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Correlations of oral bacterial
arginine and urea catabolism
with caries experience

Nascimento MM, Gordan VV, Garvan CW, Browngardt CM, Burne RA. Correlations of
oral bacterial arginine and urea catabolism with caries experience.
Oral Microbiol Immunol 2009: 24: §9-95. © 2009 John Wiley & Sons A/S.

Background/aim: Alkali generation by oral bacteria plays a key role in plaque pH
homeostasis and may be a major impediment to the development of dental caries. To
determine if the capacity of oral samples to produce ammonia from arginine or urea
was related to caries experience, the arginine deiminase system (ADS) and urease activity
in saliva and dental plaque samples were measured in 45 adult subjects.

Methods: The subjects were divided into three groups according to caries status; 13
caries-free (CF) individuals (decayed, missing, and filled teeth = 0); 21 caries-active
(CA) individuals (decayed teeth > 4); and 11 caries-experienced (CE) individuals

(decayed teeth = 0; missing and filled teeth > 0). Real-time polymerase chain reaction
was used to quantify the proportion of certain acid- or alkali-producing organisms in the
samples.

Results: The amount of ammonia generated from the test substrates by plaque

samples was generally higher than that produced by salivary samples in all groups.
Significantly higher levels of salivary ADS activity and plaque urease activity were
observed in CF subjects compared to CA subjects (P = 0.0004 and P = 0.014,
respectively). The proportions of Streptococcus mutans from saliva and dental plaque of
CA subjects were significantly higher than those from the CF group (P = 0.0153 and
P =0.0009, respectively). In the CA group, there was an inverse relationship between
urease activity and the levels of S. mutans (P < 0.0001).

Conclusion: This study supports the theory that increased caries risk is associated
with reduced alkali-generating capacity of the bacteria colonizing the oral cavity;
providing compelling evidence to further our understanding of oral alkali-generation

in health and disease.

© 2009 John Wiley & Sons A/S
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Oral bacteria that colonize the teeth form
dental plaque, a biofilm community that
exists in dynamic equilibrium with host
defenses and is generally compatible with
the integrity of the tooth tissues (15, 16,
47). The transition from oral health to oral
diseases, such as dental caries and peri-
odontal disease, is characterized by com-
positional and metabolic changes in the
complex communities of oral biofilms (16,
63). In the case of caries, frequent acidi-

fication of dental plaque favors the emer-
gence of an acidogenic and acid-tolerant
(aciduric) microflora, enriched for mutans
streptococci and Lactobacillus spp., that is
capable of rapidly fermenting dietary car-
bohydrates and lowering the pH to the
extent where significant amounts of tooth
demineralization can occur (12, 15, 16, 39,
63, 64). Although production of acid by
dental plaque is the direct cause of dental
caries, it is noteworthy that increases in the

proportions of aciduric organisms appear
to occur at the expense of species that are
less aciduric and generally associated with
dental health (1, 10, 12, 13, 24); including
Streptococcus sanguinis and Streptococcus
gordonii. Some of the less aciduric organ-
isms associated with dental health derive
protection from plaque acidification by
hydrolyzing urea or arginine to ammonia,
either by expressing a urease enzyme or by
the arginine deiminase system (ADS),
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respectively. Production of ammonia by
oral bacteria can positively influence the
balance between remineralization and
demineralization of the tooth and may
help to prevent the emergence of a cario-
genic microflora (26, 27, 34, 58, 59).
Therefore, the capacity of oral biofilms to
generate alkali appears to be a major
caries-inhibiting factor (18).

The potential for alkali generation by
oral bacteria as a means to prevent dental
caries is supported by an extensive amount
of evidence from in vitro studies (28, 32,
34, 35, 43, 44, 57, 60-62), as well as by
some indirect clinical observations (26, 43,
49, 56, 65). For example, urea and arginine
can be rapidly metabolized by oral bacteria
to elicit a rise in environmental pH (19, 20,
48, 68, 69). Also, chronic renal failure
patients, who have salivary urea levels as
much as 50-times greater than healthy
subjects, rarely develop caries, despite
consuming a diet that is predominated by
carbohydrates (29, 49, 55). A strong
correlation between elevated levels of free
arginine in saliva and caries resistance has
also been revealed (65). In addition, dental
plaque of caries-resistant individuals has
been shown to have higher pH values
compared to the plaque of caries-suscep-
tible individuals (44, 61, 62), and in part
the increased pH has been correlated with
elevated ammonia levels. Notably, when
rats were infected with a recombinant,
urease-producing strain of Streptococcus
mutans, a strong inhibitory effect on the
development of caries was observed (22,
23). Recently, it was found that urease
activity in the dental plaque of caries-free
subjects was about three-fold higher than
in caries-active subjects (56). Finally, the
testing of formulations that contain argi-
nine bicarbonate have revealed a profound
anti-caries effect of this compound, pre-
sumably partly because of the ability of
arginine to serve as a substrate for ammo-
nia generation by plaque bacteria (3, 4).
Collectively, a substantial body of evi-
dence has accumulated to confirm that the
modulation of the alkalinogenic potential
of oral biofilms may be a promising
strategy for caries control. Despite the fact
that efforts are underway to modulate
alkali generation in human oral biofilms,
a detailed understanding of the role of
alkali production in microbial ecology, and
oral health and disease in humans, is only
beginning to develop.

Arginine is found in saliva in micromolar
concentrations, but is abundant in salivary
peptides and proteins (65). Arginine enter-
ing the mouth is catabolized primarily by
the ADS, which yields ornithine, carbon

dioxide and ammonia, with the concurrent
generation of adenosine triphosphate. The
ADS is present in a variety of bacteria that
colonize the teeth and soft tissues of the
mouth in high numbers, including Strepto-
coccus gordonii, Streptococcus sanguinis,
Streptococcus parasanguis, and certain
Lactobacillus species (18, 45, 52). Urea,
the other major source of alkali in the
mouth, is delivered in all salivary gland
secretions at concentrations ranging from 3
to 10 mM in healthy individuals (6, 30).
Urea entering the mouth is hydrolyzed to
carbon dioxide and ammonia by bacterial
ureases. Streptococcus salivarius is perhaps
the most ureolytic oral organism, although
Actinomyces naeslundii and oral haemo-
phili, are also ureolytic (21, 54, 59). Even
though other systems for the generation of
alkali from arginine and urea may exist in
the oral cavity, the majority of the ammonia
produced from these substrates appears to
come from the ADS and urease activity,
respectively (17, 18, 33). Ammonia pro-
duction from arginine and urea metabolism
has been identified as a mechanism by
which oral bacteria (i) are protected against
acid killing (18, 19); (ii) maintain a rela-
tively neutral environmental pH that may
suppress the emergence of a cariogenic
microflora (18, 45); and (iii) derive bioen-
ergetic advantages, including increasing
ApH and, for arginine specifically, synthe-
sizing adenosine triphosphate (18, 51).
Although considerable progress has
been made in dissecting the role and
regulation of ureases and the ADS in oral
bacteria, there remain serious deficiencies
in our understanding of the importance of
alkali generation in the ecology of human
oral biofilms and the relationship of these
activities to oral health. It is clear from the
study by Shu et al. (56) that the ability to
produce base in the oral environment can
vary substantially within humans and that
there is a correlation with caries status; but
to date, no similar studies have been
conducted to evaluate arginine catabolic
potential or to begin to disclose the
microbiological, biochemical, or molecular
basis for heterogeneity in plaque alkali
generation. Here, we compared the levels
of the ADS and urease activities in saliva
and dental plaque collected from caries-
free (CF), caries-active (CA), and caries-
experienced (CE) subjects, and quantified
selected alkali-producing and acid-produc-
ing bacterial species. The information
obtained is crucial to understand the
influence of arginine and urea catabolism
on plaque ecology and virulence, as well
as for the development of novel diagnostic
and caries risk assessment strategies and

for conceiving novel preventive therapies
based on enzymatic modulation of plaque
pH.

Materials and methods
Study group

A total of 45 adult subjects (27 females
and 18 males; mean age 33 years) with
good periodontal and general health were
recruited for this study from the predoc-
toral and faculty-practice clinics of the
University of Florida. The subjects were
organized into three groups consisting of
13 caries-free (CF) individuals with no
clinical evidence of caries experience
[decayed, missing and filled teeth
(DMFT) = 0]; 21 caries-active (CA) indi-
viduals with at least four active, cavitated,
and unrestored carious lesions (DT = 4),
independently of the number of missing
and filled teeth (MFT > 0); and 11 (caries-
experienced (CE) individuals with previ-
ous experience of caries and absence of
active carious lesions (DT = 0; MFT > 0).
The DT mean was 8.8 and the MFT mean
was 8.3 for the CA group. The selection
process excluded subjects younger than
18 years of age and those with fewer than
20 teeth. Exclusion criteria also included
subjects with systemic diseases; those
treated with antibiotics, steroids or any
medication known to cause xerostomia in
the last 3 months; and subjects making use
of removable or fixed dental appliances.
Informed consent was obtained from each
volunteer under a protocol reviewed and
approved by the University of Florida
Health Science Center Institutional
Review Board (#226-20006).

Sampling

Subjects refrained from oral hygiene pro-
cedures and had fasted for 16 h overnight
before sample collection. Whole unstimu-
lated saliva was collected between 09.00
and 11.00 a.m. by asking the patients to
expectorate into a chilled sterile plastic
tube (Falcon 2070, Becton Dickinson and
Company, Franklin Lakes, NJ, USA).
After saliva collection, supragingival pla-
que was collected from all smooth dental
surfaces of incisors and molar regions
using sterile periodontal curettes (GR 4
and 5, Gracey finishing curettes, Ransom
and Randolph, Toledo, OH, USA). Each
portion of plaque scraped from surfaces of
the teeth was transferred to sterile, chilled
microcentrifuge tubes containing 10 mM
sodium phosphate buffer (pH 8.0) (56).
The samples were immediately transported
on ice to the laboratory to be analyzed or,



if necessary, snap-frozen by emersion in a
carbon dioxide—ethanol bath, and stored at
—80°C until the day of analysis. Previous
work had shown that snap-freezing of oral
samples does not adversely affect arginine
or urea hydrolysis (M. M. Nascimento,
V. V. Gordan, C. W. Garvan, C. M.
Browngardt, R. A. Burne; data not pub-
lished).

Biochemical assays: ADS and urease
activity levels

Before the enzymatic assays, dental plaque
and saliva samples were dispersed by
external sonication (Heat Systems, Ultra-
sonics, Farmingdale, NY) for two cycles of
15s, with cooling on ice during the
interval. Plaque samples were also washed
once with 10 mM Tris—maleate (pH 7.0)
and resuspended in 500 pl of the same
buffer. ADS activity was measured by
quantification of the ammonia generated
from the incubation of dental plaque
(25 pl) and saliva samples (5 pl) in a
mixture containing 50 mM arginine—HCI
(Sigma-Aldrich Canada, Oakville, Ontario,
Canada) and 0.5 mM Tris—maleate buffer
(pH 6.0) for 90 min at 37°C. The ammonia
produced was detected by Nessler’s
reagent (Sigma-Aldrich, St. Louis, MO,
USA) using ammonium sulfate as the
standard. Each sample was assayed in
triplicate, and controls for background
and interference were always included.
Urease activity was determined by quanti-
fication of ammonia produced from 50 mm
urea (Fisher Scientific, Pittsburgh, PA,
USA). ADS and urease activities were
normalized to protein content and defined
as umol ammonia liberated [minute X (mg
of protein)] .

Protein determination

To measure the amount of protein present
in the dental plaque and saliva samples,
200 pl of the clinical samples were mixed
with 200 pl of glass beads (0.1-mm,
BioSpec  Products, Inc., Bartlesville,
OK). The samples were then homoge-
nized in a Bead Beater using two cycles
of 30 s, with cooling on ice during the
interval. The samples were centrifuged for
S min at 13,000 g in a refrigerated mi-
crocentrifuge ~ (Labnet  International,
Woodbridge, NJ, USA). Protein concen-
tration of the supernatant fluid was deter-
mined by the method of Bradford (14)
using the BioRad Protein assay reagent
(BioRad Laboratories, Hercules, CA,
USA) with bovine serum albumin as the
standard.

Alkali-generation in plaque and saliva

Quantitative real-time polymerase chain
reaction

To obtain genomic DNA, the samples
were dispersed as described previously
and precipitated by centrifugation for
2min at 13,000 g in a refrigerated
microcentrifuge (Labnet International).
The supernatant fluids were discarded
and the cells were suspended in 480 pl
of 50 mM ethylenediaminetetraacetic
acid. Genomic DNA was then isolated
from the samples using the Wizard DNA
Purification kit (Promega Corporation,
Madison, WI, USA) according to the
manufacturer’s instructions. A total of
10 ng genomic DNA from each clinical
sample was used in every real-time
quantitative reverse transcription—poly-
merase chain reaction (RT-PCR) run.
Oligonucleotide primers used in this
study are listed in Table 1 and were
designed using DNA MFroLD (http://
www.bioinfo.rpi.edu/) and  BEACON
DESIGNER 2.0 (Premier Biosoft Interna-
tional, Palo Alto, CA, USA), as described
elsewhere (5). Species-specific primers
were designed from the g#fB gene of
S. mutans (70), the arginine deiminase
genes of S gordonii  (arcA) and
S. sanguinis (sagP), and urease subunit
genes from A. naeslundii (ured), and
S. salivarius (ureC). The universal oligo-
nucleotide primers for a broad range of
bacterial 16S ribosomal RNAs (rRNAs)
were also utilized (53). To test the
specificity of the primers, genomic DNA
from a battery of reference strains repre-
senting oral bacterial species and DNA
isolated from pooled, human, whole
saliva were used as templates for PCR.
Standard curves for each gene were
prepared as described by Yin et al. (71)
and used in every real-time quantitative
RT-PCR run. A range of 10'-10% copies
was found to be adequate for all the
genes examined. Real-time PCRs were
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carried out in an iCycler iQ real-time
PCR detection system (Bio-Rad Labora-
tories) using iQSYBR green supermix
(BioRad Laboratories).

Data analysis

Descriptive statistics and graphical dis-
plays including means, standard devia-
tions, ranges, and box and whiskers plots
were used to identify outliers, summarize
the data, and check for distributional
forms. To determine whether there were
associations between ADS and/or urease
activity levels in dental plaque and/or
saliva and dental caries status (categorized
as CF, CA, and CE), an analysis of
variance (ANOVA) testing of outcome
measures was applied. Tukey’s multiple
comparison procedure was used to identify
significant pairwise differences. To deter-
mine whether ADS and/or urease activity
levels were associated with the numbers of
selected acid-producing and alkali-produc-
ing bacterial species in plaque and/or
saliva, three variables were constructed:
(1) total number of acid-producing bacteria
per ml of clinical sample (A/ml), (ii) total
number of alkali-producing bacteria per ml
of clinical sample (B/ml), and (iii) the ratio
of A : B. Finally, the Spearman’s correla-
tion was used to test the association
between ADS and/or urease activity levels
and the three constructed variables. SAS
version 9.1 (SAS Institute, Cary, NC,
USA) was used for all data management
and statistical analyses.

Results
Alkali-generating activity of plaque and
salivary bacteria

ADS activity levels in supragingival dental
plaque and whole unstimulated saliva
samples collected from the caries-status
groups are presented in Fig. 1A and B and
in Table 2. Both plaque and salivary ADS

Table 1. Real-time polymerase chain reaction primers

Product
Bacterial strain Target Sequence size (bp)
Universal for bacteria 16S rRNA  F-ACT ACG TGC CAG CAG CC 296-300
R-GGA CTA CCA GGG TAT CTA ATC C
Streptococcus mutans gtfB F-AGC CAT GCG CAATCA ACAGGT T 415
R-CGC AAC GCG AAC ATC TTG ATC AG
Streptococcus gordonii  arcA F-GCT ATT CGT GAG TTG CTT CAA GG 107
R-TTT GCT GCT TCT GGA ATT TCT GG
Streptococcus sanguinis ~ sagP F-GTG GTG GTG GCA ATA TCG TAG 178
R-CGA CCT CGA ACC AAT TCA CTT CC
Streptococcus salivarius — ureC F-AGG TTC AGG TGG TGG ACA TGC 98
R-TTG TGG TGT ATG GGT TGA TTG GG
Actinomyces naeslundii  ure4 F-ACG AAG ACG CAA GGA CAG AGG 118

R-GTA GGC CAT GAG ATC CGT GAC C

F, forward primer (5" to 3") and R, reverse primer (3" to 5).
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Fig. 1. Arginine deiminase system activity in
dental plaque A and saliva B.

activity distributions were considerably
asymmetric between individuals within
all groups. Salivary ADS activity levels
were generally lower than plaque ADS
levels in all groups and within samples
from the same individual. As shown in
Table 2, the average ADS activity in the
salivary samples was approximately five-
fold higher in the CF group compared to
the CA (P =0.0004). Although plaque
ADS activity clearly tended to be higher in
CF and CE subjects compared to CA
subjects, the differences between the
groups were not statistically significant.
Urease activity in dental plaque and
saliva from each group of subjects is
represented in Fig. 2A and B and in
Table 2. As observed with arginine metab-
olism, urease activity in the saliva samples
was generally lower than plaque urease
activity in all groups. Dental plaque urease
activity of CF and CE subjects was 2.7-
fold and 2.1-fold higher, respectively, than
that of CA subjects (P =0.014 and
P =0.029), whereas salivary urease levels
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Fig. 2. Urease activity in dental plaque A and
saliva B.

did not differ significantly (P > 0.05) with
caries-status.

Oral bacteria quantified by quantitative
RT-PCR

Real-time PCR was used to quantify
selected acid- and alkali-producing organ-
isms in oral samples. Species-specific
oligonucleotides were used to enumerate
S. mutans, one of the most acidogenic
species of the MS group; two arginolytic
strains, S. sanguinis and S. gordonii; and
two ureolytic strains, S. salivarius and
A. naeslundii. The latter four organisms
were selected based on their consistent
ADS- or urease-positive phenotypes and
the availability of DNA sequence for the
genes of interest. ADS gene-specific prim-
ers were employed to identify strains in
saliva samples based on the fact that
statistically significant differences were
observed in ADS activity only in the
saliva samples between the caries groups
(Table 2). Likewise, urease gene-specific
primers were used only in plaque samples

Table 2. Study variables in the caries-free, caries-active, and caries-experienced groups

because of the differences shown in
plaque urease activity between the groups
(Table 2). Previously, the number of
arginolytic and ureolytic strains was inves-
tigated in both dental plaque and saliva
samples of a small group of subjects from
the CA (n=2) and CF (n=4) and no
significant differences were found between
the oral samples and the caries groups (data
not shown). S. mutans primers were used in
both saliva and dental plaque samples. The
proportions of each strain were obtained by
normalization to total bacteria present in
the same clinical sample as determined
using 16S rRNA-specific primers (Ta-
ble 3). Where applicable, the information
derived from the PCR-based enumeration
was found to be consistent with the data
obtained by plating (data not shown),
although, not surprisingly, higher numbers
of total bacteria were routinely detected
using the PCR-based method.

Among the three bacterial strains ana-
lyzed in the saliva samples of all groups,
S. gordonii was detected in the highest
proportions, followed by S. sanguinis and
S. mutans (Table 3). A. naeslundii showed
the highest proportion among the three
bacterial strains examined in plaque sam-
ples of CF and CE subjects, followed by
S. salivarius and S. mutans, although
S. salivarius was detected in higher pro-
portions in the plaque of CA subjects
compared to the other organisms. There
was no significant correlation between the
levels of an individual arginolytic or
ureolytic species and the associated alka-
li-producing enzyme activity detected in
the groups of subjects. Also, when the
proportions of S. sanguinis and S. gordonii
were combined as the arginolytic group
and the proportions of S. salivarius and
A. naeslundii as the ureolytic group,
no significant associations were found
between the related enzyme activity or
caries-status and the pairs of alkali-
producing organisms.

The proportions of S. mutans from
saliva and dental plaque of CA were
significantly higher than those from the
CF group (P =0.0153 and P = 0.0009,

Caries-free
(n = 13) £ SD/Mean

Caries-active
(n = 21) £ SD/Mean

Caries-experienced
(n = 11) + SD/Mean

SE? (min-max) SE? (min-max) SE? (min-max) P value®
Saliva AD' 1.08 +£ 0.17 (0.73-1.42) 0.21 £ 0.13 (0.005-0.48) 0.69 + 0.18 (0.33-1.07) 0.0004
Plaque AD 1.36 + 0.25 (0.85-1.87) 0.74 £ 0.20 (0.34-1.15) 1.41 + 0.28 (0.85-1.96) >0.05
Saliva urease* 0.60 + 0.39 (0.018-1.38) 0.52 £ 0.31 (0.009-1.14) 1.3 £0.42 (0.45-2.16) >0.05
Plaque urease 4.13 £ 0.77 (2.58-5.68) 1.51 £ 0.60 (0.29-2.73) 3.22 +£0.84 (1.53-4.91) 0.014

' Arginine deiminase system (ADS) and urease activity levels: pumol ammonia liberated min~' (mg protein); SD, standard deviation.

2Original values.

3Log-transformation is used in the data analysis comparing caries-free to caries-active subjects.
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Table 3. Percentage of salivary and dental plaque bacteria of the caries-free, caries-active and caries-experienced groups as determined by quantitative
reverse transcription—polymerase chain reaction and normalized by total bacteria

Caries-free
(n = 13) = SD/Mean

Caries-active
(n =21) = SD/Mean

Caries-experienced
(n =11) + SD/Mean P

SE (min—max) SE (min—max) SE (min—max) Mean  value'
Salivary Streptococcus  0.32 £ 0.35 (0.016-0.95) 0.65 £ 0.73 (0.034-2.16) 0.70 £ 1.06 (0.029-3.00) 0.55  >0.05
S‘gﬁt/aa,l?;llgtreptococcu.v 0.060 + 0.073 (0.005-0.26) 0.078 £ 0.14 (0.0005-0.54) 0.027 + 0.045 (0.003-0.12) 0.056  >0.05
Ssa?ir\’/gabrl;n?treptococcus 0.0018 = 0.0029 (0.0005-0.0086)  0.050 + 0.094 (0.001-0.28) 0.0012 £ 0.0012 (0.00026-0.0034)  0.018  0.0153
Pﬁzlfengtreptococcus 0.026 £ 0.053 (0.0001-0.18) 0.52 £ 1.33 (0.00002—-5.44) 0.063 £ 0.16 (0.0007-0.44) 0.20  >0.05
Piséll‘ljgzlginomyces 0.317 £ 0.63 (0.00003-2.15) 0.16 £ 0.27 (0.00003-0.89) 0.076 + 0.092 (0.00002-0.25) 0.18  >0.05
P’felacfjéug.d;:mmns 0.016 £ 0.041 (0.00026-0.14) 0.051 £ 0.085 (0.00029-0.28)  0.0012 £ 0.0012 (0.00027-0.0038)  0.023 0.0009

"Log-transformation is used in the data analysis comparing CF to CA subjects.

respectively). At the time of collection,
subjects with active caries lesions harbored
higher levels of S. mutans than did CE or
CF subjects. Interestingly, a negative cor-
relation was found between the levels of
S. mutans and alkali-producing enzyme
activities, both ADS (P = 0.0023) and
urease activity (P = 0.20); although the
latter was not statistically significant when
the Spearman’s rank correlation was used.
Notably, an inverse relationship was also
found between the levels of urease activity
and S. mutans in the CA group (P <
0.0001).

Discussion

Ammonia production by oral bacteria is
believed to have a major impact on oral
microbial ecology and to be intimately
intertwined with oral health and diseases.
The nitrogenous salivary substrates that
contribute significantly to base formation
in the oral cavity are arginine and urea
(18). In the present study, the rate of
ammonia production from arginine and
urea by clinical samples from individuals
with no evidence of caries experience was
greater than that of individuals with active
caries lesions. More specifically, higher
levels of salivary ADS activity and plaque
urease activity were observed in CF indi-
viduals. Although not statistically signifi-
cant, the higher levels of plaque ADS
activity and saliva urease activity verified
in CF and CE subjects may be biologically
significant if they are able to impact the
acid-base balance in the mouth. In fact, in
an in vitro study where the levels of urease
produced by a recombinant S. mutans
strain could be manipulated, comparatively
small increases in urease activity resulted
in significant decreases in environmental
acidification by cells co-metabolizing urea
and an excess of glucose (22). It also
appears from that same study that it is

necessary to reach some threshold of
ammonia-generating capacity before any
substantial effects are seen on the pH
profile of cells metabolizing glucose and
urea.

There are a number of possible expla-
nations for the observed differences among
individuals from the caries-status groups in
their capacity to generate ammonia from
arginine and urea. The simplest, and the
most consistent with the ecological plaque
hypothesis for caries (47), is that alkali-
generating enzymes are more abundant in
CF individuals; which reflects differences
in the proportions of alkali-producing
microflora (36, 68). It is also well estab-
lished that the expression of bacterial
ureases and the ADS is subject to tight
genetic control. Consequently, the levels of
induction or repression of genes encoding
alkali-generating enzymes may be affected
by host factors, including diet and salivary
molecules. Finally, it is also possible that
the enzyme activity measured in salivary
and plaque samples from the caries groups
is influenced by the presence of factors that
have an effect on the ability of cells to
internalize the substrates or on the urease
or ADS enzymes themselves (9, 25, 40,
41, 50).

Even though the function and diversity
of the oral microflora associated with
health, disease, and the transition from
health to disease is only beginning to be
characterized in detail (1, 24, 42), it is clear
that organisms capable of maintaining
plaque pH homeostasis are of crucial
importance to oral health (17, 46). How-
ever, based on the results presented in
Tables 2 and 3, a correlation between the
presence of four specific species, or com-
binations of these species, and the alkali-
nogenic potential of plaque was not
evident; suggesting that it may not be a
simple change in the proportions of ADS-
or urease-positive bacteria that is associ-

ated with caries development; at least in
terms of the species examined in this study.
However, these results emphasize just how
little is known about the phenotypic capa-
bilities of individual strains of oral bacteria
and, in general, about the functions fulfilled
by members of the oral microbiome. The
selected probes for the AD and urease
genes yielded melting curves in real-time
PCR that were consistent with the detection
of a single species so it is possible that the
particular species we selected based on
available sequence information and their
established ability to express ADS or
urease, are not the species responsible for
the bulk of oral alkali generation. An
alternative explanation, given the remark-
able heterogeneity of individual species of
oral bacteria studied so far, is that known
ADS- or urease-positive bacteria differ
widely in their capacity to break down
arginine or urea. In fact, this idea is
supported by the early work from the
Sissons Laboratory that attempted to iden-
tify the principal urea-metabolizing organ-
isms in plaque and saliva (58, 59). This
heterogeneity among strains may be the
result of (i) a constitutional difference in
the expression of the genes for the
enzymes, (ii) the differential sensitivity of
the ADS or urease genes to induction or
repression, or (iii) an inherent characteristic
of the enzymes involved in urea or arginine
metabolism, for example, differences in pH
optima, K, or turnover rates. Along these
lines, dental plaque samples generally had
a higher capacity to produce ammonia than
did the salivary samples, after normaliza-
tion to the protein concentration of the
samples. Even though salivary bacteria are,
in part, derived from shedding of the
microbiota colonizing the different oral
niches, differences in the composition of
the microbial populations in plaque and
saliva are well-established (42). These
results again highlight the paucity of
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information available on the microbiology
of oral arginine and urea metabolism in
humans and the relevance of investigating
alkali production by salivary and plaque
bacteria because of its affects on saliva and
plaque pH and the cariogenic potential of
the populations in these environments.
More detailed microbiological, genetic
and biochemical analyses of the oral
microbiome are underway to disclose the
basis for the substantial differences in the
alkalinogenic potential of subjects.

Abelson and Mandel (2) demonstrated
that the differences in plaque acidogenesis
between caries-free and caries-susceptible
individuals are no longer observed if
salivary contact with dental plaque is
blocked, which emphasizes the crucial role
of saliva in the acid-base cycling of the
oral cavity. The complexity of salivary
components and the microbial populations
has made it difficult to confirm specific
associations between host factors and
disease resistance, although there has been
recent progress in associating specific
salivary factors with caries susceptibility
(7, 8, 31, 66, 72). Future investigations on
functional properties of saliva and its
protective components could focus on the
ability of host factors to foster the coloni-
zation, growth and persistence of alkali-
nogenic species. For example, does
heterogeneity in ADS activity in humans
arise because of primary sequence hetero-
geneity in the polypeptides that fuel the
ADS? Clearly, it will eventually be neces-
sary to study microbial composition and
behavior in the context of host factors to
derive a comprehensive picture of how the
composition and function of the oral
microbiome is modulated.

Numerous studies have demonstrated
an association between the proportions
of mutans streptococci (MS), mostly
S. mutans, in plaque and saliva and the
caries status of populations, and to a minor
extent to the caries status of an individual
(11, 64). Consistent with this knowledge,
S. mutans was detected in significantly
greater proportions in clinical samples
collected from CA subjects as verified by
real-time PCR. One particularly interesting
finding from this study was the observa-
tion that there was a negative correlation
between the proportions of S. mutans and
alkali-producing activity, mainly regarding
urease activity in the dental plaque of
CA subjects. A key virulence attribute of
S. mutans that gives it a selective advan-
tage over many other plaque bacteria is its
ability to grow and continue to produce
acid at low pH (38). Indeed, S. mutans
competes comparatively weakly with

organisms associated with a healthy flora
at neutral pH values in vitro (15, 16), so
the elevated pH that may be associated
with increased urease activity would tend
to select against aciduric species like
S. mutans. An alternative theory, albeit
not one that is mutually-exclusive, is that
certain alkali-producing organisms sup-
press the growth and the expression of
virulence genes of S. mutans. Such inhi-
bition has been shown to occur through a
variety of mechanisms, including bacterio-
cin production (67) and production of
hydrogen peroxide (37).

The fact that dental caries still consti-
tutes a major clinical problem mandates
that oral health researchers explore new
strategies for caries prevention and treat-
ment therapy, as well as for assessment of
caries risk. The findings from the present
study suggest that an increased caries risk
is associated with reduced alkali-generat-
ing capacity of the microbial populations
colonizing the oral cavity. Studies are
ongoing to identify novel bacterial strains
and/or microbial associations capable of
contributing to total arginolysis and ureo-
lysis in the oral cavity. Likewise, addi-
tional investigations are being initiated to
establish the nature and function of the
factors controlling the alkali-generating
activity of the oral microbiome.
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