopulations
in human dental plaque. Appl Environ Mi-
crobiol 2000;66:3330-3336.

Backer-Dirks O: Posteruptive changes in dental
enamel. ] Dent Res 1966;45:503-511.

Baelum V, Machiulskiene V, Nyvad B, Richards
A, Vaeth M: Application of survival analysis
to caries lesion transitions in intervention
trials. Community Dent Oral Epidemiol
2003;31:252-260.

Banas JA, Vickerman MM: Glucan-binding pro-
teins of the oral streptococci. Crit Rev Oral
Biol Med 2003;14:89-99.

Becker MR, Paster BJ, Leys EJ, Moeschberger
ML, Kenyon SG, Galvin JL, Boches SK, De-
whirst FE, Griffen AL: Molecular analysis of
bacterial species associated with childhood
caries. ] Clin Microbiol 2002;40:1001-1009.

Boles BR, Thoendel M, Singh PK: Self-generated
diversity produces ‘insurance effects’ in bio-
film communities. Proc Natl Acad Sci USA
2004;101:16630-16635.

Boue D, Armau E, Tiraby G: A bacteriological
study of rampant caries in children. ] Dent
Res 1987;66:23-28.

Bowden GH: Possibilities for modifying the car-
ies attack by altering the oral microflora. ]
Can Dent Assoc 1984;50:169-172.

Bowden GH: Does assessnient of microbial com-
position of plaque/saliva allow for diagnosis
of disease activity of individuals? Commu-
nity Dent Oral Epidemiol 1997;25:76-8L.

Bowden GH, Hamilton IR: Environmental pH as
a factor in the competition between strains
of the oral streptococci Streptococcus mut-
tans, S. sanguis, and ‘S, mitior’ growing in
continuous culture. Can ] Microbiol 1987;33:
824-827.

Bowden GH, Hardie JM, McKee AS, Marsh PD,
Fillery ED, Slack GL: The microflora associ-
ated with developing carious lesions of the
distal surfaces on the upper first premolars
in 13- to 14-year-old children; in Stiles HM,
Loesche W], O’Brien TC (eds): Microbial As-
pects of Dental Caries. Washington, [RL
Press, 1976, vol 1, pp 223-241.

Bowden GH, Hardie JM, Slack GL: Microbial
variations in approximal dental plaque. Car-
ies Res 1975;9:253-277.

416

Caries Res 2008;42:409-418

Boyar RM, Thylstrup A, Holmen L, Bowden GH:
The microflora associated with the develop-
ment of initial enamel decalcification below
orthodontic bands in vivo in children living
in a water-fluoridated area. ] Dent Res 1989;
68:1734-1738.

Bradshaw D], Marsh PD: Analysis of pH-driven
disruption of oral microbial communities in
vitro. Caries Res 1998;32:456-462,

Brailsford SR, Shah B, Simons D, Gilbert S, Clark
D, Ines I, Adams SE, Allison C, Beighton D:
The predominant aciduric microflora of
root-caries lesions. ] Dent Res 2001;80:1828-
1833.

Burne RA, Marquis EM: Alkali production by
oral bacteria and protection against dental
caries. FEMS Microbiol Lett 2000;193:1-6.

Byers HL, Homer KA, Beighton D: Utilization of
sialic acid by viridans streptococci. | Dent
Res 1996;75:1564-1571.

Carlsson J: Metabolic activities of oral bacteria;
in Thylstrup A, Fejerskov O (eds): Textbook
of Cariology. Copenhagen, Munksgaard,
1986, pp 74-106.

Chhour KL, Nadkarni MA, Buyn R, Martin FE,
Jacques NA, Hunter N: Molecular analysis of
microbial diversity in advanced caries. ] Clin
Microbiol 2005;43:843-849.

de Soet J], Nyvad B, Kilian M: Strain-related acid
production by oral streptococci. Caries Res
2000;34:486-490.

Takahashi/Nyvad



Bp-
bw
ng
49;

en
iin

ik
1D:

of
8-

al
1of
ot
fla;

ok
i,

ik,
tof
Jn

tid

ag

de Stoppelaar D, van Houte ], Dirks OB: The
effect of carbohydrate restriction on the
presence of Streptococcus muttans and Strep-
tococcus sanguis and iodophilic polysaccha-
ride-producing bacteria in human dental
plaque. Caries Res 1970;4:114-123.

Dirksen TR, Little MF, Bibby BG, Crump SL:
The pH of carious cavities. 1. The effect of
glucose and phosphate buffer on cavity pH.
Arch Oral Biol 1962;7:49-58.

Edwardsson S: Bacteriological studies of deep
areas of carious dentine. Odontol Revy Suppl
1974;32:1-143.

Fejerskov O: Concepts of dental caries and their
consequences for understanding the disease.
Community Dent Oral Epidemiol 1997;25:
5-12.

Fejerskov O, Nyvad B: Is dental caries an infec-
tious disease? Diagnosticand treatment con-
sequences for the practitioner; in Schou L
(ed): Nordic Dentistry 2003 Yearbook. Co-
penhagen, Quintessence Publishing Co Ltd,
2003, pp 141-152.

Fejerskov O, Nyvad B, Kidd EAM: Pathology of
dental caries; in Fejerskov O, Kidd EAM
(eds): Dental Caries. The Disease and Its
Clinical Management, ed 2. Oxford, Black-
well Munksgaard, 2008, pp 19-48.

Gibbons RJ: Bacterial adhesion to oral tissue: a
model for infectious diseases. ] Dent Res
1989;68:750-760.

Hamada S, Slade HD: Biology, immunclogy, and
cariogenicity of Streptococcus mutans, Mi-
crobiol Rev 1980;44:331-380.

Hamilton IR: Intracellular polysaccharide syn-
thesis by cariogenic microorganisms; in
Stiles HM, Loesche W], O’Brien TC (eds):
Proceedings: Microbial Aspects of Dental
Caries (a special supplement to Microbiolo-
gy Abstracts). New York, Information Re-
trieval, Inc, 1976, vol 3, pp 683-701.

Hardie JM: Oral streptococci; in Sneath PHA,
Mair NS, Sharpe ME, Holt ]G (eds): Bergey's
Manual of Systematic Bacteriology. Balti-
more, Williams & Wilkins, 1986, vol 2, pp
1054-1063.

Hausen H, Seppa L, Poutanen R, Niinimaa A,
Lathi§, Kirkkainen S, Pietalid I: Noninvasive
control of dental caries in children with ac-
tive initial lesions. A randomized clinical
trial. Caries Res 2007;41:384-391.

Hojo S, Komatsu M, Okuda R, Takahashi N,
Yamada T: Acid profiles and pH of carious
dentin in active and arrested lesions. ] Dent
Res 1994;73:1853-1857.

Holt ]G (ed): Bergey’s Manual of Systematic Bac-
teriology. Baltimore, Williams & Wilkins,
1984.

Kawamura Y, Hou XG, Sultana F, Miura H, Fza-
ki T: Determination of 165 rRNA sequences
of Streptococcus mitis and Streptocaccus gor-
donii and phylogenetic relationships among
members of the genus Streptococcus. Int ]
Syst Bacteriol 1995;45:406-408.

Dental Caries Ecology

Kidd EAM, Fejerskov O: What constitutes den-
tal caries? Histopathology of carious enamel
and dentin related to the action of cariogen-
ic biofilms. ] Dent Res 2004;83(Spec Iss C):
C35-C38.

Kleinberg I: A mixed-bacteria ecological ap-
proach to understanding the role of oral bac-
teria in dental caries causation: an alterna-
tive to Strepfococcus mutans and the
specific-plaque hypothesis. Crit Rev Oral
Biol Med 2002;13:108-125,

Kolenbrander PE: Oral microbial communities:
biofilms, interactions, and genetic systems.
Annu Rev Microbiol 2000;54:413-437.

LiJ], Helmerhorst, Leone CW, Troxler RF, Yaskell
T, Haffajee AD, Socrasnsky §S, Oppenheim
FG:Identification of early microbial coloniz-
ers in human dental biofilm. ] Appl Micro-
biol 2004;97:1311-1318.

Lima T}, Ribeiro CC, Tenuta LM, Cury JA: Low-
fluoride dentifrice and caries lesion control
in children with different caries experience:
a randomized clinical trial. Caries Res 2008;
42:46-50.

Lo EC, Schwarz E, Wong MC: Arresting dentine
caries in Chinese preschool children, Int |
Paediatr Dent 1998;8:253-260.

Loesche WJ: Role of Streptococcus mutans in hu-
man dental decay. Microbiol Rev 1986;50:
353-380.

Loesche W], Eklund S, Earnest R, Burt B; Longi-
tudinal investigation of bacteriology of hu-
man fissure decay: epidemiological studies
on molars shortly after eruption. Infect Im-
mun 1984;46:765-772.

Macpherson LMD, MacFarlane TW, Stephen
KW: An intra-oral appliance study of the
plaque microflora associated with early
enamel demineralization. J Dent Res 1990;
69:1712-1716.

Maniji F, Fejerskov O, Nagelkerke NT, Baelum V:
A random effects model for some epidemio-
logical features of dental caries. Community
Dent Oral Epidemiol 1991;19:324-328,

Marsh PD: Microbial ecology of dental plaque
and its significance in health and disease.
Adv Dent Res 1994;8:263-271.

Marsh PD: Are dental diseases examples of eco-
logical catastrophes? Microbiology 2003;
149:279-294.

Marsh PD, Martin VM: Dental plaque; in Marsh
PD, Martin VM (eds): Oral Microbiology.
Oxford, Wright, 1999, pp 58-81.

Marsh PD, Nyvad B: The oral microflora and
biofilms on teeth; in Fejerskov O, Kidd EAM
(eds): Dental Caries. The Disease and Its
Clinical Management, ed 2. Oxford, Black-
well Munksgaard, 2008, pp 163-187.

Milnes AR, Bowden GH: The microflora associ-
ated with developing lesions of nursing car-
ies. Caries Res 1985;19:289-297.

Munson MA, Banerjee A, Watson, TF, Wade
WG: Molecular analysis of the microflora as-
sociated with dental caries. ] Clin Microbiol
2004;42:3023-3029.

Newman P, MacFadyen EE, Gillespie FC, Ste-
phen KW: An in-dwelling electrode for in-
vivo measurement of the pH of dental plaque
in man. Arch Oral Biol 1979;24:503-507.

Nyvad B: Microbial colonization of human tooth
surfaces. APMIS 1993;101(suppl 32):7-45.

Nyvad B, Fejerskov O: Assessing the stage of car-
ies lesion activity on the basis of clinical and
microbiological examination. Community
Dent Oral Epidemiol 1997;25:69-75.

Nyvad B, Kilian M: Microbiology if the early mi-
crobial colonization of human enamel and
root surfaces in vivo. Scand ] Dent Res 1987;
95:369-380.

Nyvad B, Kilian M: Comparison of the initial
streptococcal microflora on dental enamel
in caries-active and caries-inactive individ-
uals. Caries Res 1990a;24:267-272.

Nyvad B, Kilian M: Microflora associated with
experimental root surface caries in humans.
Infect Immun 1990b;58:1628-1633.

Nyvad B, Machiulskiene V, Baclum V: Reliabil-
ity of a new caries diagnostic system differ-
entiating between active and inactive caries
lesions. Caries Res 199%;33:252-260.

Nyvad B, Machiulskiene V, Baelum V: Construct
and predictive validity of clinical caries di-
agnostic criteria assessing lesion activity. |
Dent Res 2003;82:117-122.

Nyvad B, Machiulskiene V, Baelum V: The
Nyvad criteria for assessment of caries lesion
activity; in Stookey G (ed): Proceedings of
the 7th Indiana Conference, Indianapolis,
Indiana. Clinical Models Workshop: Remin-
Demin, Precavitation, Caries. Indianapolis,
Indiana University School of Dentistry,
2005, pp 99-116.

Quivey RG Jr, Kuhnert WL, Hahn K: Adaptation
of oral streptococci to low pH. Adv Microb
Physiol 2000;42:239-274,

Sansone C, van Houte |, Joshipura K, Kent R,
Margolis HC: The association of mutans
streptococci and non-mutans streptococci
capable of acidogenesis at a low pH with den-
tal caries on enamel and root surfaces. | Dent
Res 1993;72:508-516.

Scheie AA, Arneberg P, @rstavik D, Afseth: Mi-
crobial composition, pH-depressing capaci-
ty and acidogenicity of 3-week smooth sur-
face plaque developed on sucrose-regulated
diets in man. Caries Res 1984;18:74-86.

Staat RH, Gawronsky TH, Cressey DE, Harris
RS, Folke LEA: Effects of dietary sucrose on
the quantity and microbial compaosition of
human dental plaque. ] Dent Res 1975;54:
872-880.

Svensiter G, Borgstrém M, Bowden GHW, Ed-
wardsson S: The acid-tolerant microbiota as-
sociated with plaque from initial caries and
healthy tooth surfaces. Caries Res 2003;37:
395-403.

Syed SA, Loesche W]: Bacteriology of human ex-
perimental gingivitis: effect of plague age.
Infect Immun 1978;21:821-829.

Caries Res 2008;42:409-418 417



Takahashi N: Microbial ecosystem in the oral
cavity: metabolic diversity in an ecological
niche and its relationship with oral diseases;
in Watanabe M, Takahashi N, Takada H
(eds): Interface Oral Health Science, Inter-
national Congress Series 1284. Oxford, Else-
vier, 2005, pp 103-112,

Takahashi N, Horiuchi M, Yamada T: Effects of
acidification on growth and glycolysis of
Streptococcus sanguis and Streptococcus mu-
tans. Oral Microbiol Immunol 1997;12:72~
76.

TakahashiN, Iwami Y, Yamada T: Metabolism of
intracellular polysaccharide in the cells of
Streptococcus mutans under strictly anaero-
bic conditions. Oral Microbiol Immunol
1991;6:299-304.

Takahashi N, Kalfas 8, Yamada T: Phosphorylat-
ing enzymes involved in glucose fermenta-
tion of Actinomyces naeslundii. | Bacteriol
1995;177:3806-5811.

Takahashi N, Yamada T: Catabolic pathway for
aerobic degradation of lactate by Actinomy-
ces naeslundii, Oral Microbiol Immunol
1996;11:193-198.

Takahashi N, Yamada T: Acid-induced acidoge-
nicity and acid tolerance of non-mutans
streptococci.  Oral  Microbiel Immunol
1999a;14:43-48.

TakahashiN, Yamada T: Glucose and lactate me-
tabolism by Actinomyces naesllundii. Crit
Rev Oral Biol Med 1999b;10:504-518.

Tanzer M, Livingston ], Thompson AM: The
microbiology of primary dental caries in hu-
mans. ] Dent Educ 2001;65:1028-1037.

Thylstrup A, Bruun C, Holmen L: In vivo caries
models - mechanisms for caries initiation
and arrestment. Adv Dent Res 1994;8:144-
157.

van Houte J: Role of Microorganisms in caries
etiology. ] Dent Res 1994;73:672-681.

van Houte ], de Moore CE, Jansen HM: Synthesis
of iodophilic polysaccharide by human oral
streptococci. Arch Oral Biol 1970;15:263-
266.

van Houte ], Lopman J, Kent R: The predomi-
nant cultivable flora of sound and carious
human root surfaces. ] Dent Res 1994;73:
1727-1734.

van Houte ], Lopman J, Kent R: The final pH of
bacteria comprising the predominant flora
onsound and carioushuman rootand enam-
el surfaces. ] Dent Res 1996;75:1008-1014.

van Houte ], Sansone C, Joshipura K, Kent R: In
vitro acidogenic potential and mutans strep-
tococci of human smooth surface plaque as-
sociated with initial caries lesions and sound
enamel. ] Dent Res 1991a;70:1497-1502.

van Houte ], Sansone C, Joshipura K, Kent R:
Mutans streptococci and non-mutans strep-
tococci acidogenic at low pH, and in vitro ac-
idogenic potential of dental plaque in two
different areas of the human dentition, |
Dent Res 1991b;70:1503-1507.

418

Caries Res 2008;42:409-418

van Palenstein Helderman WH: Longitudinal
micrebial changes in developing human su-
pragingival and subgingival plague. Arch
Oral Biol 1981;26:7-12.

van Ruyven FO, Lingstrom P, van Houte ], Kent
R: Relationship among mutans streptococcl,
‘low-pH’ bacteria, and iodophilic polysac-
charide-producing bacteria in dental plaque
and early enamel caries in humans. | Dent
Res 2000;79:778-784.

Vocea-Smith AM, Ng-Evans L, Wunder D, Bow-
en WH: Studies concerning the glucosyl-
transferase of Streptococcus sanguis. Caries
Res 2000;34:295-302.

Welin-Neilands ], Svensiiter G: Acid tolerance by
biofilm cells of mutans streptococci. Appl
Environ Microbiol 2007;73:5633-5638.

Whiley RA, Beighton D: Current classification
of the oral streptococci. Oral Microbiol Im-
munol 1998;13:195-216.

Ximénez-Fyvie LA, Haffajee AD, Socransky 55
Microbial composition of supra- and subgin-
gival plaque in subjects with adult periodon-
titis. ] Clin Periodontol 2000;27:722-732.

Yachi 8, Loreau M: Biodiversity and ecosystem
productivity in a fluctuating environment:
the insurance hypothesis. Proc Natl Acad Sci
USA 1999;96:1463-1468.

Yaling L, Tao H, Jingyi Z, Xuedong Z: Charac-
terization of the Actinomyces naeslndii ure-
olysis and its role in bacterial acidurity and
capacity to modulate pH homeostasis. Mi-
crobiol Res 2006;161:304-310.

Takahashi/Nyvad



