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Abstract
This study compared SYBR Green real time quantitative polymerase chain reaction (qPCR) with
standard plate counting for the enumeration of Streptococcus mutans in oral samples. Oral
samples (N=710) were collected from high caries risk children for quantification of S. mutans
using primer pairs by qPCR. S. mutans copy number (CN) was interpolated from qPCR
quantification cycle (Cq) of samples compared to a S. mutans UA159 standard suspension. CN
sample results were evaluated in relation to standard plate count (SPC) results obtained from each
sample following culture on Petri plates using S. mutans selective media reported as colony
forming units (CFU). Mean qPCR CN were found to be higher than SPC CFU (1.3 × 106 and 1.5
× 105, respectively). qPCR was usually higher in individual samples and qPCR detected the
presence of S. mutans 84% (231/276) of time that SPC did not, compared to 33% (4/12) when
qPCR failed to detect. qPCR was found to be more sensitive for detection of S. mutans from oral
samples; a method that is not dependent on the viability of the sample taken and, therefore, is
proposed as a more reliable and efficient means of quantification of S. mutans.
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Introduction
Dental caries is the most prevalent infectious disease in mankind and is considered a chronic
disease that is associated with multiple factors, including host factors (tooth surface, saliva,
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acquired pellicle), diet and dental plaque (bacteria). Dental caries does not occur in the
absence any of these factors, thus dental caries is considered to be a conditional dieto
bacterial disease (1, 2). Among over 600 identifiable bacterial species in the human oral
cavity, the mutans streptococci (MS) are thought to play a major role as a microbiologic
factor for the initiation of dental caries (3-7). Many studies have been done to identify the
relationship between the dental caries with the timing of the initial colonization of the oral
cavity as well as with the burden of infection with MS (8-11). Most of these studies use
traditional culture method to detect the quantity or presence of MS. However, culture
methods suffer from limitations that impact the accuracy and consistency of assessing the
infection with MS. Hsu et.al., recently reported on the lack of consistency of multiple plaque
collections from molar teeth in quantitatively and qualitatively assessing Streptococcus
mutans colonization (12). Dental plaque is a high density complex biofilm approaching 1012

CFU/gram (13). Accurate bacterial quantification requires dispersing coherent plaque
bacteria using mechanical methods such as sonication. Sonic dispersion can cause either loss
of cell viability (i.e., if too vigorous) or ineffective cell separation (insufficient disruption)
which both result in inaccuracy due to lower CFU. Additionally, bacteria such as the MS are
often grown on one of many selective media (14) that may be inhibitory to growth.
Consequently, these limitations prevent traditional culturing methods from providing an
accurate microbial assessment in the evaluation of caries susceptibility or caries activity for
individuals or a population at risk.

In the last 25 years, the polymerase chain reaction (PCR) has revolutionized the field of
molecular biology (15, 16). One of the most recent extensions of the traditional polymerase
chain reaction is a fluorescence based innovation called real time- PCR (qPCR) (17-19).
Among the desirable qualities of qPCR are its sensitivity, accuracy, and speed in which
qualitative and quantitative results can be obtained. Furthermore, several convenient kits
(i.e., Master Mixes) are commercially available. This creates an unparalleled ease at which
the PCR can be assembled. Although qPCR can be applied with the use of several
methodologies (e.g., TaqMan, Molecular Beacons), the simplest is SYBR-Green (20). This
method is dependent on the use of a very specific and highly purified set of primers
designed to amplify a nucleic acid sequence that optimally, is no greater than 150 to 200 bp.
Briefly, this method takes advantage of double-stranded DNA binding dye, SYBR Green I,
to specifically and quantitatively bind to PCR generated double-stranded DNA. During
PCR, double stranded amplicons accumulate and result in an increase in fluorescence. Since
the fluorescence can be detected over a dynamic range, the sensitivity of qPCR is greatly
enhanced resulting in reproducible accuracy in the measurement of target products.

Multiple studies using subgingival plaque samples have demonstrated the efficacy of qPCR
compared to culture methodology for quantification of bacterial pathogens from patients
with periodontitis versus healthy controls (21-26). In addition to the association of putative
periodontal pathogens with disease, qPCR has greater sensitivity as compared to CFU
obtained by culture. HATA (27) and CHOI (28) have reported the use of qPCR for quantification
of MS from dental plaque in children that were caries free and with caries. Both studies
found associations related to MS and caries activity, but did not compare the quantitative
results to standard plate counts (SPC). The purpose of this study is to compare qPCR using a
S. mutans UA159 DNA standard for quantification of S. mutans with SPC.

Materials and Methods
Preparation of S. mutans broth cultures for enumeration

S. mutans UA159 was grown anaerobically (10% H2, 10% CO2, 80% N2) at 37° C in Todd
Hewitt broth (Becton Dickinson, Sparks, MD) to late log phase, centrifuged and
resuspended in phosphate buffered saline to Ab600 = 1.0 using a Bio-Rad SmartSpec Plus
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spectrophotometer (Bio-Rad, Hercules, CA). Cell suspensions were sent to Beckman
Coulter Particle Characterization Laboratory for electronic enumeration using a Beckman
Coulter MS3 Particle Counter/Size Analyzer (Miami, FL). After vigorous vortexing for
maximum cell dispersion, the cell density was determined to be 1.034 × 109 cells/ml. The
spectrophotometer was standardized to Ab600 of 1.0 = 109 cells/ml that permitted calculation
of cell densities based on turbidity readings at Ab600. Extracted genomic DNA from a
known S. mutans cell density was used for quantitative qPCR standardization.

S. mutans broth cultures were also plated onto selective media using SPC methods as
previously reported (12). Briefly, duplicates of serial 10-fold dilutions of S. mutans (109

cells/ml) were dispensed using a spiral plating machine (Spiral System®, Microbiology
International, Frederick, MD) on duplicate GOLD’S agar plates (29). Following anaerobic
incubation at 37°C for 48 hours, S. mutans viable counts were reported as CFU/ml.

qPCR standardization using a known S. mutans DNA copy number (CN)
A 1 ml aliquot of S. mutans cells (109 cells/ml) was centrifuged at 16,400 X g for 5 minutes
at 4° C. The supernatant was removed and the bacterial pellet was resuspended in 400 μl of
TE buffer, pH 8.0. Twenty Ll of fresh lysozyme (Sigma, St. Louis, MO) at a concentration
of 20 mg/ml was added followed by the addition of 50 U of S-mutanolysin (Sigma, St.
Louis, MO). Ten μl of Proteinase K (Fermentas, Glen Burnie, MD) was added followed by
incubation for 30 minutes in a 37°C water bath. Afterwards, the action of proteinase K was
stopped by thermal inactivation at 65°C for 20 min, The tube contents was adjusted to a
final volume of 1 ml with TE buffer, loaded into the sample chamber of a Maxwell cartridge
(Promega, Madison,WI) and subjected to automated magnetic-bead based genomic DNA
isolation. The isolated DNA was brought to a final volume of 1 ml in TE buffer that served
as template for qPCR using S. mutans specific primers (30-32). The sequence of the forward
gtfB primer, Smut3368-F, was: 5′-GCCTACAGCTCAGAGATGCTATTCT-3′. The
sequence of the reverse gtfB primer, Smut3481-R, was: 5′-
GCCATACACCACTCATGAATTGA-3′. The specificity of these primer sequences was
confirmed by Yoshida et al. (30) and through Basic Local Alignment Search Tool (BLAST)
nucleotide analysis focusing on known human commensal oral bacteria that would not serve
as template. Amplification of S. mutans genomic DNA with primers Smut3368-F and
Smut3481-R produces a 114 bp amplicon. PCR amplification was performed in a total
reaction mixture volume of 12.5 μl. The reaction mixtures contained 6.25 μl Maxima®
SYBR Green/Fluorescein qPCR Master Mix (Fermentas, Inc., USA), 0.75 μl of forward and
reverse primer, 3 μl of nuclease free water and 2.5 μl of purified DNA obtained from
sample (or dilution). An iQ5 Real-Time PCR Detection System (BioRad, Hercules,CA) was
used to perform the following cycling parameters: 1 cycle of denaturing at 95°C for 10 min,
40 cycles of 15 sec at 95°C, 30 sec at 60°C and 30 sec at 72°C. Finally, a melting curve
analysis was performed using the following cycling parameters: 60°C for 30 sec, 5°C
temperature changes to the end temperature of 95°C. The iQ5 Optical System Software
(Version 2.0) generated the quantification cycle values (Cq) and analyzed the melting point
data. Two-fold dilutions of S. mutans UA159 extracted genomic DNA at 109 CN/ml was
used to construct a standard curve for estimation of S. mutans CN from Cq values.

Clinical samples for SPC and qPCR comparison: participants and oral sample collection &
processing

Clinical oral samples were collected from children as part of a longitudinal epidemiological
study from a high caries risk community in Perry County, Alabama. Children in this rural
community are 95% African American of low socioeconomic status and have no regular
access to dental care in the county. Subjects for this study were recruited from children that
were in kindergarten classes (5–6 years old, N=96) of a public elementary school and infants
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and toddlers identified from the community (8–18 months old, N=91). Saliva, plaque and
tongue samples were collected from subjects during an 8 month period and used for this
study during the larger ongoing longitudinal study. Human use approval was obtained from
the University of Alabama at Birmingham (UAB) Institutional Review Board with parents
of participants providing informed consent, while children gave assent.

Kindergarten aged children had approximately 5 ml of stimulated whole saliva collected
while chewing paraffin (approximately 5 minutes) expectorated into a 50 ml sterile tube.
Five hundred microliters of saliva was transferred to 4.5 ml reduced transport fluid (RTF,
WS, i.e., 1:10). Younger/pre-cooperative aged subjects (8-36 months of age, over the
timespan of the study) had saliva collected using a sterile cotton swab inserted in the mouth
for absorption. The cotton swab was then placed in 4.5 ml of RTF (CS, estimated to be
approximately 1:70 dilution of saliva by pilot study weighing cotton swabs before and after
collecting saliva). A sterile toothpick was used to collect plaque from all surfaces (i.e,
mesial, distal, buccal, lingual and incisal or occlusal) from primary or permanent teeth.
Plaque samples were placed in 1 ml of RTF (PL). Tongue samples were collected by gently
scraping the dorsal surface of the tongue with a sterile metal tongue cleaner (Tango™,
Omnii Oral Pharmaceuticals Inc., West Palm Beach, FL). The sample was transferred into 5
ml of RTF (TS). Samples were stored on ice or at 4°C for transport to the laboratory for SPC
and qPCR processing.

Enumeration of S. mutans by SPC from clinical samples
All four clinical isolate sample types in RTF were processed as previously reported (12) for
determination of CFU/ml using the same spiral plating method used for the S. mutans
standard. The RTF samples were plated on GOLD’S media plates directly and at a 1:100
dilution. Following incubation for 48 hr at 37° C under anaerobic conditions (10% carbon
dioxide, 10% hydrogen and 80% nitrogen), the CFU/ml of each sample was calculated.

Enumeration of S. mutans by qPCR from clinical samples
DNA from ~1 ml of each oral RTF sample (i.e., WS, CS, PL, TS), was obtained from a cell
pellet following a 30 min centrifugation at 16,400 X g. The cell pellet was further processed
using MasterPure™ Gram Positive DNA Purification Kit (Epicentre Biotechnologies,
Madison, WI) according to the manufacturer’s instruction. Following isolation, the DNA
was re-suspended in 35 μl of Tris EDTA Buffer (TE) and 2.5 μl served as template for
qPCR using the previously identified S. mutans specific primers (30). qPCR of DNA from
clinical samples was performed as previously described, and the S. mutans CN was
determined from the standard curve.

Statistical analysis
Duplicate samples from each aliquot were counted for both qPCR as well as SPC samples.
In addition to the individual values, mean values were calculated between the two aliquots
for comparison. All analyses were done using SAS V9.2 (SAS Institute Inc., Cary N.C.).
Paired t-tests were used to compare the average differences between the two methods.
Generalized regression analyses taking into account repeated measures within the same
participant were conducted to assess the null hypothesis that the intercept = 0 and the slope
= 1. To assess the comparative detection of S. mutans, each sample per person by method
was coded as 0 or 1 for the presence or absence of S. mutans. A frequency table was
computed comparing the agreement within and between the samples across methods. Tests
were conducted using chi square tests.
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Results
Standardization of S. mutans CN with qPCR

S. mutans in late logarithmic growth (Ab600 = 1.0) was found to have a cell density of
approximately 109 (1.034 × 109) cells/ml using electronic enumeration. Viable plate counts
(CFU/ml) on MS agar plates with serial 10-fold dilutions of S. mutans (109 cells/ml) were
similar to S. mutans cell densities obtained by absorbance based on electronic enumeration
(Fig. 1). Similarly, 2-fold serial dilutions of extracted DNA from S. mutans (109 cells/ml)
also demonstrated a linear relationship when CN/ml was compared to Cq values generated
from qPCR. The linear regression plot indicates that repeats coincide well with dilutions to
approximately 104 CN/ml. Below 104 CN/ml, data varied somewhat, indicating less
consistent sensitivity of the assay (Fig. 2).

Clinical samples: SPC vs qPCR
A total of 710 clinical samples [whole saliva (WS), cotton swab (CS), plaque (PL), tongue
(TS)] were processed for SPC and qPCR from 142 subjects (1-10 samples per child over an
8 month period). Data were collected in duplicate and tabulated (Table 1). Overall mean
qPCR CN were found to be higher than SPC CFU (1.3 × 106 and 1.5 × 105, respectively).
qPCR was usually, but not always higher than SPC as observed in individual samples. In
general, 39% (276/710) of the SPC resulted in no S. mutans being identified while less than
2% (12/710) of qPCR were S. mutans negative. The detection of S. mutans from each
method for duplicate samples was found to have total agreement among SPC and qPCR in
53% (i.e., both pairs, 375/710) of cases (Table 2). When discrepancies occurred, 78% [268/
(710 366)=268/344] were due to SPC failing to detect any S. mutans on both duplicates
while at least 1 of qPCR samples were detecting S. mutans. The alternative (+ S. mutans by
SPC, but – for qPCR) was only observed in 3 cases (< 1%). Furthermore, both qPCR
samples detected the presence of S. mutans in 231 of the 276 samples (84%) when SPC did
not identify S. mutans. However, SPC demonstrated the presence of S. mutans in 4 of the 12
samples (33%) when qPCR failed to detect S. mutans. Fig. 3 illustrates that the CFU from
SPC on average resulted in lower numbers (log CFU/ml) than qPCR (log CN/ml)
irrespective of the form of sampling as can also be seen by the panel of individual sample
types (Fig. 4, a-d). WS sample processing resulted in the highest mean CFU and percentage
of S. mutans positive cultures (Table 1), and also resulted in the lowest number of
“disparate” results for both SPC and qPCR, i.e., between and within duplicate samples (Fig.
4a).

Discussion
Traditionally, SPC via serial dilutions is used to enumerate viable bacteria in suspension.
Although its accuracy with most organisms has been generally accepted, its performance is
questionable in theory and imprecise in practice with organisms that undergo binary fission
while adhering to each other, resulting in agglutinated cell aggregates. In the current study,
S. mutans UA159 broth cultures demonstrated that planktonic growth resulted in CFU
(viability) that was comparable to direct counts by electronic enumeration (Fig. 1), but
clinical samples that originate from biofilm communities are lower and not as comparable
(Fig. 4). Organisms that grow in co-aggregated consortiums, e.g., dental plaque biofilm,
weaken the application of the SPC for quantification and negatively (lower CFU) impact the
accuracy of enumeration due to inadequate dispersion into individual cells. Additionally,
SPC cannot quantitatively reflect the presence of dead or nonviable organisms, even if
viable when a sample was collected. Given these shortcomings, SPC of S. mutans cells from
dental plaque would generate viable counts (CFU) that would be lower than CN from qPCR
due to clumping of S. mutans cells and/or the presence of non-viable cells (Fig. 3 and Table
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2). This is also evident in Table 1 where the PL (plaque) sample had a mean CN/CFU ratio
of 33.2.

Electronic enumeration was used to accurately determine direct counts on standardized
Ab600 = 1.0 S. mutans UA 159 broth cultures. A cell density of 109 cells/ml were equivalent
to Ab600 = 1.0. Consequently, qPCR Cq values were generated from know S. mutans cell
densities that provided an accurate correlation between cell densities or DNA CN, and Cq
determinations. An important objective of this study was to resolve the fundamental issue of
accurately correlating S. mutans cell density with a qPCR Cq value, thereby, overcoming the
limitations of SPC culture based quantification.

Extracted DNA template for qPCR from samples collected for this study was a heterogenous
DNA mixture representing the microbial populations of the oral cavity, and requires
specificity in S. mutans primer design. Selection of established primers adds confidence to
SYBR green based PCR as an affordable quantitative methodology for determining S.
mutans levels in oral samples (30). The results of the nucleotide BLAST analysis at the
NCBI website revealed an acceptable theoretical level of primer specificity reducing
concerns of amplicon generation from DNA template not of S. mutans origin (data not
shown).

Several studies have compared SPC to quantitative qPCR with a variety of periodontal
pathogens such as Porphoromonas gingivalis, Actinobacillus actinomycetemcomitans and
Tannerella forsythensis (21-26). To date a number of studies have also used PCR methods to
quantitate MS from oral samples (33), and to evaluate associations with dental caries
incidence (27, 28, 31, 34). However, only one of these reports (33) compared PCR with SPC
from saliva samples in a group of children with active caries. Our study, validates qPCR for
quantitating cariogenic bacteria from oral samples by initially standardizing direct counts of
S. mutans with electronic enumeration, and then comparing known S. mutans cell densities
with CFU obtained from traditional culturing methods (SPC) and Cq values from qPCR.
Furthermore, these results indicate that qPCR is more sensitive in quantitating S. mutans
cells since it detected the presence of these organisms in oral samples more often in the
duplicate assays irrespective of the type of sampling (WS, CS, PL, TS, Fig. 4).

Overall, the findings of the data presented indicate that saliva samples collected from
children expectorating into a cup resulted in generally higher S. mutans CFU and CN
compared to cotton swab saliva, plaque and tongue scraping. This saliva also resulted in less
discrepancy between detection of S. mutans (Fig. 4a). Therefore, results with saliva appear
to be most quantitatively consistent. Nonetheless, qPCR was found to be more sensitive for
detection of S. mutans than SPC. Based on each method used (i.e., volume of sample
processed), it was possible to compute theoretical detection limits. SPC samples were plated
using a Spiral Plater that dispenses 50μl of sample on each Petri dish (manufacture
recommends at least ≥20 colonies for a quantitative sample). One can calculate a
quantitative detection threshold of 400 CFU/ml (20 colonies/50μl × 1000μl/1ml = 400 CFU/
ml). The detection threshold of qPCR was similarly calculated based on the observation that
the standard curve for UA159 was found to be accurate to 2 × 103 CN/ml. Since the
template volume of each qPCR sample is 2.5μl, the “2 × 103 CN/ml” dilution contains 5
DNA copies. The samples processed were concentrated such that the sample was 1/14 of the
total extracted DNA from 1 ml in processing, therefore detection threshold was calculated to
be 70 CN/ml [i.e., 5 CN × 14 (proportion of 1 ml sample)]. Since the theoretical thresholds
are similar (i.e., 400 vs 70), but qPCR was more sensitive, it is likely that CNs detected are
higher due to a combination the theoretical sensitivity of the methods, as well as, the
possibility of decreased cell viability or lack of growth on selective media (but still detected
by qPCR), and CFU representing more than one bacterial cell in the SPC methodology.
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qPCR is a recently established fluorescence based technology that rapidly provides accurate,
sensitive, and quantitative data. Additionally, the process of using this methodology yields a
sample that can be frozen indefinitely for future assay or re-assay for longitudinal study or
continued genomic-based analysis, an advantage not afforded by the SPC methodology.
Taken together, the use of SYBR Green based qPCR quantification along with the added
ability to store oral samples (i.e., DNA versus viable cells), serves to support a change in the
way oral samples are enumerated for bacteria. Furthermore, the impact of timing of
processing and increased through-put can greatly increase the amount of samples that can be
collected for processing at a manageable pace so that laboratory resources are not over
extended. Therefore, qPCR may relieve oral researchers of the methodological burdens
imposed by SPC with a quantification methodology that is rapid, accurate, and reproducible.
For example, qPCR has the potential to facilitate the design and use of additional primer sets
to simultaneously quantitate (i.e., multiplex assays) other microbial genera that might be
considered cariogenic (i.e., Bifidobacterium, Lactobacillus, Actinomyces, non-mutans
streptococci) (35, 36). Regardless of the platform of the multiplex assay design, the reduced
time and the increased quality of data acquired through the assay will likely improve number
of samples that can be analyzed per unit of time, reduce the total cost of analysis and most
likely uncover some surprising quantitative relationships between the microbial targets of
the assay. An especially attractive feature of pursuing this approach is the generation of a
sample that can be analyzed at a later time with any number of assays designed to detect and
quantitate a wider variety of caries associated targets. Since DNA isolated from the tongue
and saliva samples of this study very likely contains some DNA from host oral epithelial
cells, host-associated factors involved with caries formation can be investigated in the future
using these same cataloged samples. Additionally, the popular format of the SYBR Green
PCR analysis ease the necessity of investigating the possibility of storing saliva before
analysis, and how this would enable a substantially large number of samples to be collected
and processed later without regard to loss of sample viability or exhaustion of laboratory
resources before sample loss. In conclusion, quantitative qPCR, along with the growing
strength of bioinformatics and proteomics, may usher in a new approach to this piece of
caries risk assessment and possibly introduce an entirely new investigative paradigm for
enumerating microorganisms in oral samples.
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Fig. 1. UA159 SPC from known cell densities
Comparison of log SPC (CFU/ml) with log cells/ml determined from Ab600 of S. mutans
UA159 grown in Todd Hewitt broth. S. mutans broth culture from late log phase culture was
adjusted to Ab600 = 1.0, representing 109 cells/ml based on electronic enumeration. Viable
counts of S. mutans were obtained (CFU/ml) using average of 1-3 agar plates of 10-fold
dilutions (108 – 103). Line is linear regression line through the average points generated.
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Fig. 2. qPCR of standardized S. mutans DNA
Quantification cycle (Cq) values are plotted against DNA copy number (CN/ml). Two-fold
dilutions of DNA extracted from electronically enumerated S. mutans cells (109 cells/ml)
were used as the CN standard. Cq values were determined from the diluted CN (n = 5).
Insert graph illustrates representative amplification chart for a series of dilutions from the
qPCR results (arrow indicates the crossover threshold used for determination of Cq).
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Fig. 3. Comparison of Log SPC (CFU/ml) vs Log qPCR (CN/ml) for All Oral Samples
Plot of Log (1 + average) of duplicate CFU/ml and CN/ml. Values for each assay are
presented as generated from SPC and qPCR assays. Line represents identity line where SPC
and qPCR plots would correspond (i.e., intercept 0,0 with slope of 1). 8* is number of data
points in which both SPC and qPCR equal zero. Other numbers along the X and Y axis are
the number of data points between log values that differ between SPC and qPCR,
respectively, where one indicated zero CFU or CN of S. mutans and the other assay
indicated >0 S. mutans.
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Fig. 4. Comparison of Log SPC (CFU/ml) vs Log qPCR (CN/ml) for Each Sample Type
Plot of Log of 1+ average of duplicate CFU/ml and CN/ml. Values for each sample type
{whole saliva (WS), cotton swab (CS), plaque (PL), tongue (TS), for panels a-d,
respectively} are presented as generated from SPC and qPCR assays. Line represents
identity line where SPC and qPCR plots would correspond (i.e., intercept 0,0 with slope of
1). Number with ‘*’ is number of data points in which both SPC and qPCR equal zero.
Other numbers along the X and Y axis are the number of data points between log values that
differ between SPC and qPCR, respectively, where one indicated zero CFU or CN of S.
mutans and the other assay indicated >0 S. mutans.
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