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The vast majority (ca. 90%) of cells in the human
body are not human at all — but rather microbial
(64). Many of these microbial cells play important
roles in normal human physiology because they are
involved in nutrient absorption (5, 6, 10), synthesis
of vitamins and protection of human cells from
infection (39, 134). The human body contains
numerous ecological niches (such as the oral cavity)
that are suitable for acquiring and retaining micro-
bial cells. The oral cavity is a warm, wet and nutri-
ent-rich environment that is ideal for supporting
microbial growth. It also shelters microbes by pro-
viding specific ecological niches (e.g. the tongue,
and supra- and subgingival areas of the tooth),
which protect microbes from mechanical and envi-
ronmental stress caused by brushing, chewing, pH
and temperature (58). These benefits are not with-
out consequences: some microbes are a burden on
the host because they continually challenge oral
tissues for resources. The host deals with these
microbes by regulating microbial growth through
enzymes and by influencing the composition of oral
microbes through defence mechanisms (e.g.
immune effectors and defensins). Hence, the host
and the microbial cells co-exist in the oral cavity by
maintaining a dynamic balance that arises out of
numerous host-microbe interactions (79). In healthy
individuals, this balance is regarded as ‘dynamic’
because it changes in response to endogenous (e.g.
stress) and exogenous (e.g. smoking) factors. A
substantial disruption of this balance, however, can
lead to a variety of chronic oral infectious diseases,
including periodontitis, peri-implant diseases and
dental decay (47).

Thousands of diverse species of microorganisms
colonize the human oral cavity. Most of these
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microorganisms are found in complex biofilms that
are attached to soft and hard tissues in the oral cavity
(57, 89). These biofilms are assembled in an ordered
process that begins with the adherence of microbial
colonizers to a surface and is followed by the colo-
nization of different microbial species that attach to
the initial colonizers (65, 100, 101, 119). The initial
colonizers are predominantly gram-positive aerobes,
such as streptococci (93). These microbes normally
exist in commensal harmony with host cells, while
secondary colonizers, which are predominately
gram-negative bacteria, may or may not exist in
harmony with host cells. Host cells provide specific
receptor ligands that coordinate the initial microbial
colonization of a surface, while subsequent biofilm
assembly depends upon the physiology and meta-
bolic capabilities of the interacting microbial cells
(52). Hence, the physiological processes of both the
host and microbial cells are responsible for biofilm
assembly (61). Differences in the composition of oral
microbial biofilms within the same individual on
different tissue surfaces, such as mucosa vs. tooth, or
within the same habitat (e.g. one vs. another peri-
odontal pocket) (7-9, 55, 77, 89, 97) are presumably
caused by variations in endogenous and exogenous
factors.

The perception of oral microbial communities,
biofilm formation and host-microbe interactions by
the scientific community is inherently linked to the
availability and capability of technologies that can be
used to describe biological events. These techno-
logies have enabled researchers to study known
(previously described) microbes, and have helped to
elucidate the role of microbes in oral disease.
However, most conventional technologies are based
on detecting only one nucleic acid sequence (e.g. by
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using the quantitative polymerase chain reaction
[PCR]) of a known gene / microbe rather than multi-
ple nucleic acid sequences of several genes/
microbes (both known and unknown). These tech-
nologies are apparently not high-throughput. As a
consequence, much information exists about the
physiology and interactions of specific microbes, for
example Porphyromonas gingivalis and Streptococcus
mutans (62, 93). Yet, little information exists about
entire microbial communities and their emergent
properties (e.g. population and metabolic dynamics
in response to environmental conditions). The
scientific community is keen to increase the avail-
ability of high-throughput technologies because such
methods will enable researchers to study the physi-
ology and interactions of microbial communities and
human hosts in a cost-effective manner.

This review is organized into three distinct sec-
tions. The first section reflects on the past and cur-
rent molecular technologies that are used to routinely
identify and quantify microbes in clinical practice
and research. The second section critically evaluates
these technologies, highlighting the major problems
that prevent the correct interpretation of the data.
The last section deals with emerging technologies
that will probably substantially improve our under-
standing of oral cavity biofilms and disease because
they are based on holistic approaches.

Identification and quantification of
microbial species: past and present

Culture-dependent approaches

Culture-dependent approaches to identify microbes
involve growing the microorganisms on defined
media, followed by identification based on pheno-
typic and biochemical criteria, differential staining
methods, metabolic end-product analysis and cell-
membrane composition (98). Culture-dependent
approaches are extremely useful for determining the
antibiotic susceptibility of oral microbes and for
assessing the pathogenicity of individual species (37,
130). It is well established that not all commonly used
antibiotics are effective against periodontal patho-
gens, and patients respond differently to the same
antibiotics (8, 43). Hence, the best clinical outcome
achieved is by first determining the baseline response
of microbial communities (before treating the patient)
(42) and then administering the most effective course
of antibiotic treatment based on antibiotic suscepti-
bility testing (138). It should be noted that both of

these tasks (identifying microbes and determining
antibiotic susceptibility) require experienced labora-
tories and are relatively costly and time-consuming.

Currently, the culture-dependent approach may
involve extracting nucleic acid from a single colony,
cloning the sequence into a plasmid vector, sequ-
encing the ribosomal RNA genes and identifying the
sequence using a ribosomal RNA database. The
extracted ribosomal RNA sequences can be also used
to identify microorganisms through terminal restric-
tion fragment length polymorphisms, denaturing
gradient gel electrophoresis, hybridization to micro-
and macro-arrays (e.g. checkerboard hybridizations)
and quantification by real-time polymerase chain
reaction (PCR). The main problem with conventional
culture and culture-based analytical technologies,
however, is that less than half of bacterial species in
biological samples seem to be culturable (117), thus
rendering these approaches unsuitable for holistic
studies.

Culture-independent approaches
Counting clones and sequencing

Phylogenetic approaches using 16S ribosomal RNA
gene clone libraries have been applied to investigate
the diversity of culturable and nonculturable species
in the human oral cavity (1, 50, 60, 97, 124). The
method is labor- and time-intensive, nonquantitative
and there is a significant cloning bias inherent with
the method (35).

Checkerboard hybridization

The checkerboard hybridization method involves
extracting DNA from oral samples and hybridizing
the sample against labeled probes representing whole
genomes or 16S ribosomal RNA genes of known
microbes. The reason it is called ‘checkerboard’ is
that the genome or ribosomal RNA probes are
hybridized at right-angles to the DNA of multiple oral
samples, and processed images of the hybridizations
look like a checkerboard. The checkerboard DNA-
DNA hybridization technique has been widely used
to comprehensively examine the types and numbers
of bacteria in supragingival and subgingival plaque
and saliva in healthy subjects and in patients with
periodontitis (25, 146, 147). This approach has also
been used to study the influence of cigarette smoking
on the composition of the subgingival microbiota
(13, 42), the differences between the subgingival
microbiota in subjects from different geographic
locations (41), the relationship of ethnic/racial
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groups, occupational and periodontal disease status
(24) and the effects of different periodontal therapies
(32, 125). Although this technique is rapid, sensitive
and relatively inexpensive, nonspecific target binding
is still a major shortcoming (131).

Fingerprinting of amplified PCR products

Terminal restriction fragment length polymorphism
is a molecular approach that allows the assessment of
complex bacterial communities (22, 56, 69, 123) by
profiling based on the position of a restriction site
close to a labeled end of an amplified gene. The
method is based on digesting a mixture of PCR-
amplified variants of a single gene using one or more
restriction enzymes and detecting the size of each of
the individual resulting terminal fragments using
a DNA sequencer. However, taxa with different
sequences can have the same size of terminal
restriction fragments, making analysis of parallel
clone libraries necessary for identification (149).
Related techniques include denaturing gradient gel
electrophoresis (36, 152). However, it is difficult to
create a database from the band profiles obtained by
denaturing gradient gel electrophoresis and compare
them to fragment profiles obtained by terminal
restriction fragment length polymorphism analysis.
Moreover, DNA with different sequences can migrate
to the same point in a denaturing gradient gel elec-
trophoresis gel, making sequencing of individual
bands necessary for identification (149).

Quantitative PCR

Quantitative reverse-transcription (RT) PCR allows
the detection and quantification of genes / bacteria in
microbiological samples. Quantitative RT-PCR using
the TagMan system was first used to quantify
Tannerella forsythia in subgingival plaque samples
(127) and to measure the density of P. gingivalis and
the total number of bacterial cells in plaque samples
(74). In addition, quantitative RT-PCR using SYBR
Green dye and the LightCycler system (Roche Diag-
nostics, Mannheim, Germany) was first used to
detect and quantify periodontal pathogens. Cur-
rently, detection and quantification of bacteria by
quantitative RT-PCR is generally accepted and many
studies have reported the usefulness of this system
for the identification of oral bacteria (3, 14-16, 54, 76,
91, 94, 95, 133, 148).

The quantitative RT-PCR technique is a highly
selective method that may be considered as a ‘Gold
standard’ when quantitative analysis of specific bac-
teria is needed. However, this method is only able to
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detect and to quantify known species, and thus is
inadequate for the analysis of complex microbial
communities containing unidentified species.

Pyrosequencing

The core technology of pyrosequencing relies upon a
sequence of enzyme-triggered reactions, which ulti-
mately results in the production of a luminescence
signal. The enzyme cascade is activated by the gen-
eration of a pyrophosphate, which is released after
successful incorporation of a nucleotide into the DNA
sequence (Fig. 1). The pyrophosphate is converted
into ATP by an ATP sulfurylase and subsequently
used by the luciferase to convert luciferin to oxylu-
ciferin, yielding a luminescence signal. To perform
pyrosequencing, a mix of a nucleic acid template and
primers is prepared and deoxyribonucleotide tri-
phosphates are added in a known order (e.g. A, T, G,
C, A...) to a reaction vessel. Because the order in
which the deoxyribonucleotide triphosphates are
added is known and a charge-coupled device camera
records the intensity of the luminescence bursts, the
template sequence and its quantity can be recon-
structed (105).
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Fig. 1. Cartoon showing pyrosequencing reactions. The
oligonucleotide primer hybridizes to the template. There
is an ordered release of deoxyribonucleotide triphos-
phates and the addition of polymerase. If a deoxyribonu-
cleotide triphosphate is incorporated, an enzyme cascade
is triggered. The pyrophosphate (PPi) released from the
incorporated nucleotide (in this case, dCTP) is converted
to ATP by sulfurylase, and the ATP is used by the lucifer-
ase to oxidize luciferin to oxyferin, which results in the
liberation of luminescence. In the next round, all the
excess dCTP is washed away and another deoxyribonu-
cleotide triphosphate is released. Because the order of the
deoxyribonucleotide triphosphates is known, the bursts of
light can be used to decode the order of nucleotides in a
sequence.
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Pyrosequencing has been used to identify myco-
bacteria (135), clinically relevant yeasts (88) and
pathogenic Candida species (17).

In summary, the techniques described above (see
Fig. 2) have helped to improve the understanding
of the oral microbiota by analyzing single pathogens /
commensals or clusters/ profiles of pathogenic/
commensal microorganisms and their association
with health and oral disease. In addition, some of the
techniques are crucial in daily routine to guide clinical
decision-making. However, these techniques are of
very limited use when trying to analyze the complete
oral microbiome and transcriptome. To successfully
master this task, high-throughput technologies are
needed.

High-throughput approaches

Microarrays

Oligonucleotide microarrays have been widely used
to identify microorganisms and determine the
expression of genes. Microarrays contain oligonu-
cleotide probes that target RNA and DNA genes in
biological samples. All microarray platforms share
the common attribute that a sensor detects a signal
from target sequences which hybridize to immobi-
lized oligonucleotide probes. The intensity of this
signal provides a measure of the amount of bound
nucleic acid in a sample. Microarray platforms vary
in the number of oligonucleotide probes they contain
and in the way the probes are attached to the
microarray. High-density microarrays (e.g. Affyme-
trix, NimbleGen, Agilent) contain thousands to mil-
lions of probes that are directly synthesized on the

Whole microbial

microarray surface. Low-density microarrays (e.g.
custom-design) contain hundreds to thousands of
probes that are spotted on the microarray surface.

Both high- and low-density DNA microarrays have
been used to identify microbes in the oral cavity (23,
51, 115). Huyghe et al. (51) was able to classify PCR-
amplified ribosomal RNA genes to various nodes on a
phylogenetic tree using high-density microarrays.
Each node on the tree was represented by a hierar-
chically nested probe. Therefore, a target hybridized
to a microarray could be classified to a specific tax-
onomic level (e.g. phyla, family, genera and species).
A potential advantage of this approach is that probe
hybridization signals of an ‘uncharacterized’ ribo-
somal RNA gene could be fit onto the tree. Although
Huyghe et al. (51) showed that the hierarchically
nested probes approach could detect a single bacte-
rial species spiked into a complex oral sample, the
utility of the approach to detect microorganisms in a
complex sample has yet to be fully demonstrated or
properly evaluated.

Low-density microarrays have been designed by
Presza et al. (115) and Columbo et al. (23) to identify
ribosomal RNA genes of more than 300 oral
microbes. Presza et al. (115) compared their micro-
array results with those obtained in a previously
published sequencing study (114). Although they
found that most of the genes identified in the
microarray study were also identified in a sequencing
study, several ribosomal RNA genes were not found
in the microarray results (see the Supplementary
Table S1 in Ref. 115). The authors concluded that
these results could be caused by stochastic effects
that arise from low copy number. However, it could
be argued that microarray problems caused the dis-
crepancy. The challenge of interpreting the results
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host responses NGS approach
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»
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presented by Columbo et al. (23) is that extensive
data manipulation was carried out.

High-density microarrays have also been used to
investigate host gene expression of human cells in-
fected with P. gingivalis (83). Meka etal. (83)
revealed that P. gingivalis down-regulates cytokines
involved in bone resorption in soft tissue but had no
effect on cytokines in hard tissue. Interestingly, the
authors report no correspondence between the
expression levels obtained using the microarray and
those obtained using quantitative PCR. Therefore, it
is difficult to interpret the biological significance of
their study. One could argue that the observed dif-
ferences in cytokine regulation in soft and hard tis-
sues could be caused by the methodological artifacts.

In summary, microarrays have been used to
examine the gene-expression profiles of host cell-
microbial interactions in the oral cavity and to
identify oral microbial communities. A common
problem of these studies is that the microarrays used
have not been properly validated and, as a conse-
quence, the interpretation of the results may not
accurately reflect the biology. The next section will
discuss the physicochemical aspects of microarrays
and provide a perspective on the microbiological
interpretation of microarray results and possible
solutions.

Evaluation of high-throughput
microarrays

Oligonucleotide microarrays offer a significant
potential for the accurate quantification and identi-
fication of multiple gene targets in a biological sam-
ple because they typically contain hundreds of
thousands of different immobilized probes, with each
probe acting as an individual sensor with its own
specificity and sensitivity to different gene targets
(12). Typically, a set of unique probes is used to
identify specific gene sequences (i.e. targets) (71).
Here, the assumption is that the intensity of a probe
signal provides a measure of the amount of target in a
sample. However, interpreting the signal in terms of
bound targets is difficult because of the interactions
between multiple targets at different concentrations
(113), which is further complicated by electrostatic
factors arising from the microarray surface (107). The
observed signal intensity on a microarray spot (i.e.
the probe) is a composite of all specific and non-
specific targets bound to that probe. Therefore, it is
extremely difficult to determine how much of the
probe signal is represented by the specific (i.e. ‘true’)
target and how much is represented by the nonspe-
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cific target in a heterogeneous target mixture. Three
main strategies have been devised to determine the
amount of specific target bound to a probe.

The first strategy is to subtract nonspecific signal
from the signal in question. This is achieved by
subtracting the signal intensity of a probe containing
a central mismatch from that of a perfect match
probe. The idea is that the mismatch probes report
nonspecific binding because they do not bind to the
same target as the perfect match probe. This idea
evolved from early molecular studies, which showed
that some probes containing a mismatch had lower
binding affinities than complementary (perfect
match) probes (68). A mismatch probe and its cor-
responding perfect match probe are known as a
‘probe-pair’. Many microarray studies have sub-
tracted the intensity of mismatch probes from the
intensity of perfect match probes before downstream
analyses because it was thought that mismatch
intensities account for nonspecific signal (e.g. 19, 20,
26, 143). Yet, several studies have shown that
mismatch probes are not adequate measures of non-
specific target binding because the sources of cross-
hybridization signals are different for perfect match
and mismatch probes (113, 144). In addition, it has
been shown that mismatch probe signal intensity is
correlated to perfect match probe signal intensity
(106) (Fig. 3); therefore, mismatch probes partially
contain a specific perfect match signal, which sug-
gests that mismatch probes are probably binding the
same target as perfect match probes, as well as other

50,000

« 40,0004

Q

p}

©

>

230,000 - 1
12 -
T IR
E ¢
S 20,000 )
=

> .

[%2]

=

= 10,000+

0 10,000 20,000 30,000 40,000 50,000

PM signal intensity values
Fig. 3. Distribution of average signal intensity values for
perfect match (PM) and designed mismatched (MM) du-
plexes using target ribosomal RNA from Porphyromonas
gingivalis hybridized to one microarray. The line repre-
sents SI(PM) = SI(MM). SI, signal intensity. Adapted from
Pozhitkov et al. (106).
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targets. As a consequence, mismatch probes are now
rarely used in microarray research.

The second strategy is to design oligonucleotide
probes that have high specificity and sensitivity to the
nucleic acid targets of interest (11, 46, 67, 68, 81, 82,
104, 121). The assumption here is that a properly
designed probe should hybridize only to perfectly
complementary targets and not to targets having high
sequence similarity to the probe. The principles of
designing probes for oligonucleotide arrays have
been published in numerous articles and they have
been widely implemented in microbiology studies.
These studies fall into two categories, namely (i)
‘common sense’ probe design (72, 85, 99, 136, 137)
and (ii) thermodynamic probe design (11, 46, 67, 68,
81, 82, 104, 121) — which are discussed below.

The ‘common sense’ approach of probe design is
based on in silico predictions (e.g. GC content, probe
length, secondary structure and mismatches to non-
target sequences), followed by experiments carried
out to optimize the specificity and sensitivity of the
probes by adjusting the conditions of hybridization
and stringent washing. For the in silico predictions,
each probe on the microarray is individually evalu-
ated using software tools to determine its uniqueness
in terms of number, types and positions of mis-
matches to nontarget ribosomal RNA sequences.
Next, the thermodynamic properties (described in
more detail in the next paragraph) of the probes are
evaluated using mfold (153). A recent study using
7,693 probes and 13 different targets found no rela-
tionship between in silico parameters and probe
specificity and sensitivity, indicating the limitations
of the common sense approach (104). Currently, no
algorithm exists that can satisfactorily predict probe
behavior on the surface of a microarray.

The thermodynamic probe-design approach
determines the specificity and sensitivity of immo-
bilized probes based on their thermodynamic

A * Cc

Probe-target binding
AG’p

Probe folding

-
=

\D/\—)
*
AG'p %

properties. As proposed by Matveeva et al. (81),
thermodynamic properties include all four free
energy-binding terms (i.e. AGY, AGg, AG? and AGY)
shown in Fig. 4, as well as the effects of secondary
structure of the probe and target (153). At the same
time, Naef & Magnasco (92) and Mei et al. (82)
described an ad hoc model that examined the affinity
of a probe to a target based on the sum of position-
dependent base-specific contributions. Zhang et al.
(151) described another ad hoc model that consid-
ered position-dependent nearest-neighbor effects.
Held et al. (48) examined, using methods similar to
those described earlier in this paragraph, the effects
of free energies of RNA/DNA duplex formation.
Wu & Irizarry (145) developed a model that consid-
ered both stochastic and deterministic aspects of
probe-target hybridizations. Li et al. (66) developed a
hybridization model that explains probe signal
intensities through known nearest-neighbor param-
eters, but without the excessive parameter fitting
used by the previous authors. Unfortunately, none
of the studies satisfactorily predict signal-intensity
values on oligonucleotide microarrays because there
are significant disagreements between actual and
predicted values (107). Therefore, the basic assump-
tion that probes can be designed to be specific to one
target and not to other targets is flawed.

A third strategy is to physically remove nonspecific
targets bound to probes by performing a stringent
wash (i.e. rinse the array with low-salt buffer at a
constant temperature [isothermal wash]). It is widely
believed that once the isothermal wash has been
performed, nonspecific duplexes are washed away
and the observed signal is the ‘true’ signal of the
specific (perfect match) duplexes. However, stringent
washing actually distorts the ‘true’ signal of specific
probe-target duplexes. This distortion was revealed
when the signal of duplexes at equilibrium was
recorded (using isopropanol) and compared with the

% Target folding
AGt

Fig. 4. Presumptive  hybridization
processes and AG° terms that influ-
Probe dimerization ence signal intensities. Each panel
AG'Y depicts a labeled (*) target and an
immobilized oligonucleotide probe
on an array. Adapted from Pozhitkov
et al. (104).
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signal after a stringent wash (nonequilibrium).
Apparently, in experiments that used pure targets
only (to prevent cross-hybridization effects), the
degree of distortion varied by hybridization time,
probe concentration and probe sequence. Extended
hybridization times resulted in fewer targets being
removed by the stringent wash (107, 129). In general,
the higher the concentration of the microarray probe,
the lower the amount of bound target removed by
stringent washing. Although some probe sequences
were affected more by stringent washing than others,
no pattern could be found, which is consistent with
previous studies (111, 112). Attempts to model the
effects of stringent washing on probe-target duplexes
have not been successful because stringent washing
affects probes in many different ways (e.g. hybrid-
ization time, probe sequence, probe concentration),
which are still poorly understood.

In summary, none of the above strategies are suf-
ficient for minimizing or eliminating the effects of
nonspecific target binding to immobilized probes. As
a consequence, determining the portion of the total
signal represented by the binding of specific targets
vs. the portion represented by the binding of non-
specific targets cannot be resolved. These findings
have a substantial effect on the interpretation of
microarray results because potentially all signals from
a microarray could be the result of nonspecific targets
hybridizing to ‘sticky’ probes. Hence, a microarray
researcher cannot confidently assess if a gene was
expressed without verifying the results using an
alternative approach, such as quantitative PCR. It is
important to emphasize that the problem of non-
specific target binding to probes does not improve for
poorly expressed genes (or genes at low concentra-
tions) because more nonspecific targets are available
to bind to probes than specific targets. Hence, noise in
the probe signal is inversely correlated with the con-
centration of specific targets. Poor correspondence
between microarray and quantitative PCR results, as
reported by Meka et al. (83), are consistent with the
results obtained in other biological disciplines (40, 90,
141). This lack of correspondence is a reason to
question the validity of some microarray studies.
Lastly, many microarray studies involve a tremendous
amount of data manipulation (e.g. ad hoc criteria)
that is not based on physicochemical principles, as
shown previously (103, 104, 106, 109-113, 122).

Alternative microarray applications

As discussed, nonspecific target binding appears to
be an inherent problem of all microarray experi-
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ments. To circumvent this, Pozhitkov et al. (106, 108)
devised an analytic approach that uses signal inten-
sities of all oligonucleotide probes on a microarray as
a source of information. The approach permits direct
analysis of hybridization patterns of targets in mixed
target samples and avoids the problems associated
with nonspecific target binding that affect all the
microarray approaches mentioned above. The basic
principle of the approach is that a fluorescence
pattern of a mixed sample is a superposition of
individual fluorescence patterns (i.e. fingerprints) of
each target (Fig.5). The superposition can be
deconvoluted in terms of individual target mass or
concentration, and the quality of the quantification
can be assessed by linear regression analysis.

Rather than use probe-design strategies, this
approach involves (i) making a tiling microarray from
the sequences of targets under investigation (25-mers
with a 1 base-pair offset), removing redundant
probes and then synthesizing the probes in situ on
the microarray, (ii) generating a fingerprint library by
experimentally recording the fingerprints of individ-
ual pure targets, (iii) filtering out probes that have the
same signal intensity for all targets and (iv) quanti-
fying the sample. Two studies (106, 108) have dem-
onstrated the utility of the approach (Fig. 6). The
disadvantage of the approach is that it requires
additional microarrays to record the fingerprints of
each target in a mixture.

In contrast to other microarray studies (e.g. 26, 96,
143), the analytic approach does not attempt to
minimize, reduce, or ignore nonspecific target

Seven different targets:
3 4

xCy xCy xCy xCy xCyg xCg

Weighted sum of seven fingerprints
Weights are the sought quantities (C;)

Hybridization pattern of
the sample:

Fig. 5. Schematic representation of the fingerprint ap-
proach. Seven different ribosomal RNA target fingerprints
and the hybridization pattern of a mixture is shown. The
hybridization pattern of a sample is considered as a
weighted sum of the patterns of pure targets (see the text for
details). C,—C;, concentrations determined of targets 1-7.
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Fig. 6. Relationship between actual and predicted con-
centrations of the two independent Latin-square experi-
ments using the fingerprint approach. (A) Results from the
first Latin-square experiment (six targets x eight mix-

binding; rather, all probes are used as a source of
information for quantifying ribosomal RNA targets.
The three major advantages of the fingerprint
approach over the other array-based approaches
(all of which involve PCR amplification) are: (i) the
fingerprint approach does not rely on the design of
specific probes; (ii) ad hoc criteria and normalization
for interpreting microarray results is not required;
and (iii) the quality of the quantification can be
determined from the R? of the linear regression.

In summary, the fingerprinting approach offers
significant potential to accurately quantify microbes
in complex mixtures with statistical confidence
(106, 108).

Next-generation technologies and
clinical implications

After the extensive review on microarray-based
methodologies, we now discuss next-generation
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Fig. 7. Cumulative number of next-generation sequenc-
ing articles published in the Web of Science (left panel)
and a breakdown of their primary content (n = 265 arti-
cles) (right panel). The analysis was based on the follow-
ing search words: [454 pyrosequencing] OR [454

rRNA

tures). (B) Results from the second Latin-square experi-
ment (eight targets xeight mixtures). The grey lines rep-
resent the 99% confidence limits of the regression line.
Adapted from Pozhitkov et al. (108).

sequencing. Since 2006, there has been an explosion
of studies that have used next-generation sequenc-
ing devices to sequence whole genomes of differ-
ent organisms, transcriptomes of single organisms
and even communities of organisms (Fig. 7, right
panel). The projected number of peer-reviewed pub-
lished papers dealing with next-generation sequenc-
ing is expected to reach more than 800 articles in 2010
and surpass 2,500 articles in 2011 (Fig. 7, left panel).

There are several advantages of characterizing
genes by sequencing, rather than by using microarray
hybridization. Specifically, sequencing does not
require knowledge of the targets to be hybridized,
gene sequencing provides a ‘digital’ rather than an
‘analog’ signal (i.e. a gene sequence is either present
or absent from a sample), and once a gene has been
sequenced, putative identification of the gene can be
rendered by comparing the sequence to reference
genes in DNA databases.

For the purpose of this review, there are three
distinctly different generations of ‘next-generation

Pooled Gene discovery/SNPs/
Wh enes
gen(:)lrene/genomic g 19, Small regulatory RNA

survey

22%

Transcriptome/
gene expression

Method development

sequencing] OR [Illumina Solexa sequencing]. The
regression (left panel) predicts 875 articles in 2010, 2,655
in 2011 and 8,100 in 2012. rRNA, ribosomal RNA; SNPs,
single nucleotide polymorphisms.
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sequencing’ systems, which are all capable of high-
throughput sequencing. The first-generation systems
rely on DNA amplification and therefore do not
permit single molecule detection. Second- and third-
generation next-generation sequencing systems can
detect single molecules. What distinguishes the
third-generation systems from the second-generation
systems is that the third-generation systems are
based on nanopore technology, they do not require
polymerase and they are not yet commercially
available. The next section provides an overview of
leading next-generation sequencing systems by
generation, and discusses their strengths and
weaknesses.

First-generation next-generation
sequencing

Two consistent themes of first-generation systems
are: the ligation of oligonucleotide adaptors to DNA
fragments and the immobilization of the fragments to
a solid surface, such as a bead. The purpose of the
adaptors is twofold: to anchor the fragments to a
solid surface; and to serve as primers for amplifi-
cation and/or sequencing. The following three
next-generation sequencing devices are discussed:
Roche /454 (Roche 454 Life Sciences, Branford,
CT), IHlumina/Solexa (Illumina, San Diego, CA)
and Applied Biosystems/SOLiD (Life Technologies,
Carlsbad, CA).

The first instrument of this kind is the Roche /454
(http://www.454.com/). In addition to the above-
mentioned common theme, it is based on the same
core pyrosequencing technology mentioned in the
first section. A simplified version of the protocol is
the following: (i) clonal amplification of templates on
beads; (ii) deposition of the beads onto picotiterplate
wells; (iii) controlled delivery of deoxyribonucleotide
triphosphates by laminar fluidics, and (iv) a high-
resolution charge-coupled device camera that detects
the luminescent burst upon deoxyribonucleotide
triphosphate incorporation. In detail, clonal amplifi-
cation of a template is accomplished by mechanically
shearing the DNA and ligating the end of each frag-
ment to different adaptor sequences and amplifying
the bead in a thermostable water-oil emulsion
droplet by emulsion PCR (78). Each droplet acts as a
micro-reactor, whereby only one bead is enclosed
and only one type of PCR fragment is produced,
resulting in the production of millions of immobi-
lized, clonally amplified targets. Next, the emulsion is
broken, the DNA strands are denatured and
beads containing the single stranded (ss) DNA are
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deposited in the picotiterplate wells. Smaller beads
containing immobilized enzymes (sulfurylase and
luciferase) are added to each well and the core
pyrosequencing reactions (previously discussed) are
commenced. Different deoxyribonucleotide triphos-
phates are sequentially diffused into each well via
microfluidic laminar flow. A luminescence signal
indicates the successful incorporation of a deoxyri-
bonucleotide triphosphate.

The strengths of 454 sequencing lie in its long read
lengths (400-500 nucleotides) and the amount of
sequence generated (0.5 Gb) (75, 140). The long reads
can handle repetitive regions better than other next-
generation sequencing systems. A major weakness of
the 454 sequencing system is that sometimes more
than one nucleotide is incorporated in the DNA
template during a cycle, making it difficult to resolve
homopolymeric stretches of sequence (e.g. CCCCC or
AAAAA). In later sections we will provide a compari-
son with other systems that have solved this problem.
Another problem is that the processing of samples
before they are put into the sequencing machine is
extremely labor intense. In retrospect, 454 protocols
are changing monthly and it is anticipated that the
protocols will become more finely tuned with time.

The Ilumina/Solexa GA system (http://www.illu
mina.com/) is very different from 454 sequencing.
Specifically, in the Solexa system, the targets are
amplified on a solid surface. After amplification,
only one of the strands is sequenced with all four
deoxyribonucleotide triphosphates present during
sequencing (not one at a time, as in the case of the
454 system). Each deoxyribonucleotide triphosphate
has a unique fluorophore. Reversible terminator
nucleotides (also called ‘cyclic reversible termination’
(86) are used to prevent the insertion of multiple
nucleotide bases in the same cycle. In detail, the DNA
is fragmented and adaptor sequences are added to
each end of the fragments. The fragments (ca. DNA
templates) are then sent to a lawn of immobilized
oligonucleotides that are grafted to the surface of a
microfluidic chamber. The DNA templates are
hybridized to the immobilized oligonucleotides by
the adaptors. Once attached, the DNA templates
are copied using ‘bridge amplification’ (2). Bridge
amplification involves the tethered DNA template
arching over and hybridizing to an adjacent anchored
oligonucleotide, forming a bridge. Amplification of a
single DNA molecule results in a cluster of molecules
composed of the same sequence. Following amplifi-
cation, the reverse strands of the DNA are denatured
and washed away, resulting in clusters of unique
immobilized ssDNA. DNA sequencing begins with
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the addition of polymerase, fluorescently labeled
deoxyribonucleotide triphosphates and a primer that
hybridizes to one of the adaptors. The incorporation
of a complementary base results in a burst of light
that is recorded by a charge-coupled device camera.
Unlike the 454 sequencing system, the fluorophore is
removed from the incorporated base, washed away
and the cycle is repeated. This prevents the addition
of more than one base per cycle.

The strength of the Solexa system is that it can
generate 1.5 Gb of sequence per run. However, read
lengths range from 35 to 100 bases and each run
requires 3-5 days to complete (120, 140). To deal with
short read length, the confidence of the sequence
reads is improved by using ‘pair-end sequencing’,
which means that both ends are sequenced. A weak-
ness of the Solexa system is that it tends to produce
biased sequence coverage that occurs in AT-rich
repetitive sequences, presumably because of short
read lengths (44). The system can also be affected by
‘dephasing noise’ that occurs when a complementary
nucleotide is not incorporated or when the fluoro-
phore is not properly cleaved at the end of the cycle —
blocking the incorporation of the next nucleotide
base. As a consequence, the sequence is out-of-phase
for the remainder of the template (29). It is also
important to recognize that only 43% of the raw reads
are useable compared with 95% for 454 sequencing.

Dibase incorporarion

The SOLiD (‘support oligonucleotide ligation
detection’) system is similar to the previously men-
tioned systems in that it depends on the ligation of
adaptors to fragmented templates and the attach-
ment of the adaptors to solid supports (beads in
the case of SOLiD), which is followed by emulsion
PCR amplification. Beads with extended templates
undergo modification so that they can covalently
attach to the surface of a slide (Fig. 8). DNA
sequencing involves five different primers that differ
in their position on the adaptor template by one
nucleotide. In the first round of ligation, the first
primer, P1, hybridizes to the template, and a set
of 16 fluorescently labeled dibase probes com-
petes for ligation (e.g. dibase probe: CANNNNNN or
GGNNNNNN). The specificity of the probe is
achieved by interrogating every first and second base
in each ligation reaction. A charge-coupled device
camera records the dibase signal and then the
fluorophore is cleaved off, allowing other probes to
interrogate the template. Multiple cycles of ligation,
detection and cleavage are performed with the
number of cycles determining the read length.
Following these ligation cycles, the extension product
is removed and the template is reset with the next
primer complementary to the n-1 position for the
next round of ligation cycles. It should be noted that
each base in the template is interrogated twice

Fig. 8. Cartoon of the SOLIiD
(support oligonucleotide ligation
detection) system, showing the
hybridization of a fluorescently
labeled dibase. First, the P1 primer
hybridizes to the adaptor, then one
of the 16 dibases competes for
L1 hybridization to the template. The

Dye cleavage

3 dibase is then ligated to the 5’
phosphate (P) of the primer, the
excess dibases are washed away and
the fluorescence of the dye is
recorded. Next, the dye is cleaved off
and another cycle begins with the
addition of all the dibases. This cycle
is repeated a further nine times.
Then, the P1 primer and a new

, , 'OOO
Q 3 | TT
rr—rrTrTT1T7 177177 1T1P
Bead I T Y I A |
5

3 sequence strand are melted away, a
new primer (P2) is added, and the
cycle is repeated for a total of 10
times. Altogether the primer is reset
five times, resulting in a total of 50
ligation cycles.
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because the primers are shifted to the left (upstream).
Differences in the fluorescent dyes and bioinformat-
ics are used to identify the dibases that have
hybridized to the DNA template. Bioinfomatics are
used to assemble the code of the template.

The strength of the SOLiD system is that it can
generate 4 Gb of sequence but the reads are only 35
nucleotides (140). The two-base encoding system
provides better sequence fidelity than the one-base
next-generation sequencing systems. The weakness
of the SOLiD system is, similarly to the Solexa system,
that it yields biased sequence coverage in AT-rich
repetitive sequences (44) and only 35% of the raw
reads are useable, compared with 95% for the 454
system. Another weakness is it requires long run
times (ca. 6 days).

In summary, 454 sequencing seems to be the most
accurate system, although sample preparation in-
volves an extensive amount of work. Other systems
may also be highly labor-intensive; however, we have
no experience with them. Regarding physicochemical
considerations, the next-generation sequencing sys-
tems may be affected by surface effects in the same
way as microarrays. It remains to be tested if these
systems could provide quantitative measurements of
the targets.

Second- and third-generation next-
generation sequencing

Second-generation next-generation sequencing

Second-generation  next-generation sequencing
involves sequencing single molecules in real time,
does not involve DNA amplification and thus elimi-
nates error rates associated with PCR and intensity
biases. The Pacific Biosystem system (http://www.
pacificbiosciences.com/) allows detection of single
molecules in real time using phospho-linked nucle-
otides for incorporation with each nucleotide having
a different fluorescent label. The advantage of these
deoxyribonucleotide triphosphates is that the phos-
pholinked fluorophores are released from the base
when it is incorporated in the DNA sequence by the
polymerase. Pacific Biosystems uses a modified phi29
DNA polymerase that has high kinetic properties and
can effectively handle the phospho-linked fluoro-
phores (140). Unlike the previously mentioned tech-
nologies, the phi29 polymerase is immobilized to the
bottom of a 70-nm-wide metallic well, which is
illuminated through a glass support. As the DNA
polymerase incorporates a complementary nucleo-
tide, the enzyme cleaves the fluorescently labeled
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phosphate from the base, resulting in a burst of light
(31). Using a nanophototonic visualization chamber
and zero-mode waveguide technology, the burst of
light is recorded in real time (59). Key to the visuali-
zation chamber is the fact that the zero-mode
waveguide only records light in close proximity to the
surface and therefore disregards other fluorescent
events, such as those of fluorophores diffusing away
into the solution. It was recently demonstrated that
the approach resulted in long read lengths (> 1,000
nucleotides) at a speed of 10 bp /s (33).

The strength of the Pacific Biosystem system is that
it allows very long reads (>1,000 nucleotides). A
weakness lies in their highest error rate (ca. 17%) (31)
of all next-generation sequencing systems. For exam-
ple, of the 27 errors in 158 bases, 12 were deletions,
eight were insertions and seven were mismatches.
These problems might be addressed in future versions
of the system. For example, Eid et al. suggests that
re-engineering the polymerase enzyme and/or the
zero-mode waveguide technology might improve
the system’s performance. Improvements might also
be addressed by performing repeated sequence anal-
yses. Repeating the same sequence 15 times improved
the consensus accuracy by >99% (31).

Third-generation next-generation sequencing

At the time this review was written, third-generation
next-generation sequencing systems were not com-
mercially available. However, the development of
these systems is being revealed in the scientific lit-
erature. These systems seem to be label-free, do not
require the analytes to be immobilized on a surface,
do not depend on DNA polymerase, allow single-
molecule analysis with a high signal-to-noise ratio
and have the potential to sequence DNA strands at
high speed and low cost (18). These new systems are
based on nanopore technology. It is important to
know that nanopores vary in size (=2-5 nm), shape
and composition (solid-state membranes, protein
channels in lipid membranes, or polymer-based
fluidic channels) (49). The idea behind nanopore
technology is that a strand of nucleic acid can be
electrophoretically driven through a nanopore, with
each nucleotide base modulating the ionic current as
it passes through the nanopore (18). The modulation
of ionic current is caused by the partial blockage of
the ‘translocating’ molecule, which varies for differ-
ent molecules (4). Although initial experiments have
shown that modulation of ionic current occurs for
polyA and polyC within the same strand, these
modulations were later found to be more a reflection
of base stacking and other secondary structural
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effects than single nucleotide detection (18). In other
words, it was not possible to measure differences in
individual nucleotide bases because the ion-current
differences are too small. Furthermore, the ion-
current blockages were found to be a consequence of
10-15 nucleotides positioned at the opening of the
nanopore. Hence, it was not possible to detect a
single molecule. The issue is further complicated by
pore size and the speed at which the DNA strand
moves through the nanopore, which are interdepen-
dent. The pore has to be big enough to let a nucleo-
tide strand through and, at the same time, allow the
electrical reading from one side of pore to the other.
Apparently, DNA sequences move too fast through
the nanopore to resolve the differences in charge of
the bases (84). According to Branton et al. (18), one
approach to resolve this issue is to slow the move-
ment of the strand through the pore so that each base
occupies the detector for greater than 1 ms. The
movement of the DNA strand can be slowed by
controlling electrolyte temperature, salt concentra-
tion, viscosity and the electrical bias voltage across
the nanopore (34), by using enzymes that affect DNA
processivity, or by using nanopores in conjunction
with target hybridization (i.e. hybridize small oligo-
nucleotide probes to the target and then distinguish
double-stranded DNA from single-stranded DNA as it
passes through a nanopore).

Oxford Nanopore Technology (http://www.nano-
poretech.com) and NABsys (http://www.nabsys.com/)
have developed solutions to the above-mentioned
problems. A review by Branton et al. (18) concludes
thatfuture nanopore systems will probably be based on
nanopores that are hybrids between solid-state (e.g.
NABsys) and alpha-hemolysins (e.g. Oxford Nanopore
Technology), and that improvements in electronic
sensing using tunneling probes or capacitors will
probablyimprove the detection of single bases through
nanopores. Ultimately, nanopore technology promises
to result in faster and inexpensive DNA sequencing.

Outlook

Implementation of next-generation sequencing sys-
tems to understand microbial communities and
microbial dynamics is changing our view of the hu-
man oral microbiome, in the same way that Sanger
sequencing changed our view of the diversity and
metabolism of the microbial world. Despite the short
time that next-generation sequencing systems
have been commercially available to researchers
(ca. 4 years), there has been an explosion in the

number of papers publishing research that has used
this technology. Next-generation sequencing systems
have been used to examine the microbial diversity
and structure of 16S ribosomal RNA genes or other
specific genes in different biological and environ-
mental settings (21, 30, 38, 63, 73, 80, 87, 102, 118,
126, 132, 142, 150), to determine the total metabolic
capabilities of entire microbial communities (27, 28,
30, 53, 116, 128), to examine the natural sequence
heterogeneity in microbial functional genes (139) and
to conduct whole-genome analysis of a single
microbial species (45, 70). In the near future, next-
generation sequencing will not only tell us who is
there in the oral cavity, but also what they are met-
abolically doing. We will also be able to study the
emergent properties of microbial communities. This
is very important in a clinical sense because it will
enable us to see how entire communities respond to
therapies and to specific host conditions. Further-
more, we will understand how the host responds to
changes in microbial communities.

As we have shown in this review, microarrays were
once thought to be the big hope for high-throughput
microbial identification and quantification. In reality,
many problems were discovered and a great number
of publications have been specifically devoted to
solving those problems. Ways to deal with these
problems do exist, and microarrays might have some
utility as diagnostic tools in the future.

Currently, we see a blossoming of new next-
generation sequencing technologies, such as Pacific
Biosystems and Oxford Nanopore Technology. Soon, a
flood of data will settle into various databases for
public use. However, two questions persist. How sig-
nificant will this large body of information be in terms
of advancing science? Will these data be translated into
biologically- and, even more challenging, clinically
meaningful knowledge? Like all technologies, next-
generation sequencing has its problems — some of
which have not yet been revealed. It is very tempting to
rush on with applications and to generate gigabases of
sequences. However, we must pause to consider the
lessons learned from microarrays. Hopefully, with
next-generation sequencing, the physicists and
chemists will work together with the biologists to
provide reality checks for the data obtained.
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