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Abstract
Changes of bacterial profiles in microbial communities are strongly associated with human

health. There is an increasing need for multiple species research in vitro. To avoid high cost

or measurement of a limited number of species, PCR-based multiple species cell counting

(PCR-MSCC) has been conceived. Species-specific sequence is defined as a unique se-

quence of one species in a multiple species mixed culture. This sequence is identified by

comparing a random 1000 bp genomic sequence of one species with the whole genome se-

quences of the other species in the same artificial mixed culture. If absent in the other ge-

nomes, it is the species-specific sequence. Species-specific primers were designed based

on the species-specific sequences. In the present study, ten different oral bacterial species

were mixed and grown in Brain Heart Infusion Yeast Extract with 1% sucrose for 24 hours.

Biofilm was harvested and processed for DNA extraction and q-PCR amplification with the

species-specific primers. By comparing the q-PCR data of each species in the unknown cul-

ture with reference cultures, in which the cell number of each species was determined by

colony forming units on agar plate, the cell number of that strain in the unknown mixed cul-

ture was calculated. This technique is reliable to count microorganism numbers that are

less than 100,000 fold different from other species within the same culture. Theoretically, it

can be used in detecting a species in a mixed culture of over 200 species. Currently PCR-

MSCC is one of the most economic methods for quantifying single species cell numbers,

especially for the low abundant species, in a multiple artificial mixed culture in vitro.

Introduction
There are over 700 microbial species that live together in the oral cavity. They facilitate or com-
pete with each other dynamically [1,2]. Many studies of oral bacterial interactions have been
conducted in recent years [3–5]. The primary indicator typically used in multi-species study is
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the ratio or percentage of each species [2,6,7]. For in vivomultiple-species study, 16S rRNA
clone analysis and recently mass amplicon sequencing are the major methods used to count
the microbial cell number of each species within a mixed culture. For in vitromultiple species
study, many current techniques can be used, such as fluorescence, antibiotic-resistance gene la-
beling, or mass amplicon sequencing. But fluorescence labeling costs time and is limited to less
than five different species [8], antibiotic-resistance gene labeling is time-consuming [9], and
mass amplicon sequencing is expensive for quantifying several species cell numbers in a lab
with an average supply budget. None of the current methods stated above meets the criteria to
be both economical and be applicable to more than 10 species, and those disadvantages largely
limit multiple species research in vitro. The purpose of the present study was to introduce a
new PCR-based multiple species cell counting (PCR-MSCC) technique that meets these two
criteria.

Materials and Methods

Bacterial Strains and Growth Media
Ten microbial species were used: Streptococcus mutans (ATCC 700610; UA159), Streptococcus
gordonii (ATCC 35105), Streptococcus mitis (ATCC 49456), Streptococcus oralis (ATCC
35037), Streptococcus salivarius (ATCC 27975), Streptococcus sanguinis (SK36, gift from Dr.
Todd O. Kitten, Virginia Commonwealth University Philips Institute), Staphylococcus aureus
(COL, gift from Dr. Steven R. Gill and Ann Gill, University of Rochester Medical Center), En-
terococcus faecalis (ATCC 29212), Lactobacillus casei (ATCC 393) and Staphylococcus epider-
midis (PR62A, gift from Dr. Steven R. Gill and Ann Gill). The ten species were selected based
on the most abundant species reported by dental microbiome data [2], excluding anaerobic
bacteria or bacteria without genome sequence information and including some other widely in-
vestigated pathogenic bacteria. S. epidermidis has been reported in endodontic lesions [10] and
it is the fifth most abundant species observed in used tooth brushes [11]. S. aureus is also pres-
ent in the oral cavity, but its numbers are negatively associated with S. epidermidis counts [12].
Unless otherwise stated, individual bacterial cultures were initiated and grown in Brain Heart
Infusion plus 0.5% yeast extract (BHI+YE) broth, and the ten mixed species biofilm culture
was grown in BHI+YE with 1% sucrose (BHI+YES). The incubation atmosphere was 5% CO2

at 37°C.

Primer Design
To differentiate the ten species within a mixed culture and to count the cell number of each
species, species-specific primers were designed. The primers used bacterial non-repeated chro-
mosome sections as the template. Since each bacterial cell has only one chromosome, the DNA
template copy number represents the bacterial cell number (if cell division and DNA synthesis
are not considered). The species-specific sequence is a unique sequence of one species in a mul-
tiple species mixed culture. Species-specific primers were designed based on the species-specific
sequences. Therefore, the species-specific primers would only amplify the species-specific
sequence.

The BLAST tool on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to
compare genomes and to find the DNA sequence for species-specific primer design. A random
10,000 bp chromosome sequence of one strain was compared with the genome of a second
strain. From the Graphic Summary of the BLAST result, a 1000 bp sequence of the first strain
with 0% identity to the second strain was identified. This sequence was then compared with
the genome of the rest of the eight strains. If no identity was found in any of the rest of the
strains, this sequence was defined as the species-specific sequence. If identities were found in
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one of the other strains, we repeated the process from the beginning with a second sequence or
a third one until this sequence was proved to be different from all of the other genomes. In the
present study, the species-specific sequence of each species was blasted with all of the rest of
the species (45 comparisons in total), therefore all of the primers were unique to a certain spe-
cies within the 10 species mixed culture. The primer-BLAST tool on the NCBI website (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design the species-specific primers
based on the species-specific sequence.

Since four of the strains used did not have their genome information available on the NCBI
website, the genomes of S.mitis B6, S. oralis Uo5, S. salivarius CCHSS3 and E. faecalis V583
were used to surmise the genomes of S.mitis ATCC 49456, S. oralis ATCC 35037, S. salivarius
ATCC 27975 and Enterococcus faecalis ATCC 29212, respectively.

Primer Validation Test
To test the validation of primers that were designed based on surmised gene sequences and to
further confirm the specificity of the primers used, polymerase chain reaction (PCR) was used
to test the amplification product of each species whole DNA with all of the species-specific
primers. Briefly, overnight bacterial cultures of each strain were individually grown in BHI+YE
broth for 10 hours. Cells were harvested at their log phase and washed three times by PBS. Cells
were processed as described before [13]. Buffer AL of DNeasy 96 Blood & Tissue Kit (QIAGEN,
Valencia, CA) was added to each sample, which was then sonicated for 10 seconds (52% ampli-
tude, Sonic Dismembrator, Model 500, Fisher Scientific) and repeated 5 times on ice. The soni-
cator tip was rinsed with 10% bleach followed by distilled water between different samples. The
remaining DNA extraction steps were followed using the manufacturer's protocol. The quantity
and quality of the extracted DNA were determined by NanoDrop 2000 (Thermo Fisher Scientif-
ic Inc., USA). The total DNA (100 ng) of each strain was amplified by all of the species-specific
primers (0.25 μM) and TaKaRa Taq Polymerase (Chemicon International, Temecula, CA). The
initialization step was 94°C 5 minutes, the amplification step had 30 cycles of 94°C 30 seconds,
55°C 30 seconds and 72°C 30 seconds, and the final elongation step was 72°C 10 minutes. The
amplification product was confirmed by agarose gel electrophoresis.

Validation Range Test of the Method
Each test has a validation range; if one result is beyond this range, it becomes invalid and
should be excluded. Quantitative-PCR (q-PCR) was used to estimate the system error, which
represents the maximum acceptable tolerance of cell number variations between samples in the
present study. The DNA samples (200 ng) of each species were loaded in a MicroAmp Optical
96-well Reaction plate (Invitrogen, Grand Island, NY) with the primers (0.25 μM) of each spe-
cies and Fast SYBR Green Master Mix (Applied Biosystems, Grand Island, NY). q-PCR ampli-
fication was performed on an ABI PRISM 7000 Sequence Detection System (Applied
Biosystems). All of the default settings were used. The raw data (i.e., the data generated by S.
mutans DNA versus all the primers from ten species) was extracted and normalized by the
same species-primers paired data (i.e., the data generated by S.mutans DNA versus S.mutans
species-specific primers). The amount of q-PCR product amplified by its own species-specific
primers was defined as 1 (control), and the amount of products amplified by other primers
were calculated based on their fold changes compared to control.

q-PCR Efficiency Test
Since absolute PCR product quantification was used to estimate bacterial cell numbers, the q-
PCR efficiency E of each paired strain-primers used in the present study was estimated. Briefly,
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the DNA sample of each strain was 1:2 serially diluted four times, and 2 μl of the undiluted and
diluted samples were loaded with the species-specific primers for q-PCR as described before.
Linear regression lines were used to estimate E. The x-value presented 1:2n dilutions of DNA
and the y-value presented Ct values. The slope (Δy / Δx), which represents E, was estimated by
linear regression (Microsoft Office 2011, Version 14.1.0, Seattle, WA).

Sample Preparation and q-PCR
There were two different mixed samples; one was the reference mixed sample and the other
one was the unknown mixed sample. The former one would be used as the reference and the
latter one would be the tested sample that we were interested in.

To prepare the reference mixed sample, overnight cultures of the ten species were diluted
1:100 in BHI and inoculated individually for 10 hours (Fig 1A). After incubation, their individ-
ual colony forming units per ml (CFU/ml) were determined by spiral plating on blood agar
plates. The DNA of those samples was extracted as described before, and the same amount (by
volume) of samples from each DNA extraction were mixed. Since the ten species were mixed
together, the original extracted DNA from each species was diluted 1:10.

To prepare the unknown mixed samples, according to microbiome data [2], overnight S.
mutans, S. gordonii, S.mitis, S. oralis, S. salivarius, S. sanguinis, S. aureus, E. faecalis, L. casei and S.
epidermis cultures were mixed in a 1:3:26:6:1:9:1:1:1:1 ratio (the percentages of S. salivarius, S. au-
reus, E. faecalis, L. casei and S. epidermis were not reported in Peterson et al., 2013, they were treat-
ed as 1 in the present study). The bacterial number of each strain in overnight broth was pre-
calculated based on CFU/ml on agar plates, they were S.mutans 1.0×108 CFU/ml, S. gordonii
5×107 CFU/ml, S.mitis 4.0×108 CFU/ml, S. oralis 1.3×108 CFU/ml, S. salivarius 2.0×107 CFU/ml,
S. sanguinis 1.5×107 CFU/ml, S. aureus 1.2×108 CFU/ml, E. faecalis 1.1×108 CFU/ml, L. casei
3.6×108 CFU/ml and S. epidermis 4.0×108 CFU/ml, respectively. To achieve the final 1:3:26:6:1:9:1:
1:1:1 cell ratio, 61.5 μl of S.mutans, 369 μl of S. gordonii, 400 μl of S.mitis, 284 μl of S. oralis, 308 μl
of S. salivarius, 3.69 ml of S. sanguinis, 51 μl of S. aureus, 56 μl of E. faecalis, 17.1 μl of L. casei and
15.4 μl of S. epidermis cultures were mixed together (Fig 1B). The mixed culture (1.0×106 total
CFU/ml, 5 ml/well) was grown in triplicate in BHI+YES for 24 hours in six-well-plates. Planktonic
cells were discarded and the biofilm cells were harvested and washed three times by PBS. Half of
the biofilm cells were discarded, by resuspending biofilm in 2 ml PBS and processing 1 ml of the
suspension for DNA extraction, to limit the bacterial number within the DNA extraction kit ca-
pacity. Biofilm cell total DNA was extracted and processed for q-PCR as described before. The CT

value for the reference sample (control, CT,R) and the unknown sample (CT,X) of each species
were recorded.

Cell Quantification Algorithm
According to Livak and Schmittgen [14], the equation for the PCR exponential amplification
is:

Xn ¼ X0 � ð1þ ExÞn ð1Þ

where Xn is the molecule number amplified by q-PCR at cycle n, X0 is the initial molecule num-
ber, Ex is the amplification efficiency of the reaction, and n is the cycle number. For the refer-
ence (R) and unknown samples (X), they reached threshold at different threshold cycles (CT).

XT ¼ X0 � ð1þ ExÞCT;X ð2Þ

RT ¼ R0 � ð1þ ERÞCT;R ð3Þ
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CT,R and CT,X are the threshold cycles for the reference and unknown samples, respectively.
Since the reference and unknown samples belong to the same strain and the same primers are
used, their thresholds and efficiencies are considered as the same. Thus,

XT ¼ RT ð4Þ

EX ¼ ER ¼ E ð5Þ

Fig 1. Schematic diagram of sample preparation. Panels A and B demonstrate the DNA processes of the
reference mixed culture and the unknownmixed culture, respectively. Ten different colors in the first row
represent 10 different species. Solid circles represent overnight bacterial cultures of each species, triangles
represent the cultures that have grown for a stated period of time, and squares represent the DNA extracts
from the samples.

doi:10.1371/journal.pone.0126628.g001
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dividing (2) by (3) and bringing Eqs (4) and (5) gives

XT

RT

¼ X0 � ð1þ ExÞCT;X
R0 � ð1þ ERÞCT;R

¼ X0 � ð1þ EÞCT;X
R0 � ð1þ EÞCT;R ¼ 1 ð6Þ

rearranging provides the expression

X0

R0

¼ ð1þ EÞCT;R�CT;X ð7Þ

The reference microbial cell number (NR) processed for DNA extraction is estimated as

NR ¼ CFUR � VR ð8Þ

where CFUR is the cell concentration and VR is the volume of processed cells. The percentage
of sample lost during DNA extraction is assumed to be k. Moreover, in preparing the reference
mixed culture of q different species, the DNA concentration of each species is diluted 1:q.
Thus,

R0 ¼ NRð1� kÞ=q ð9Þ

and for the unknown mixed sample, without further dilution,

X0 ¼ NXð1� kÞ ð10Þ

where Nx is the specific microbial number in the unknown mixed culture.
Bringing (9) and (10) into (7) results in

NXð1� kÞ
NRð1� kÞ=q ¼ ð1þ EÞCT;R�CT;X ð11Þ

rearranging gives the expression

NX ¼ ð1þ EÞCT;R�CT;X � NR

q
ð12Þ

bringing (8) into (12) gives

NX ¼ ð1þ EÞCT;R�CT;X � CFUR � VR

q
ð13Þ

if the unknown mixed culture sample is diluted 1:t before DNA extraction to ensure appropri-
ate cell numbers are processed for DNA extraction (�2×109 cells), the original bacterial num-
ber NX,O is

NX;O ¼ NX � t ð14Þ

bringing (14) into (13) provides

NX;O ¼ ð1þ EÞCT;R�CT;X � CFUR � VR �
t
q

ð15Þ

This is the final equation to calculate the microorganism number in the mixed culture. If
the reference single culture instead of the reference mixed culture is used and the unknown
mixed culture sample is not diluted before DNA extraction, then q = 1 and t = 1, and the
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equation is

NX;O ¼ ð1þ EÞCT;R�CT;X � CFUR � VR ð16Þ

Results and Discussions
The species-specific primers are listed in Table 1. The primer validation test results demon-
strated that the DNA of each species was only amplified by its own species-specific primers
(Fig 2), although the intensity of each band varied. Many factors affect band intensity of PCR
products, such as Mg, Taq polymerase, DNA template and primer concentrations, primer
length, GC content, primer/template ratio, thermocycler settings, etc. [15]. In addition, PCR
product length, ethidium bromide concentration and shutter speed were noted to significantly
affect band intensity. In the present study, GC content varied from 59.07 to 60.32% and PCR
product length varied from 169 to 361 bp, while all of the other factors were the same for all
samples. The DNA sample optical density absorbance at 260/280 nm was above 1.80. This
primer specificity test may be skipped if the validation range test is used. Those two tests pro-
vide the same experimental results from semi-quantitative or quantitative aspects. The primer
specificity test was included in the present study because it provided a direct visual confirma-
tion that the primers were specific for each species. Its expense was less than the validation
range test and was adequate for screening.

The validation range test results indicated most of the errors occured at the 10–6 range,
which means for PCR-MSCC any two species cell numbers should vary no more than 105 if a
10% error is acceptable or no more than 104 if a 1% error is acceptable (Table 2). Specifically,
4.4% errors occured at the 10–4 range, 25.6% errors occured at the 10–5 range, 56.7% errors

Table 1. Primer design.

Sequence (5'->3') Template strand

S. mutans Forward primer AGTCGTGTTGGTTCAACGGA

Reverse primer TAAACCGGGAGCTTGATCGG

S. gordonii Forward primer GCCTTAATAGCACCGCCACT

Reverse primer CCATCTCTGTTGTTAGGGCGT

S. mitis Forward primer CATCTCACGGGTTGAAGCCT

Reverse primer CCTCGCAGACTAAATTCGCC

S. oralis Forward primer GGCCGTGAGAATGTGATTGC

Reverse primer TGTTACAGCCTGACCACCAC

S. salivarius Forward primer CTGCTCTTGTGACAGCCCAT

Reverse primer ACGGGAAGCTGATCTTTCGTA

S. sanguinis Forward primer TCAGCAAATCCCCCAGGTTC

Reverse primer AACGGAGTGTCAGCGAAGTT

S. aureus Forward primer TCAGATGAGCAAGCTTCACCAA

Reverse primer TGGCTGTACTGCTGCTATACG

E. faecalis Forward primer CGCGAACATTTGATGTGGCT

Reverse primer GTTGATCCGTCCGCTTGGTA

L. casei Forward primer AAGAAAGGCTCACTGGTCGG

Reverse primer TTTTGGCCCGGATTCGATGA

S. epidermidis Forward primer CATATGGACCTGCACCCCAA

Reverse primer GCAACTGCTCAACCGAGAAC

doi:10.1371/journal.pone.0126628.t001
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occured at the 10–6 range and 13.3% errors occured at the 10–7 range. The system error may
further be minimized by optimizing the primer design, such as changing primer length, alter-
ing terminal nucleotide, selecting a reasonable GC content and Tm, etc. [16]. The sensitivity
and specificity of PCR-MSCC primer sets are dependent on the relative bacterial number in
the mixed culture. If the cell number of each species is equal, the sensitivity and specificity are
above 99.999%. But if one species is 10,000 less than all other species (suppose the number of
other species are equal), the sensitivity and specificity become 91% and 99.9%, respectively.
The larger the fold difference is, the lower the sensitivity and specificity are. If more species in
the mixed culture results in a larger fold difference, it reduces the sensitivity and specificity.

The q-PCR efficiency test implied the median E is 82.7% with the range from 70.0% to 98.5%
(Table 3). The coefficient of determination (R2) of every regression line was equal to or larger
than 0.95 (Fig 3). For most of the q-PCR efficiency studies, DNA template concentrations
(log10X) were used as the X-axis, and the efficiency calculation equation was E = 10−1/slope−1
with the ideal slope of -3.32 [17–19]. In the present study, we changed the X-axis to 1:2n dilutions
of DNA template, this made the efficiency much easier to predict because E = slope. However, if
the absolute DNA template will be used, the X-axis could be stated as (log2X)

−1. R2 in the present
study could approach 1 by adding five more DNA template dilution points for the linear regres-
sion [18,19]. The amplification condition of each species was not optimized because in optimiz-
ing there would be 10 separate PCR amplifications, one for each species. It is practical with 10
species, but may not be practical with more than 20 species. In a long run point of view, the de-
fault PCR set-up instead of an optimized condition for each species was used.

Fig 2. Primer validation.DNA of each species was loaded with the species-specific primers from each of
the ten species for PCR. Each horizontal row represents the DNA extracted from one strain, and each vertical
column represents the strain specific-primers of each strain.

doi:10.1371/journal.pone.0126628.g002
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The cell quantification results demonstrated the cell number of the ten species varied from
4.48×105 to 7.92×108 cells. Since the most significant difference was at the 103 range, all of the
values were considered valid (Table 3). The maximum difference occured between S. oralis
(7.92×108) and S. epidermidis (4.48×105). The difference was 1.77×103 fold. If the S. oralis
number was multiplied by the system error of the S. oralis DNA template with S. epidermidis
primers then (7.92×108) × (1.27×10–5) = 6.23×103 cells. This number is very small compared

Table 2. Validation Range Test of the Method.

Primers

S.
mutans

S.
gordonii

S. mitis S. oralis S.
salivarius

S.
sanguinis

S.
aureus

E.
faecalis

L. casei S.
epidermidis

DNA

S. mutans 1 3.01×10–6 1.71×10–6 1.03×10–6 3.51×10–6 6.25×10–7 3.53×10–6 4.57×10–6 7.03×10–7 1.97×10–6

S. gordonii 1.45×10–5 1 1.44×10–5 2.03×10–6 6.78×10–6 1.15×10–6 4.47×10–6 2.73×10–5 2.35×10–5 4.86×10–6

S. mitis 2.92×10–4 1.67×10–5 1 2.38×10–6 3.92×10–5 4.57×10–6 8.05×10–5 1.68×10–4 1.58×10–5 8.06×10–6

S. oralis 2.75×10–5 7.12×10–6 1.93×10–5 1 1.69×10–5 2.83×10–5 4.32×10–5 7.94×10–5 2.01×10–5 1.27×10–5

S. salivarius 9.14×10–6 8.76×10–6 1.95×10–6 5.18×10–7 1 6.42×10–7 2.79×10–6 3.79×10–6 1.22×10–6 4.72×10–5

S. sanguinis 4.03×10–5 3.53×10–4 2.91×10–6 1.37×10–6 2.28×10–5 1 2.16×10–6 9.07×10–6 1.65×10–5 1.92×10–6

S. aureus 2.27×10–6 3.39×10–5 2.73×10–5 1.10×10–6 4.51×10–6 1.02×10–6 1 2.43×10–6 3.66×10–6 2.12×10–6

E. faecalis 3.66×10–6 1.98×10–4 2.53×10–6 3.00×10–7 3.87×10–6 3.02×10–7 2.62×10–6 1 7.53×10–7 4.51×10–6

L. casei 7.90×10–6 4.29×10–6 1.25×10–5 2.59×10–7 1.04×10–6 2.61×10–7 7.69×10–7 7.28×10–7 1 2.81×10–6

S.
epidermidis

7.63×10–6 6.33×10–6 3.30×10–6 8.19×10–7 4.32×10–6 2.59×10–6 9.39×10–6 7.74×10–6 2.27×10–6 1

DNA of each species was loaded with the species-specific primers from the ten species for q-PCR. The amount of q-PCR product amplified by its own

species-specific primers was defined as 1 (control), and the amount of products amplified by other primers were calculated based on their fold changes

compared to control. Each horizontal row represents DNA extracted from one strain, and each vertical column represents the species-specific primers of

each strain.

doi:10.1371/journal.pone.0126628.t002

Table 3. Microbial cell quantification.

E CT,R CT,X* CFUR VR t q NX,O

S. mutans 0.7663 13.00 16.49 3.28×108 5 2 10 4.51×107

S. gordonii 0.7977 14.34 15.24 4.79×107 5 2 10 2.82×107

S. mitis 0.7037 15.86 19.95 5.41×108 5 2 10 6.11×107

S. oralis 0.8540 14.75 13.80 4.40×108 5 2 10 7.92×108

S. salivarius 0.7046 12.79 11.46 1.41×108 5 2 10 2.87×108

S. sanguinis 0.9846 13.55 13.07 2.14×107 5 2 10 2.98×107

S. aureus 0.8266 13.38 20.28 2.63×108 5 2 10 4.13×107

E. faecalis 0.9077 11.51 13.15 4.48×108 5 2 10 1.56×108

L. casei 0.8277 12.19 16.80 1.29×108 5 2 10 8.00×107

S. epidermidis 0.9862 14.84 20.30 1.91×107 5 2 10 4.48×107

The cell number of each species within the mixed species biofilm (NX,O) was calculated by equation [15]. E is the amplification efficiency of the reaction,

CT,R and CT,X are the threshold cycles (CT) for the reference mixed and unknown mixed cultures, respectively. CFUR are the colony forming units for the

reference bacterial cell cultures. VR are the volumes of standard bacterial cell cultures processed for DNA extraction, t is the fold dilution of the unknown

mixed cultures, and q is the number of multiple species whose DNA extractions were equally mixed together to serve as the reference mixed culture. The

asterisk(*) indicates the mean value of triplicate samples.

doi:10.1371/journal.pone.0126628.t003
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to the actual S. epidermidis number. If it was large, the raw S. epidermidis data should be adjust-
ed by subtracting the augmented data generated by S. oralis.

The cell number of each species in the mixed cultures can be estimated through either regu-
lar PCR or q-PCR. The present study has demonstrated the q-PCR method. If the PCR method
is used, the PCR band intensity should be semi-quantified by image software (i.e., ImageJ), and
the final equation will be

NX;O ¼ IR
IX

� CFUR � VR �
t
q

ð17Þ

where IR and IX are the band intensities of the reference mixed and unknown mixed cultures,
respectively.

The sequences targeted by the primers can be replicated within the target genome if the fast
growing cell is dividing and synthesizing DNA. Suppose n% of our reference cells are undergo-
ing replication when they are harvested. The reference cell number is A, and the actual se-
quence copy number is (1+n%)×A. Suppose the unknown cell number is B, then the actual
unknown sample sequence copy number is (1+n%)×B. When divided (1+n%)×B by (1+n
%)×A, the coefficient (1+n%) is gone. So this will not affect the final result.

Fig 3. q-PCR efficiency test. The x-axis represents 1:2n dilutions of DNA and the y-axis represents Ct values. Ideally, if one sample is diluted 1:2 (Δx = 1), it
will take one more cycle (Δy = 1) to reach the same threshold. Ideally, the slope (Δy / Δx), which represents the amplification efficiency E, is equal to 1. For
actual samples the slope is less than 1.

doi:10.1371/journal.pone.0126628.g003
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There are several methods used for microbial quantification (Table 4). Fluorescence in situ
hybridization (FISH) is the best option for microbial quantitation in situ. The average laborato-
ry typically has access to a general confocal laser scanning microscope that can differentiate
three to five different fluorescent wavelengths, but microscopes of ten different channels are
rare and very expensive [8,20,21]. The cell quantification result of qPCR strongly correlated
with the FISH results as reported by Ammann et al [22]. The antibiotic resistance gene labeling
method costs time and very limited species could be analyzed at one time [5]. Colony morphol-
ogy recognition on selective agar plates is available for nine species [23]. Microbiota sequencing
is time efficient and works well with ten species, but the expense is relatively high, approxi-
mately $50-$200 per sample. The expense for PCR-MSCC is approximate $1–$2 per species.
PCR-MSCC is superior to microbiota analysis for targeting less than 50 different species in the
mixed culture, or for targeting a rare species (more than 103 fold less than other species). How-
ever, on the other hand, microbiota analysis is superior to PCR-MSCC for targeting more than
50 different species and for in vivo samples with unknown species. For mass sequencing (454/
Roche GS FLX) the mean error rate is 1% [4,24] and it could quantify cells of one species up to
103 fold than other species [25], while for PCR-MSCC the mean error rate is 0.001% and it
could quantify cells of one species up to 105 fold than other species.

Theoretically, PCR-MSCC can be applied to over 200 species because the primers can target
any region of the genome, and are not limited to the 16S rRNA region. For two species of 93%
identities, for instance, if the genome size of one is ~2,000,000 bp, there will be 2,000,000×(1–
93%) = 140,000 bp region that can be used for species-specific primer design. If each DNA se-
quence cloned by the primers is 500 bp, the total available length is enough to detect 280 mixed
species. Ammann et al reported a q-PCR quantification method for a ten mixed species subgin-
gival biofilm model, in which they used 16S rRNA for template design [22]. The study of
Ammann and co-workers indicated that for communities of limited complexity, also 16S
rRNA targeted approaches can be used for quantitative analysis of microbial composition.

PCR-MSCC can also be used to compare different strains within the same species, such as S.
mutans UA159 versus S.mutans GS-5. PCR-MSCC was defined as PCR-based multiple species
cell counting. Actually, PCR-based multiple strain cell counting might be more appropriate be-
cause it is designed based on strain instead of species. Since in the present study, ten different
species instead of strains were used, the name with species was used. PCR-MSCC is limited to
in vitro studies to date. But it is still important because in vitro studies are the foundation of in
vivo studies and most mechanistic explorations are conducted in vitro. PCR-MSCC can be
used in in vivo studies only if the genome sequences of the majority species are known. Future
studies will focus on analyzing the genome sequences of the oral microbiome and designing

Table 4. Comparison of different cell quantification methods.

Tolerance for fold difference
between species

Expense Workable
species

Quantify live cell
number

Bacterial
strains

Sample
status

PCR-MSCC ~105 $1–2/species ~200 - known in vitro

Mass
sequencing

~103 $50–200/
sample

~1000 - unknown in vitro, in
vivo

Selective agar ~102–103 $1/species ~10 + known in vitro

FISH* ~102–103 $10–20/
sample

~5 -/+ known in vitro, in
situ

*FISH: Fluorescent in situ hybridization.

doi:10.1371/journal.pone.0126628.t004
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species-specific primers for the majority species or pathogenic species. In the far future,
PCR-MSCC may be used in clinical diagnostics to monitor core microbiome profile changes.

One limitation with species-specific primer design is the limited bacterial genome informa-
tion and the limited number of available bacterial strains. We had been trying to work with
fully sequenced strains, but we failed because of at least one of the following reasons, no ge-
nome information was available for that species, the strain was available from ATCC but its se-
quence was unknown, or the sequence of the strain was known but it was not available from
ATCC or could not be shipped to the US. But at least for the latter two situations, we could sur-
mise the sequence and test it. To design primers based on a different strain of the same species
is a gamble. In the present study, the species-specific primers of seven out of ten species were
found in the first trial, two in the second trial, and the last one in the fifth trial. This problem
should not be a permanent barrier because ATCC is frequently collecting newly sequenced
strains and the genome information of many bacterial strains under sequencing will be posted
in the future.

In conclusion, currently PCR-MSCC is one of the most economic methods for quantifying
single species cell numbers, especially for the low abundant species, in a multiple artificial
mixed culture in vitro.

Acknowledgments
We thank Dr. Steven R. Gill and Ann Gill (University of Rochester Medical Center) for the S.
aureus COL and S. epidermidis PR62A strains and Dr. Todd O. Kitten (Virginia Common-
wealth University Philips Institute) for S. sanguinis SK36.

Author Contributions
Conceived and designed the experiments: RH JZ XFY RLG. Performed the experiments: RH.
Analyzed the data: RH JZ RLG. Contributed reagents/materials/analysis tools: RH JZ XFY
RLG. Wrote the paper: RH JZ XFY RLG.

References
1. Huang R, Li M, Gregory RL (2011) Bacterial interactions in dental biofilm. Virulence 2: 435–444. doi:

410.4161viru.4162.4165.16140. Epub 12011 Sep 16141. doi: 10.4161/viru.2.5.16140 PMID:
21778817

2. Peterson SN, Snesrud E, Liu J, Ong AC, Kilian M, et al. (2013) The dental plaque microbiome in health
and disease. PLoS One 8: e58487. doi: 58410.51371journal.pone.0058487. Epub 0052013 Mar
0058488. doi: 10.1371/journal.pone.0058487 PMID: 23520516

3. Kolenbrander PE (2000) Oral microbial communities: biofilms, interactions, and genetic systems. Annu
Rev Microbiol 54: 413–437. PMID: 11018133

4. Kreth J, Merritt J, Shi W, Qi F (2005) Competition and coexistence between Streptococcus mutans and
Streptococcus sanguinis in the dental biofilm. J Bacteriol 187: 7193–7203. PMID: 16237003

5. Kreth J, Zhang Y, Herzberg MC (2008) Streptococcal antagonism in oral biofilms: Streptococcus san-
guinis and Streptococcus gordonii interference with Streptococcus mutans. J Bacteriol 190: 4632–
4640. doi: 10.1128/JB.00276-08 PMID: 18441055

6. HMP C (2012) Structure, function and diversity of the healthy human microbiome. Nature 486: 207–
214. doi: 10.1038/nature11234 PMID: 22699609

7. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, et al. (2014) Diet rapidly and repro-
ducibly alters the human gut microbiome. Nature 505: 559–563. doi: 510.1038nature12820. Epub
12013 Dec 12811. doi: 10.1038/nature12820 PMID: 24336217

8. Al-Ahmad A, Wunder A, Auschill TM, Follo M, Braun G, et al. (2007) The in vivo dynamics of Strepto-
coccus spp., Actinomyces naeslundii, Fusobacterium nucleatum and Veillonella spp. in dental plaque
biofilm as analysed by five-colour multiplex fluorescence in situ hybridization. J Med Microbiol 56: 681–
687. PMID: 17446294

PCR-Based Multiple Species Cell Counting

PLOS ONE | DOI:10.1371/journal.pone.0126628 May 13, 2015 12 / 13

http://dx.doi.org/10.4161/viru.2.5.16140
http://www.ncbi.nlm.nih.gov/pubmed/21778817
http://dx.doi.org/10.1371/journal.pone.0058487
http://www.ncbi.nlm.nih.gov/pubmed/23520516
http://www.ncbi.nlm.nih.gov/pubmed/11018133
http://www.ncbi.nlm.nih.gov/pubmed/16237003
http://dx.doi.org/10.1128/JB.00276-08
http://www.ncbi.nlm.nih.gov/pubmed/18441055
http://dx.doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://dx.doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
http://www.ncbi.nlm.nih.gov/pubmed/17446294


9. Langendijk PS, Schut F, Jansen GJ, Raangs GC, Kamphuis GR, et al. (1995) Quantitative fluorescence
in situ hybridization of Bifidobacterium spp. with genus-specific 16S rRNA-targeted probes and its appli-
cation in fecal samples. Appl Environ Microbiol 61: 3069–3075. PMID: 7487040

10. Niazi SA, Clarke D, Do T, Gilbert SC, Mannocci F, et al. (2010) Propionibacterium acnes and Staphylo-
coccus epidermidis isolated from refractory endodontic lesions are opportunistic pathogens. J Clin
Microbiol 48: 3859–3869. doi: 3810.1128/JCM.01326-01310. doi: 10.1128/JCM.01326-10 PMID:
20739494

11. Celepkolu T, Toptanci IR, Bucaktepe PG, Sen V, Dogan MS, et al. (2014) A microbiological assess-
ment of the oral hygiene of 24-72-month-old kindergarten children and disinfection of their tooth-
brushes. BMCOral Health 14:94.: doi: 10.1186/1472-6831-1114-1194 PMID: 25085407

12. Back-Brito GN, El Ackhar VN, Querido SM, dos Santos SS, Jorge AO, et al. (2011) Staphylococcus
spp., Enterobacteriaceae and Pseudomonadaceae oral isolates from Brazilian HIV-positive patients.
Correlation with CD4 cell counts and viral load. Arch Oral Biol 56: 1041–1046. doi: 10.1016/j.
archoralbio.2011.02.016 PMID: 21420663

13. Huang R, Li M, Ye M, Yang K, Xu X, et al. (2014) Effect of nicotine on Streptococcus gordonii growth,
biofilm formation and cell aggregation. Appl Environ Microbiol 80: 7212–7218.

14. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402–408. PMID: 11846609

15. Tyler KD, Wang G, Tyler SD, JohnsonWM (1997) Factors affecting reliability and reproducibility of am-
plification-based DNA fingerprinting of representative bacterial pathogens. J Clin Microbiol 35: 339–
346. PMID: 9003592

16. Dieffenbach CW, Lowe TM, Dveksler GS (1993) General concepts for PCR primer design. PCRMeth-
ods Appl 3: S30–37. PMID: 8118394

17. Nigro JM, Takahashi MA, Ginzinger DG, LawM, Passe S, et al. (2001) Detection of 1p and 19q loss in
oligodendroglioma by quantitative microsatellite analysis, a real-time quantitative polymerase chain re-
action assay. Am J Pathol 158: 1253–1262. PMID: 11290543

18. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, et al. (2009) The MIQE guidelines: minimum
information for publication of quantitative real-time PCR experiments. Clin Chem 55: 611–622. doi: 10.
1373/clinchem.2008.112797 PMID: 19246619

19. Ginzinger DG (2002) Gene quantification using real-time quantitative PCR: an emerging technology
hits the mainstream. Exp Hematol 30: 503–512. PMID: 12063017

20. Zijnge V, van LeeuwenMB, Degener JE, Abbas F, Thurnheer T, et al. (2010) Oral biofilm architecture
on natural teeth. PLoS One 5: e9321. doi: 10.1371/journal.pone.0009321 PMID: 20195365

21. Thurnheer T, Gmur R, Guggenheim B (2004) Multiplex FISH analysis of a six-species bacterial biofilm.
J Microbiol Methods 56: 37–47. PMID: 14706749

22. Ammann TW, Bostanci N, Belibasakis GN, Thurnheer T (2013) Validation of a quantitative real-time
PCR assay and comparison with fluorescence microscopy and selective agar plate counting for spe-
cies-specific quantification of an in vitro subgingival biofilm model. J Periodontal Res 48: 517–526. doi:
10.1111/jre.12034 PMID: 23278531

23. McDermid AS, McKee AS, Marsh PD (1987) A mixed-culture chemostat system to predict the effect of
anti-microbial agents on the oral flora: preliminary studies using chlorhexidine. J Dent Res 66: 1315–
1320. PMID: 3476598

24. Dimitrova Z, Campo DS, Ramachandran S, Vaughan G, Ganova-Raeva L, et al. (2011) Evaluation of
viral heterogeneity using next-generation sequencing, end-point limiting-dilution and mass spectrome-
try. In Silico Biol 11: 183–192. doi: 110.3233/ISB-2012-0453. doi: 10.3233/ISB-2012-0453 PMID:
23202420

25. Dewhirst FE, Chen T, Izard J, Paster BJ, Tanner AC, et al. (2010) The human oral microbiome. J Bac-
teriol 192: 5002–5017. doi: 10.1128/JB.00542-10 PMID: 20656903

PCR-Based Multiple Species Cell Counting

PLOS ONE | DOI:10.1371/journal.pone.0126628 May 13, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/7487040
http://dx.doi.org/10.1128/JCM.01326-10
http://www.ncbi.nlm.nih.gov/pubmed/20739494
http://dx.doi.org/10.1186/1472-6831-1114-1194
http://www.ncbi.nlm.nih.gov/pubmed/25085407
http://dx.doi.org/10.1016/j.archoralbio.2011.02.016
http://dx.doi.org/10.1016/j.archoralbio.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21420663
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/9003592
http://www.ncbi.nlm.nih.gov/pubmed/8118394
http://www.ncbi.nlm.nih.gov/pubmed/11290543
http://dx.doi.org/10.1373/clinchem.2008.112797
http://dx.doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
http://www.ncbi.nlm.nih.gov/pubmed/12063017
http://dx.doi.org/10.1371/journal.pone.0009321
http://www.ncbi.nlm.nih.gov/pubmed/20195365
http://www.ncbi.nlm.nih.gov/pubmed/14706749
http://dx.doi.org/10.1111/jre.12034
http://www.ncbi.nlm.nih.gov/pubmed/23278531
http://www.ncbi.nlm.nih.gov/pubmed/3476598
http://dx.doi.org/10.3233/ISB-2012-0453
http://www.ncbi.nlm.nih.gov/pubmed/23202420
http://dx.doi.org/10.1128/JB.00542-10
http://www.ncbi.nlm.nih.gov/pubmed/20656903

