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based studies are important, but that the fullest understand-
ing of the role of the biofilm in the caries process will only 
come from an integrated approach determining biological 
function and metabolic output. 
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Molecular methods have added new and exciting di-
mensions to the study and understanding of medical 
microbiology, microbial pathogenicity and host-bacte-
rial interactions. They have highlighted the fact that 
most of the bacteria colonizing the human body cannot 
be characterized by conventional cultivation methods. 
The first molecular microbiological study appeared in 
dentistry based on sequence analysis of the 16S rRNA 
genes only 10 years ago. The study showed an un-
suspected high diversity of the subgingival flora along 
with a considerable amount of unidentified phylotypes 
[Kroes et al., 1999]. Currently, molecular techniques 
have allowed us to identify about 620 predominant oral 
bacterial species, 35% of which have not yet been cul-
tured in vitro [Paster and Dewhirst, 2009; Dewhirst et 
al., 2010]. However, a single study has proposed that 
there may be several thousands of species inhabiting the 
oral cavity [Keijser et al., 2008].
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 Abstract 

 Dental caries results from an imbalance of the metabolic ac-
tivity in the dental biofilm. The microbial communities of 
teeth have traditionally been studied by standard cultural 
approaches. More recently, cloning and sequencing of the 
16S rRNA gene have been used to characterize the microbial 
composition of the oral biofilm, but the methodological lim-
itations of this approach have now been recognized. Next-
generation high-throughput sequencing methods have the 
potential to reveal the composition and functioning of the 
biofilm by means of metagenomic and metatranscriptomic 
analyses. Currently available high-throughput sequencing 
approaches are reviewed and discussed in relation to study-
ing the biofilm associated with dental caries. Important in 
understanding the dynamic processes in caries is the meta-
bolic activity of the biofilm; metabolome analysis is a new 
tool that might enable us to assess such activity. As caries is 
a localized disease, it is essential that biofilm samples are tak-
en from precisely determined tooth sites; pooling samples is 
not appropriate. This paper presents the case that culture-
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  In view of the overwhelming diversity of the oral mi-
crobiota, it may not come as a surprise that caries re-
searchers have been relatively slow in adopting the new 
molecular techniques. The question is: How can we apply 
the new technologies in a meaningful manner to increase 
our knowledge about caries? The aim of this paper, which 
is based on presentations given at the ORCA (European 
Organization for Caries Research) Saturday Afternoon 
Symposium in Kaunas, Lithuania in July 2011, is, there-
fore, to (1) provide an overview of the molecular micro-
biological and metabolomic techniques available today, 
(2) report on the results obtained by these techniques in 
relation to dental caries, and (3) discuss how molecular 
studies may help us to better understand and manage car-
ies in the future.

  Setting the Stage 

 This paper is rooted in the relatively recent apprecia-
tion that the majority of bacteria on teeth live in struc-
tured multispecies communities [Palmer et al., 2011]. The 
metabolic processes in such communities are highly dy-
namic. However, under normal physiological conditions, 
the de- and remineralization processes in the supragin-
gival biofilm are balanced and unlikely to cause harm to 
the teeth. Only when the de- and remineralization bal-
ance is disturbed, e.g. by frequent carbohydrate exposure 
and/or decreased salivary clearance of foods, may the ho-
meostasis in the biofilm break down and result in com-
positional changes of the biofilm and caries [Marsh, 
1994]. Such ecological disruptions of the microbial com-
munity are prone to occur because of microbial acid-in-
duced adaptation and selection processes [Takahashi and 
Nyvad, 2008, 2011]. Under severe and prolonged acidic 
conditions, more aciduric bacteria become dominant, in-
volving not only  Streptococcus mutans  and  Lactobacillus , 
but also aciduric strains of non-mutans streptococci, 
  Actinomyces , bifidobacteria and yeasts. Thus, many 
 acidogenic and aciduric bacteria are involved in caries, 
supporting the notion that caries etiology is probably 
complex and multi-faceted [Takahashi and Nyvad, 2008, 
2011; Peterson et al., 2011].

  Indeed, microbial culturing has provided considerable 
knowledge on the microorganisms associated with dental 
caries, but unfortunately this approach is (by definition) 
limited by the fact that it focuses on cultivable microor-
ganisms. As has been frequently underlined (see Wade 
[2002]), many oral bacteria cannot be cultivated and, 
therefore, conclusions are drawn on an incomplete pic-

ture. With this in mind, and because we have recently 
realized that there are also microbiological processes that 
actively maintain dental health, molecular microbial 
analyses have been developed and exploited to give a 
more complete overview of the oral ecology in health and 
disease. 

  Traditional Molecular Microbial Analyses and 

Next-Generation Sequencing Tools to Study Oral 

Molecular Ecology 

 Almost all molecular microbial analyses targeted at 
the identification of microorganisms are based on the 16S 
ribosomal RNA gene, which can be analyzed after DNA 
extraction from the bacterial samples. This RNA mole-
cule is an essential building block of the bacterial ribo-
some and, because it mutates relatively slowly, it can be 
used for bacterial phylogeny. In oral microbiology (for a 
recent review, see Wade [2011]) and caries research, the 
16S rRNA gene has also been widely used for taxonomy 
and to display differences in the complexity and composi-
tion of saliva and plaque samples. However, this ap-
proach, just like cultural methods, has systematic limita-
tions which make the interpretation of 16S rRNA se-
quencing data to describe the microbial composition of 
an oral sample problematic (see below).

  Denaturing Gradient Gel Electrophoresis 
 Denaturing gradient gel electrophoresis outlines oral 

microbial ecology using the differences in mobility of 
partially melted double-stranded PCR-amplified 16S 
rRNA genes or gene fragments, during electrophoresis in 
a polyacrylamide gel containing a gradient of denaturant 
[Muyzer et al., 1993]. 16S rRNA genes with different se-
quences will have a different melting behavior and there-
fore end up at different positions in the gel. After visual-
ization of the DNA in the gel, conclusions can be drawn 
on differences in the presence/absence of bands in sam-
ples and (differences in) the complexity of samples. As 
this technique is relatively cheap, easy to perform and re-
liable, it has also found a secure place in caries research. 
Unfortunately, it is not a quantitative technique and, cer-
tainly in complex samples, it is not really possible to relate 
specific bands to a given species; it is also difficult to com-
pare different gels, certainly when dealing with samples 
containing many species. Nevertheless, it is an excellent 
technique for the (initial) analysis of microbial diversity 
and microbial complexity in saliva or plaque samples. In 
caries research, two recent papers [Li et al., 2007; Jiang et 
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al., 2011] while exploiting the denaturing gradient gel 
electrophoresis technique, study species composition in 
different stages of dental caries in children. Both studies 
showed that microbial species richness and microbial 
complexity decrease during the caries process.

  PCR-Based Methods 
 Polymerase chain reaction (PCR) methods, when sys-

temically evaluated and optimized, allow a relatively 
cheap, easy-to-perform and reliable method for the de-
tection of cariogenic pathogens. Real-time quantitative 
PCR [(q)PCR] is mostly used nowadays because it allows 
both specificity for and quantification of pathogens (for 
a recent evaluation and details of the technique please see 
Smith and Osborn [2009]). Primers (and sometimes in-
ternal probes) are designed to be specific for the 16S 
rRNA gene (or another gene) of a desired species. This 
indeed makes this method excellent for the quantitative 
analyses of targeted species, but has the disadvantage that 
no evaluation is made of all the other microorganisms 
present. qPCR methods can be designed to be ‘multiplex’, 
allowing simultaneous detection of 3 or 4 pathogens in 
one reaction (see Ciric et al. [2010]) and there are alterna-
tive 16S rRNA gene-based PCR methods that can follow 
9–20 oral microorganisms [Terefework et al., 2008; Pham 
et al., 2011], but still, the full complexity of the oral com-
munity cannot be probed by qPCR. Two recent articles 
using qPCR targeted to cariogenic pathogens showed that 
both  S. mutans  and  S. sobrinus  are associated with early 
childhood caries [Choi et al., 2009; Palmer et al., 2010].

  16S rRNA Gene Microarrays 
 As a high-throughput tool for the characterization of 

microbial communities, taxonomic microarrays have 
been developed for several different types of environmen-
tal samples [Wagner et al., 2007]. On these microarrays, 
probes are spotted on a solid substrate such as glass. Each 
probe is composed of a 16S rRNA gene sequence compli-
mentary to a target species. 16S rRNA genes present in an 
(oral) microbial community are PCR-amplified using 
universal primers, labeled and hybridized on the array. In 
this way, microarrays can be used to ‘fingerprint’ bacte-
rial communities and identify shifts/associations with 
oral infections (see Call et al. [2003] for an overview).

  A taxonomic microarray has been developed by the 
Forsyth Institute [Preza et al., 2009; http://mim.forsyth.
org] specifically for oral microbial ecology. This Human 
Oral Microbe Identification microarray (HOMIM) can 
detect 272 of the most prevalent oral bacterial species, in-
cluding several that have not yet been cultivated [http://

mim.forsyth.org]. It has been used in caries research for 
probing plaque from healthy and carious root surfaces in 
elderly subjects [Preza et al., 2009]. It has been shown that 
bacterial diversity was higher in healthy compared to dis-
eased subjects. Several species of  Lactobacillus  and  Pseu-
doramibacter alactolyticus  were shown to be associated 
with root caries.  Actinomyces  was found more frequent-
ly in healthy elderly subjects [Preza et al., 2009]. The
HOMIM was also used for screening oral ecology in pa-
tients in West Virginia [Olson et al., 2011]. In contrast to 
the root caries study, in this paper it was shown that mi-
crobial diversity is increased in the subgingival plaque of 
diseased subjects.

  The HOMIM, as well as a similar custom-made array 
[Crielaard et al., 2011] have been proven to indeed be 
‘high-throughput’, processing many samples in a repro-
ducible way. When the microarrays are calibrated care-
fully, they can be quantitative; otherwise only semiquan-
titative results are obtained. Both microarrays have the 
option to detect around 300 different species with a sen-
sitivity equal to that of culturing. The advantage of cus-
tom-made arrays lies in the fact that probes can be spe-
cifically targeted to individual patient groups. A major 
disadvantage of any technique using probes is the fact 
that only microorganisms that are targeted by the probes 
can be detected. Microarray is not an open-ended tech-
nique and although it is easy to perform, it is (still) quite 
expensive.

  Checkerboard Hybridization 
 Although not targeted to the 16S rRNA gene, an alter-

native array technique to study oral microbial ecology is 
the checkerboard DNA-DNA hybridization technique. 
This technique uses whole genomic DNA probes and is 
sensitive, semiquantitative and relatively inexpensive. In 
a study on periodontal diseases, Socransky et al. [2004] 
developed a 40-species-specific DNA-DNA hybridiza-
tion checkerboard to detect oral bacteria. The technique 
has the advantage of flexibility in the choice of targets and 
variations of the technique have indeed also been target-
ed towards studies on caries risk and epidemiology [Sis-
sons et al., 2007; Dahlén et al., 2010; Kanasi et al., 2010]. 
As whole genome probes are used, considerable cross hy-
bridization is possible in checkerboard studies; so there 
can be no certainty that there are no cross-hybridization 
reactions resulting in incorrect quantification of species. 
An additional drawback of the technique lies in the fact 
that only a limited number of species are studied simul-
taneously, so that it is clearly not an open-ended ap-
proach.
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  Open-Ended Approaches and Next-Generation 
Sequencing 
 The open-ended approach (i.e. no selection for spe-

cific species) that has been most widely used for oral mi-
crobial communities is the 16S rRNA gene clone-library 
approach. In this approach, the 16s rRNA genes present 
in a certain environment are amplified by PCR using uni-
versally conserved primers. The 16S rRNA genes are sub-
sequently cloned into  Escherichia coli , for example, and 
the clones are sequenced using traditional Sanger se-
quencing methods (see Paster et al. [2006]). Currently, by 
using this technique, several hundred predominant bac-
terial species have been estimated to be present in the oral 
cavity [Dewhirst et al., 2010], and from the first indica-
tions of next-generation sequencing (NGS) approaches 
[Keijser et al., 2008] we know that there are less predom-
inant oral microorganisms waiting to be identified.

  NGS approaches (like 454 pyrosequencing) differ 
from the traditional Sanger method in the fact that they 
do not involve a cloning step, but, most importantly, that 
they can retrieve millions of partial 16S rRNA gene se-
quences in one sequencing run [Metzker, 2010]. A com-
parison between endodontic communities analyzed by 
the clone-library approach and NGS by Li et al. [2010] 
revealed an increase from 25 to 179 in recovered genera 
in the samples, underlining the potential of NGS in study-
ing oral infections. Indeed, since the first use of NGS for 
oral communities in 2008 [Keijser et al., 2008], there has 
been an avalanche of NGS studies directed towards oral 
infections. At the moment, unfortunately, there are still a 
few drawbacks in using NGS. Although cheaper and fast-
er than 16S rRNA cloning, most NGS techniques, and 
certainly 454 pyrosequencing, are quite expensive, and 
derived sequences may be too short to permit identifica-
tion at the species level. Pooling samples and using DNA 
barcodes to trace back sequences to specific samples (see 
Ling et al. [2010] and Crielaard et al. [2011]) can only part-
ly compensate for this. Another complication is the fact 
that the bioinformatics software for dealing with possible 
sequencing errors and handling the large amount of data 
is still in development [Cole et al., 2009]. Nevertheless, a 
recent review on NGS approaches to understand the oral 
microbiome [Zaura, 2012] discusses several novel com-
putational tools and algorithms and shows that helpful 
bioinformatics pipelines, also in this field, are now being 
implemented.

  It has to be kept in mind that improvements in se-
quencing technology are being introduced extraordi-
narily fast. Pyrosequencing and Illumina dye sequencing, 
for instance, are approaching read lengths of 800 and 

400 bp, respectively, and other sequencing platforms pro-
vide easier library preparation, like Ion Torrent TM  chip 
sequencing, which produces a million 200-bp reads in a 
few hours [Jünemann et al., 2012].

  Third-generation technologies include the single-mol-
ecule sequencing by Pacific Biosciences and the Oxford 
nanopore system where read lengths of several kbp are 
being obtained, although currently at the expense of a 
high error rate [Schadt et al., 2010]. In addition, Helicos 
has developed a system for directly sequencing RNA, ob-
viating the need for retrotranscribing to cDNA which 
would avoid biases and imply a phenomenal tool for 
metatranscriptomic analysis.

  In caries research, NGS has been used to analyze the 
oral microbiota in Chinese children with dental caries 
[Ling et al., 2010]. This cross-sectional study, which re-
vealed almost 42,000 unique sequences from 60 children 
with and without caries, indicated that the genera of 
 Streptococcus ,  Veillonella ,  Actinomyces ,  Granulicatella , 
 Leptotrichia  and  Thiomonas  in plaque are significantly 
associated with dental caries. Another recent study that 
compared the saliva microbiome (i.e. all microorganisms 
present in saliva) of adults with and without caries using 
NGS on the 16S rRNA gene [Yang et al., 2012] found that 
caries microbiomes were significantly more variable in 
community structure than ‘healthy’ microbiomes. This 
remarkable finding that ‘healthy’ microbiomes are also 
or even more conserved than caries microbiomes was 
also found in a study where NGS and microarrays were 
combined [Crielaard et al., 2011]. In this study, the micro-
bial composition of saliva in children (n = 74, aged 3–18 
years) was related to their caries status. A caries-free oral 
status was significantly associated with higher amounts 
of  Porphyromonas catoniae  and  Neisseria flavescens .

  Other Molecular Approaches for Revealing 

Microbial Diversity: Beyond 16S rRNA  

 As discussed in the previous sections, cloning and se-
quencing 16S rRNA genes have been the preferred mo-
lecular methods used to identify individual bacterial and 
archeal taxa of oral samples. However, this approach is 
clearly limited and significantly underestimates the mi-
crobial diversity of the samples investigated. Systematic 
errors associated with the detection of ‘high G+C organ-
isms’, including the  Actinomyces  and  Bifidobacteriaceae , 
have been demonstrated such that these significant taxa 
are not accurately determined yet readily detected using 
culture techniques [Munson et al., 2004; Beighton et al., 
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2008; Frank et al., 2008; Preza et al., 2008]. Other issues 
relate to the inability of even full 16S rRNA sequences to 
differentiate between species, and this is of particular 
concern when investigating the microbiota associated 
with the caries process, as not all  Streptococcus ,  Lactoba-
cillus ,  Veillonellae  and  Actinomyces  can be differentiated 
using 16S rRNA sequencing [Naser et al., 2007; Bishop et 
al., 2009; Henssge et al., 2009; Michon et al., 2010]. The 
use of shorter sequences compounds this problem, mak-
ing the identification of many clones possible only to the 
genus level. The determination of the proportional com-
position of a microbial population is further made diffi-
cult by not all of the 16S rRNA sequences in a given isolate 
being identical [Vásquez et al., 2005; Vos et al., 2012] and 
not all species contain the same number of 16S rRNA se-
quences [Pei et al., 2010; Bodilis et al., 2012]. So while cul-
tural approaches to investigating the microbial composi-
tion of an oral sample certainly have limitations, the use 
of 16S rRNA sequencing has its own set limitations which 
need to be acknowledged and their influence on derived 
data need to be discussed.

  The diversity of the oral microbiota is even more var-
ied than is apparent from 16S rRNA sequencing data, as 
these categorize bacteria only on the basis of their 16S 
rRNA sequence without reference to the phenotype of the 
organism. It is the phenotype that is important in deter-
mining the role of an organism in the caries process 
[Takahashi and Nyvad, 2008]. It has been known since 
bacteria were first isolated that members of the same spe-
cies do not exhibit the same phenotype, e.g. their ability 
to ferment a range of carbohydrates will vary within a 
single species. The first appreciation of intraspecies phe-
notypic diversity was the demonstration that the bacte-
riocin-sensitivity profiles of  S. mutans  could be used to 
monitor transmission from mothers to their infants 
[Rogers, 1977; Berkowitz and Jones, 1985]. These observa-
tions were confirmed in restriction fragment length poly-
morphism studies and demonstrated extensive genomic 
diversity within  S. mutans  [Li and Caufield, 1995]. The 
genomic diversity of  S. mutans  was confirmed using 
PCR-based DNA fingerprinting studies and in more so-
phisticated genetic studies [Mattos-Graner et al., 2001; 
Waterhouse and Russell, 2006]. DNA fingerprinting 
studies like repetitive extragenic palindromic PCR of 
other taxa, including  Actinomyces ,  Veillonella  and non-
mutans streptococci demonstrated that these taxa are 
also highly diverse at the genome level [Alam et al., 1999; 
Brailsford et al., 1999; Arif et al., 2008]. Examination of 
the diversity of oral taxa using a multilocus sequencing 
approach [Maiden et al., 1998], in which internal frag-

ments of 7 housekeeping genes were sequenced, concat-
enated and aligned, has shown that most independent 
members of all the species investigated, including  S. mu-
tans ,  S. oralis ,  S. sanguinis, S. salivarius,   A. oris ,  A. naes-
lundii  and  P. gingivalis  are distinct [Delorme et al., 2007; 
Nakano et al., 2007; Do et al., 2009; Henssge et al., 2009; 
Do et al., 2011; Enersen, 2011]: a common feature of com-
mensal bacteria.

  Knowing the identity of an organism does not neces-
sarily mean that the phenotype is apparent. In a study of 
the aciduricity of non-mutans streptococci isolated from 
root caries lesions, van Houte et al. [1996] reported that 
78% of isolates from carious lesions were more acidogen-
ic (final pH  ! 4.2) than those isolates from caries-free sub-
jects of which only 16% produced the same final pH in 
glucose media. We [Alam et al., 2000] isolated  S. oralis  
strains from adult caries-free individuals on media of dif-
ferent pH values and used repetitive extragenic palin-
dromic PCR to compare the isolates. Those isolated at pH 
5.2 were distinct from those recovered at pH 7.0, demon-
strating that different genotypes may have a different 
phenotype. In a study of the microbiota associated with 
refractory endodontic infections we isolated many  Propi-
onibacterium acnes , identified on the basis of 16S rRNA 
sequencing, but subsequent recA typing demonstrated 
that the majority of isolates from the infections were ei-
ther type II or type III associated with infections of med-
ical implants, rather than type I, routinely isolated from 
the skin [Niazi et al., 2010].

  While this clearly shows that the diversity of bacteria 
exceeds that apparent from simple 16S rRNA sequencing, 
the genomic diversity even within a species may be pro-
found. The concept of a ‘core genome’ has been devel-
oped: all the genes present in all members of a species 
represent the core genome. Other genes are dispensable 
and are not essential for survival and proliferation, but 
might be important for survival in specific habitats. In a 
study of 44  S. pneumoniae  genomes [Donati et al., 2010], 
it was estimated that the total number of genes in these 
strains was 3,221, but of these only 1,666 were present in 
all genomes – 1,555 were present in more than one ge-
nome but another 389 genes (12%) were present in only 
one of the 44 genomes. Investigations into  E. coli  ge-
nomes, larger than the  S. pneumoniae  genome, reported 
that amongst 20 commensal and pathogenic strains, ap-
proximately 18,000 genes were found, but only around 
2,000 were common to all isolates. In both studies, the 
dispensable genomes were acquired by horizontal gene 
transfer [Touchon et al., 2009].
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  Metagenomic and Metatranscriptomic Approaches 

 The pyrosequencing of 16S rRNA PCR products has 
allowed a reasonably complete description of the oral mi-
crobiota, as the number of sequences obtained per sample 
has passed from tens in traditional cloning studies to 
thousands, and it implies a considerable reduction in 
time and economic cost. However, the PCR step intro-
duces well-known biases due to the overamplification of 
some taxonomic groups and the underrepresentation of 
others, especially under some experimental conditions 
like high annealing temperature [Sipos et al., 2007] or the 
use of different primer pairs [de Lillo et al., 2006]. In ad-
dition, it has to be kept in mind that the taxonomic com-
position of oral samples may give little information about 
the functional output of microbial communities. This is 
especially important for the study of dental caries, as it 
has been proposed that different bacterial consortia may 
be responsible for acid production; aiming at identifying 
specific organisms associated with dental caries could 
therefore prove to be elusive [Takahashi and Nyvad, 
2011]. Metagenomics provides, however, a tool to access 
the genetic information of a whole microbial community 
and to gain insights about the function of its members. It 
consists of the study of bacterial communities directly via 
their total DNA content, therefore obviating the need for 
traditional culturing techniques and PCR [Mullany et al., 
2008].

  Two approaches have been followed to study the DNA 
extracted from oral samples: cloning and direct DNA se-
quencing. The former involves fragmentation of the DNA 
and cloning into a vector which is inserted within a host, 
typically  E. coli . By repeating this process thousands of 
times, a metagenomic library is obtained which contains 
multiple clones, each of them with a different piece of 
DNA from the sampled community. A great advantage of 
this method is that the inserted DNA can be not only se-
quenced but also expressed if it is compatible with the 
host, and therefore the researcher can study the functions 
encoded, including those present in uncultured organ-
isms. In addition, the libraries can be frozen and kept for 
future reference. An interesting application of this tech-
nique was performed by Diaz-Torres et al. [2006], who 
cloned DNA from saliva and plaque samples into TOPO-
XL plasmids and fosmids, which are small (3-kb on aver-
age) and large (around 40-kb) vectors, respectively. Four 
metagenomic libraries were screened for antibiotic resis-
tance, and clones resistant to tetracycline and amoxicillin 
were found in all libraries but clones resistant to gentami-
cin were detected in only three of them. In addition, the 

clones giving a positive result in a tetracycline-resistance 
screening were later studied by PCR using specific prim-
ers, identifying the  tet  genes responsible for the resistance 
[Diaz-Torres et al., 2006]. An additional advantage of 
metagenomic libraries is that the inserted DNA can be 
sequenced later, gaining access to the genetic information 
of all present bacteria. This can be achieved by tradition-
al Sanger sequencing from the vector ends or, more re-
cently, by directly pyrosequencing the total vector DNA 
[Ghai et al., 2010]. Metagenomic vectors able to accom-
modate large DNA inserts including fosmids or bacterial 
artificial chromosomes have the advantage of cloning 
whole operons, increasing the chances of detecting the 
desired function. This approach was followed by Seville 
et al. [2009], who used bacterial artificial chromosome 
libraries to detect antibiotic resistance genes and several 
transposon integrases in oral and fecal samples by hy-
bridizing the metagenomic DNA against a microarray 
containing specific probes for the genes of interest. An-
other alternative to identify the genes responsible for a 
particular function in metagenomic libraries is the ran-
dom mutation of all genes in the cloned DNA. By repeat-
ing the functional screening in the mutated clones and 
selecting those where the activity is lost, the genes provid-
ing the activity can be identified [Stahlhut et al., 2010].

  A second metagenomic approach involves the direct 
sequencing of the bacterial community total DNA. This 
has the advantage of obviating the need for cloning, 
which simplifies sample preparation enormously and 
prevents the cloning bias which appears to be fairly fre-
quent when the inserted DNA has a toxic effect on the 
host, preventing its cloning [Sorek et al., 2007]. The meth-
ods for direct sequencing of oral samples were first tested 
on a dental plaque sample from a healthy donor, employ-
ing the Roche pyrosequencing and the Illumina Solexa 
technologies, producing 177,000 and 16 million sequence 
reads by each technology, which produced an average 
read length of 400 and 75 bp, respectively. The enormous 
coverage in the Illumina reads can be used to assemble 
the DNA in longer fragments, compensating their short 
length, and a combination of both sequencing technolo-
gies was found optimal to obtain long assembled pieces 
which can then be studied for taxonomic and functional 
analyses [Xie et al., 2010]. The longer length of pyrose-
quencing reads, especially with the recently launched ti-
tanium-plus system (over 650 bp on average) is normally 
sufficient for a direct recognition of gene function by se-
quence similarity, allowing a comparison of the functions 
encoded by the oral microbiota from different individu-
als. This approach was first performed by comparing su-
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pragingival dental plaque samples from 8 individuals 
who varied in health status [Belda-Ferre et al., 2011]. 
Functional assignment of 1.5 million pyrosequencing 
reads against different databases was able to identify a 
putative function in 50–60% of the sequences, showing 
that a large pool of genes from oral bacteria has still to be 
functionally characterized. Interesting differences were 
found between samples, as individuals who had never 
suffered from dental caries had an overrepresentation of 
genes encoding antimicrobial peptides and quorum-
sensing genes, among others, whereas samples from indi-
viduals with cavities had a high frequency of genes in-
volved in functions such as iron scavenging and oxidative 
and osmotic stress. This powerful method reveals the 
functional contribution of complex oral bacterial popula-
tions, and future studies should aim at identifying wheth-
er different bacterial consortia can be responsible for the 
same functional output, like the production of acid dur-
ing caries progression [Peterson et al., 2011].

  Although a metagenomic approach reveals the total 
genetic potential of a microbial community, it has to be 
remembered that the active fraction of this community 
may change under different conditions such as saliva pro-
duction, time of day or time elapsed since the last meal, 
among others, and will of course change at different stag-
es of biofilm formation. Thus, an alternative to detect the 
active microbial members and identify the genes ex-
pressed under given circumstances is to analyze the RNA 
extracted from the samples, in an approach known as 
metatranscriptomics. The pioneering RNA-based studies 
were performed with environmental samples where total 
extracted RNA was reverse-transcribed to cDNA, which 
is then sequenced by one of the NGS technologies [Frias-
Lopez et al., 2008]. Recent work has applied this approach 
to human gut samples [Turnbaugh et al., 2010] and to an 
in vitro oral biofilm model [Frias-Lopez and Duran-
Pinedo, 2012]. A limitation of this approach comes from 
the high percentage of rRNA present in bacterial samples, 
which typically accounts for over 90% of total RNA, and 
different methods have been applied to enrich the sample 
in mRNA before sequencing [Gosalbes et al., 2011]. To 
our knowledge, no metatranscriptomic studies of oral 
microbiota samples are available. However, our initial ex-
periments show that the relative proportions of bacteria 
detected in the metatranscriptome and in the metage-
nome of a 24-hour dental plaque sample are very differ-
ent, indicating that concrete species are metabolically 
 active at each particular moment. Thus, a combination 
of different metagenomic and metatranscriptomic ap-
proaches can be complementary in studying the taxo-

nomic composition, the functional output and the active-
ly expressed genes in a given sample as well as detecting 
and characterizing specific functions of implied impor-
tance. Given the current limitations in the amount of 
DNA required for NGS techniques, most metagenomic 
studies have been done with large samples involving sa-
liva or pooled dental plaque from different teeth. How-
ever, recent advances in sample preparation are reducing 
the amount of DNA and RNA needed, and future metage-
nomic studies should therefore aim at more precise sam-
ples involving specific locations, like the clinically de-
fined stages of caries, which will help to evaluate the mi-
crobiota associated with caries initiation and progression.

  Metabolomic Approach: Recent Discoveries about 

the Metabolism of Microbial Communities 

 Research on the microbial community has tradition-
ally been subdivided into analyses of: (1) microbial com-
position, (2) microenvironments such as nutritional 
 condition, pH, reduction-oxidation potential etc., and 
(3) functions of the microbial community. Among them, 
the functions of the microbial community, such as meta-
bolic activity, are crucial final outputs, because they re-
late directly to the pathogenicity of dental caries [Taka-
hashi, 2005].

  According to a recent biological concept, there is a 
linked biological hierarchy from genome to transcrip-
tome/proteome to metabolome ( fig. 1 ), which impacts on 
the biofilm phenotype and on disease outcome (i.e. caries 
lesion dynamics). The genome is a set of genes of an or-
ganism, which represents a series of information about 
which gene is used for what. A set of genes can be tran-
scribed to a set of mRNAs (transcriptome) and translated 
to a set of proteins (proteome). The proteome represents 
the potential to function, i.e. metabolic reactions cata-
lyzed by enzyme activities. A set of metabolites, the so-
called metabolome, is then produced as the final output 
from the biological hierarchy. This hierarchy corresponds 
with the microbial research strategy described above. Ap-
plied to a microbial community like the oral biofilm, the 
metatranscriptome represents the expressed genes pro-
duced by the biofilm while the metaproteome is the mi-
crobial proteins produced by the biofilm, detectable by 
the analytical system. The metabolome 1  is the final out-
put of the metabolism of the microbial community, such 

  1     The term ‘meta-metabolome’ would be more appropriate in the future, 
although ‘metabolome’ is mainly used at present. 
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as acid or base production, which is directly associated 
with caries formation [Takahashi et al., 2012]. Each of 
these approaches provides an answer to a different ques-
tion relating to the microbial community under study 
( fig. 2 ).

  The biological hierarchy impinges on the biochemical 
and ecological processes in the dental microbial commu-
nity ( fig. 1 ). Thus, enzyme activities are influenced by en-
vironmental acidification (acid-induced modification of 
enzymatic activity) which also regulates transcription 
and translation (acid-induced adaptation through induc-
tion of proteins/enzymes). In addition, the acidified envi-
ronment causes a shift of the microbial composition (ac-
id-induced selection of microorganisms). This cycle will 
continue, as long as the environmental acidification con-
tinues [Takahashi and Nyvad, 2008, 2011]. According to 
this hypothesis, environmental acidification is the main 
driving force of the phenotypic and genotypic changes in 
the microbial community during the caries process. 
Therefore, to fully explain and understand the cariogen-
ic potential of the microbial community at different stag-
es of the caries process, it is important to learn about the 
metabolic activities relevant to environmental acidifica-
tion of the bacteria. In fact, it has been postulated that 
studies of the metabolome may be more relevant for ex-
plaining caries activity than studies focusing exclusively 
on the microbiome [Takahashi and Nyvad, 2008].

  Carbohydrate metabolism is a key issue in caries. The 
central carbon metabolism starts with classic glycolysis, 
the Embden-Meyerhof-Parnas (EMP) pathway, in which 

glucose is degraded into pyruvate, and, under anaerobic 
conditions, further degraded into lactate, formate and ac-
etate. These pathways are shared by  Streptococcus ,  Acti-
nomyces  and  Lactobacillus . In the presence of oxygen, py-
ruvate is converted to acetate by  Streptococcus  and  Lacto-
bacillus , and lactate is converted to acetate by  Actinomyces . 
In the presence of bicarbonate, abundantly contained in 
saliva, phosphoenolpyruvate is converted to succinate 
with bicarbonate assimilation, using part of the tricar-
boxylic acid (TCA) cycle.  Actinomyces  uses this metabol-
ic pathway [Carlsson, 1986; Takahashi and Yamada, 1999; 
Takahashi et al., 2010]. These metabolic pathways have 
been elucidated, using single bacterial strains in labora-
tory studies. We do not know to what extent such path-
ways function in supragingival plaque in vivo. The 
amount of supragingival plaque that can be sampled 
from the oral cavity is too small for a conventional meta-
bolic study. In order to overcome this difficulty, metabo-
lome analysis is an excellent alternative. 

  Metabolome analysis (metabolomics) is the compre-
hensive identification and quantification of metabolites 
in biological systems, which is one of the most power-
ful approaches for metabolism research. In the 1960s, 
Minakami et al. [1965] succeeded in quantifying meta-
bolic intermediates of the EMP pathway in human red 
blood cells by a photometry-coupled enzymatic method 
using purified glycolytic enzymes. This method was then 
modified and developed by the author’s laboratory for 
oral bacteria, including oral  Streptococcus  and  Actinomy-
ces  (see the introduction of Takahashi et al. [2010]). Later, 
a thin-layer chromatography using radio-labeled meta-
bolic substrates [Conyers et al., 1976] and a nuclear mag-
netic resonance method [Ugurbil et al., 1978] were estab-
lished. These studies clarified changes in the profile of 
glycolytic intermediates; however, these methods have 
long been restricted to the EMP pathway because of 
methodological limitations.

  In the last two decades, metabolomics has developed 
rapidly, mainly due to the combination of chromatogra-
phy or electrophoresis for the separation of metabolites 
with high resolution and mass spectrometry (MS) for the 
precise identification of biological molecules. Recently, 
capillary electrophoresis (CE) has been adopted for the 
separation of metabolites, since most metabolites are po-
lar and ionic small molecules. CE-MS is thus suitable to 
separate and quantify metabolites concerning the cen-
tral carbon metabolism, including the EMP pathway, the 
pentose-phosphate pathway and the TCA cycle [Soga et 
al., 2002, 2003]. Furthermore, CE-MS has been applied 
successfully for analysis of small oral samples [Taka-

Genome: a set of genes --- Information
(microbial composition)

Metabolome: a set of metabolites --- Output
(microbial metabolites)

Transcription/translation

Transcriptome/proteome:
a set of mRNAs/proteins --- Function

(microbial enzymes)

Enzyme activity

Acid production

adaptation

modification

caries
formation

selection

  Fig. 1.  Biological hierarchy from genome to transcriptome/pro-
teome to metabolome, relevant to research strategy of the micro-
bial community [Takahashi et al., 2012]. Reproduced with per-
mission from the Journal of Oral Biosciences. 
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hashi et al., 2010; Washio et al., 2010]. Using the CE-MS 
system, as little as 10 mg of supragingival plaque is need-
ed to detect and quantify each of the metabolic interme-
diates of the central carbon metabolism. All the targeted 
metabolic intermediates in the EMP pathway, the pen-
tose-phosphate pathway and the TCA cycle were identi-
fied and quantified from supragingival plaque, and the 
metabolome profile of supragingival plaque before and 
after glucose rinse in vivo were obtained [Takahashi et 
al., 2010]. In addition, it was revealed that the profiles of 
the metabolite change in supragingival plaque in the 

EMP pathway, the pentose-phosphate pathway and the 
TCA cycle were similar to the profile obtained from a 
single bacterial strain of  S. sanguinis ,  S. mutans ,  A. oris  
and  A. naeslundii  [Takahashi et al., 2010]. These results 
led us to support the novel idea that a microbial commu-
nity consists of a tremendous number of diverse bacteria, 
but functions as one organism, a ‘superorganism’ [Bu-
chen, 2010].

  Metabolome analyses may also contribute to explain-
ing the fundamental question in caries: What is a ‘healthy’ 
plaque? It is known that dental plaque has ‘homeostasis’ 

Oral
sample

Descriptive approach Functional approach

What is the
microbial

composition?

What is their
genetic

potential? Which
genes are

expressed?

What is the
protein

content?

What is the
metabolic

output?

What are the microbial communities doing?

DNA

PCR

DNA

RNA Proteins Metabolites

16S rDNA
approaches

Meta-
genomics

Meta-
transcriptomics

Meta-
proteomics

Meta-
bolomics

  Fig. 2.  Schematic representation of different ‘omics’ approaches to 
study oral microbial communities. DNA can be extracted from an 
oral sample to determine taxonomic composition by different 16S 
rDNA approaches or to study the functions coded by the total 
gene content of the community (i.e. the metagenome). If RNA is 
extracted and sequenced, the obtained sequences (i.e. the meta-
transcriptome) will represent the global pattern of expressed 
genes in the active portion of the bacterial populations. The total 
protein and metabolic output of the community will be obtained 

by analyzing the metaproteome and metabolome by different 
mass spectrometry techniques. If the metagenomic approach
provides information about the total genetic repertoire of the 
 microbes, the metatranscriptomic, metaproteomic and metabo-
lomic approaches give insights about the active organisms and 
functions at the moment of sampling. The 16S rDNA-based meth-
odologies are cheaper than ‘omics’ approaches but do not provide 
information about the functional capacity and output of the oral 
community. Adapted from Zoetendal et al. [2008]. 
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[Marsh and Martin, 1999]. In resting plaque, supragingi-
val bacteria utilize endogenous energy sources such as 
saliva which contains many kinds of proteins, glycopro-
teins and urea. Proteins can be degraded to peptides and 
amino acids and then turned to acids and ammonia by 
bacteria, which possess an arginine deiminase pathway 
and general amino-acid degrading pathways. Glycopro-
teins can also be degraded to amino acids and sugars, the 
former can be consequently degraded to acids and am-
monia and the latter can be degraded to acids. Urea is 
turned to ammonia and carbon dioxide by bacterial ure-
ase. So, supragingival bacteria have the ability to produce 
alkalis as well as acids. As a result, supragingival plaque 
pH can be stable, and demineralization and remineral-
ization are balanced. When sugars are supplied to the oral 
cavity, plaque pH is decreased rapidly by bacterial acid 
production, and the pH slowly returns to the original 
 level. This pH recovery is considered to be mainly due 
to salivary secretion, but alkali-producing activities can 
also contribute to pH recovery, as previously reviewed by 
Kleinberg [2002]. Metabolome analysis of the metabolic 
pathways of alkali production is likely to add new infor-
mation about the nature of homeostasis of the microbial 
community.

  Although still in its youth, metabolome analysis is a 
promising method that makes it possible to monitor the 
dynamic functions of metabolism in the oral microbial 
community in vivo. This new tool might enable us to 
 assess the cariogenic potential of the dental microbial 
community, and to understand how the balance of the 
microbial community is maintained or the shifts be-
tween demineralization and remineralization. Metabo-
lome analysis may also be applied to elucidate drug ef-
ficacy, from the classic cariostatic effects of fluoride 
[Takahashi and Washio, 2011] to new-generation caries-
preventive agents, and might even serve to identify new 
biomarkers relevant to caries activity.

  Metaproteomics is positioned between metagenom-
ics/metatranscriptomics and metabolomics ( fig. 1 ,  2 ). The 
application of proteomics to oral biofilm may provide
important information on the protein synthesis and
the posttranslational modification of proteins. However, 
proteins produced by microorganisms in the oral biofilm 
are highly variable and cannot be distinguished clearly 
from host proteins, e.g. by differential proteomic analysis 
using a 2-dimensional electrophoresis. Further study is 
needed to overcome these issues for the metaproteomics 
of oral microbial communities, and preliminary work has 
been developed to set up appropriate protocols for sample 
treatment, MS and data analysis [Jagtap et al., 2012]. In 

the future, we believe that a combination of the different 
omics approaches will give a more complete and compre-
hensive view of the role that the oral microbiota plays in 
health and disease.

  The Significance of Site Specificity in Caries 

 So far, most of the molecular studies of caries, wheth-
er genomic or metabolomic, have been performed on sa-
liva samples or on pooled plaque samples, e.g. Becker et 
al. [2002], Aas et al. [2008], Takahashi et al. [2010] and 
Crielaard et al. [2011]. While this may to a certain extent 
be ascribed to the lack of the current molecular tech-
niques in dealing with very small bacterial samples, such 
studies are not likely to add a new and detailed insight 
into the microbial and metabolic processes of caries at 
the site level. Saliva samples are merely proxy variables 
of caries and may, at best, represent a reflection of what 
happens in the microbial community during caries le-
sion development in vivo. This notion was recently sup-
ported by a study in which bacterial inocula retrieved 
from the saliva of individuals with different caries expe-
riences failed to produce differences in the cariogenic 
potential of experimental microcosm biofilms [Azevedo 
et al., 2011].

  As pointed out above, the pooling of plaque samples is 
another factor that may seriously confound the informa-
tion gained from molecular studies of caries. Dental car-
ies is a localized disease of the teeth [Fejerskov et al., 
2008], and the carious processes are further modulated 
by intraoral and local environmental factors (for review, 
see Fejerskov et al. [1994]). Therefore, if we want to fully 
learn and understand the ecology of caries, we must 
adopt a microbial sampling strategy that takes into con-
sideration gradients and compartmentalization in the 
oral cavity [Kleinberg and Jenkins, 1964] including the 
site-specific differences in salivary film velocity [Dawes 
et al., 1989] and glucose and hydrogen ion concentrations 
[Whetherall et al., 1988], the pH [Kleinberg and Jenkins, 
1964] and the composition of the microbiota [Onisi et al., 
1957; McNamara et al., 1979]. Moreover, local clinical fea-
tures, such as the degree of protection (i.e. cavitation 
stage) and lesion activity [Nyvad et al., 1999] are impor-
tant factors to bear in mind. It follows from this that mi-
crobial sampling for caries is an art that should not be 
passed on to the least-experienced clinician in the team. 
As microbial sampling is a crucial part of study design, it 
should preferably be performed by a professional with a 
solid knowledge of caries. 
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  Up till now, only a few molecular studies have adopted 
a site-specific sampling strategy for studying caries. Using 
such approaches, it has become clear that the bacterial 
community in root/dentinal caries shows considerable 
subject-to-subject variation [Preza et al., 2008] and is 
much more diverse than previously anticipated [Munson 
et al., 2004; Preza et al., 2008]. In a recent paper by Lima 
et al. [2011], there was an attempt to identify the micro-
biota of different layers of deep dentinal caries by target-
ing 28 oral candidate pathogens using reverse-capture 
checkerboard analysis. Contrary to expectations [Ed-
wardsson, 1974], the authors did not reveal differences in 
the prevalence of the target bacteria between the different 
layers of caries. While this might be partly due to the 
checkerboard analysis targeting only a limited number of 
microbial species, it is more likely that the negative result 
could be ascribed to a lack of stringency with the sampling 
procedure. Thus, the study sample included occlusal le-
sions of variable clinical severity (cavitated as well as non-
cavitated lesions), the pH and ecology of which are known 
to differ quite substantially [Fejerskov et al., 1992]. The 
fact that site-specific sampling of caries lesions using
well-defined clinical criteria is indeed scientifically mean-
ingful was properly demonstrated in a study of root caries 
showing that the proportion of  Bifidobacteriaceae  was 
closely related to the activity of the lesions [Mantzourani 
et al., 2009].

  It seems safe to resolve that the crude bacterial sam-
pling techniques often used to study caries microbiology 
do not match up with the advanced molecular methods 
available today. There is a need for an increased focus on 
site-specific sampling of microbial communities for 
studying the molecular ecology of caries. Microbial sam-
pling methods should match with the specific aim of 
study and reflect the current sciences about the clinical 
and histopathological features of caries. Moreover, new 
molecular technologies should be developed to enable 
analysis of small samples. In any case, it should be appre-
ciated that sampling always destroys the natural struc-
ture and function of the microbial habitat, whereby po-
tentially useful information about the ecology in vivo is 
lost. New molecular approaches applying confocal mi-
croscopy in combination with species-specific oligonu-
cleotide probes and fluorescence in situ hybridization 
(FISH) and other fluorescence techniques are likely to ex-
pand our understanding of the spatial distribution and 
function of intact microbial communities on teeth [Dige 
et al., 2009; Zijnge et al., 2010; Marsh et al., 2011].

  Conclusion 

 This review highlights the fact that the principle mo-
lecular method, 16S rRNA sequencing and subsequent 
population characterization, for studying the diversity of 
the oral microbiome and the microbiota associated with 
caries, is limited. New approaches including the metage-
nomic, metatranscriptomic, metaproteomic and metabo-
lome analysis of oral biofilms, along with refined micro-
bial sampling techniques, are required to improve our 
understanding of the ecology of caries. Such combined 
approaches will enable the genes expressed and the phe-
notypic characteristics of the biofilms at well-defined 
dental sites to be determined. Understanding the func-
tioning, rather than just the composition of the micro-
bial community, should be a high priority for caries mi-
crobiologists in the future.

  Summary Statements of the Symposium 

 • Molecular oral microbiology is still in its youth. 
 • Cultivation studies are not outdated. We need live bac-

teria to learn what the bacteria are doing. 
 • Dental caries is a good model for studying the biolog-

ical hierarchy of microbial communities. 
 • Site-specific sampling of bacteria for molecular analy-

sis of caries is imperative to reflect the localized nature 
of the disease. 

 • The choice of molecular method depends on the re-
search question to be addressed. 

 • NGS methods can be used to determine genetic poten-
tial and functioning of the oral biofilm and may enable 
the identification of biomarkers in saliva and plaque to 
predict caries status. 

 • Metabolome analysis can be an alternative approach 
to study the metabolic function of microbial commu-
nities, but its use for analysis of small site-specific sam-
ples may be premature. 
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