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Introduction
Some of the first microorganisms 

studied in the dawn of microbiology 
originated from dental plaque. Dutch 
scientist Antonie van Leeuwenhoek 
performed some of his initial experi-
ments on scrapings of plaque from 
his teeth, and these studies would 
establish the foundations for modern 
microbiology. In one of his studies, 
he described scraping the white ma-
terial lodged between his gums and 
teeth, in which he observed “moving 
animalcules.”1 At the time, Leeuwen-
hoek only had the aid of a micro-
scope to analyze the microorganisms 
he observed from the teeth scraping 
samples. Some of the organisms de-
scribed by van Leeuwenhoek, though 
unknown at the time, were the most 
abundant microorganisms present in 
the oral cavity.

W.D. Miller, a practicing dentist in 
the 1890s, spent much of his time an-
alyzing the microbes found in the oral 
cavity. He later wrote a book called 
Microorganisms of the Human Mouth, 
which discussed the theory that mi-
croorganisms present in the mouth 
were a group of bacteria working to-
gether.2 These initial studies on dental 
biofilms have inspired further studies 
of the organisms that live in the oral cavity. Today, 
dental biofilms are defined as a diverse community 
of microorganisms living as a structural unit, with 
complex communication pathways between spe-
cies.3 These microbial colonies have also been found 
to cause dental caries and periodontal disease.4

Dental plaque is a well organized biofilm that at-
taches to the tooth surface. Its location in the mouth 
allows for a constant source of moisture, nutrients, 
warmth and surface, all of which contribute to its 
growth. The inhabitants of the mouth are incred-
ibly diverse, and mutualistic relationships often take 
place. While some microbes occupy the niche pro-
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vided by the host, other species may only thrive in 
the presence of the primary colonizers. Further, the 
developing colony may prevent competing species of 
bacteria from colonizing by monopolizing space and 
resources. This mutualistic relationship is an impor-
tant aspect in the development of biofilms in gener-
al, and modern research techniques have expanded 
our understanding of the ecology of oral bacterial 
communities.

Dental plaque formation is unique from typical 
biofilm formation due to the nature of the oral en-
vironment. Tartar, or calculus, is a calcified deposit 
on the teeth that is formed by the continuous pres-
ence of plaque. The rough surface of the tartar pro-
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vides an ideal place for plaque to accumulate. Al-
most immediately, a salivary glycoprotein film called 
a pellicle coats a clean tooth. The pellicle allows for 
the adherence of gram positive primary colonizers, 
which include Streptococcus mutans, Streptococ-
cus anguis and Actinomycete species.5,6 The biofilm 
mass continues to increase due to the multiplication 
of the primary colonizers, which provides a place for 
other organisms to subsequently attach. In a span 
of 1 to 3 days, the secondary colonizers adhere to 
the gram positive primary colonizers. These second-
ary colonizers are generally gram negative species 
and typically include Fusibacterium nucleatum, Pre-
vatella species and Capnocytophaga species.6 In the 
final stage of dental biofilm formation, the tertiary 
colonizers attach, and there is an overall shift from 
gram positive facultative microbes to gram negative 
anaerobes.4–6

The thriving biofilm may result in cariogenic con-
ditions that can lead to caries, or affect the adjacent 
soft tissue and result in periodontal disease. Further, 
chronic oral infections have also been associated 
with systemic diseases, such as diabetes and heart 
disease, due to the spread of oral microbes into the 
blood stream, and to certain lung diseases due to 
the aspiration of the plaque into the respiratory sys-
tem.7,8 Thus, oral biofilms have health consequences 
beyond infections of the mouth, and novel methods 
for eradication or control of these colonies are need-
ed.

In traditional microbiology, the individual cell unit 
is typically the focus. However, in the case of bio-
films and dental biofilms in particular, the whole or-
ganism is working together and each bacterium is 
dependent on the other species present.3 Therefore, 
typical microbiological approaches may not be suf-
ficient for the identification or study of biofilm–form-
ing bacteria. Treatment strategies must incorporate 
a more holistic, ecological approach to the control 
of the dental biofilm. An understanding of the etiol-
ogy of diseases caused by oral biofilms first requires 
identification of the bacterial species involved, which 
is best accomplished using molecular genetic tech-
niques. This review summarizes many of the molec-
ular techniques that may be utilized in the detection 
of bacterial species in dental biofilms and discusses 
the future of molecular diagnostics in dental hygiene 
practice.

Methods used for Study of Biofilms
Due to the complex multispecies lifestyle of dental 

biofilms, unique research methods have been devel-
oped for the study of these organisms. Traditional 
culturing methods of bacteria are often insufficient 
for the analysis of biofilms, because many bacteria 

that are present in the oral cavity are considered vi-
able but not culturable.9 It has been suggested that 
less than 1% of microorganisms can be cultured in 
the laboratory, meaning that the vast majority of 
oral bacteria evade standard microbiological detec-
tion methods.9 This has lead to the development of 
alternative methods to assess dental biofilms based 
on DNA analysis or other molecular techniques. By 
learning more about the genetics and biochemistry 
of the organism, we can derive better strategies for 
treating infection. Biofilm colony homeostasis is a 
delicate balance, and when disrupted, pathological 
species can predominate.5 DNA analysis can allow 
identification of all of the species present in an oral 
biofilm, of which only 1 or 2 species may be the 
pathological culprits. By knowing which species of 
bacteria are present in the oral cavity, new treat-
ment options can be developed that would, in turn, 
provide better dental care. Table I summarizes each 
molecular technique discussed below.

Checkerboard DNA–DNA Hybridization

DNA–DNA hybridization is considered the gold 
standard of oral biofilm analysis. It was developed 
by Socransky et al for the synchronized process-
ing of large numbers of samples and the profiling of 
multiple species within the same sample in a semi–
quantitative manner.10 The technique relies on the 
binding of DNA isolated from bacterial samples to 
a membrane, followed by hybridization with DNA 
probes specific to at least 40 different bacterial 
species.10 This method is very useful for analyzing 
dental plaque because of the simultaneous process-
ing of large numbers of samples.11 The technology 
has been able to detect microbes present on oral 
surfaces, biofilm composition in periodontal disease 
and bacterial prevalence in specific oral communi-
ties.12–15 Furthermore, this technique has been used 
to assess the outcome of therapeutic treatment.16

Because of the use of whole genome probes, 
DNA–DNA hybridization was originally limited only 
to the identification of species that can be cultured. 
However, a reverse capture checkerboard hybridiza-
tion method was developed.17 In this modification of 
the traditional method, PCR–amplified 16S ribosom-
al RNA genes of up to 30 known bacterial species are 
spotted onto blots. The membrane is then hybridized 
with PCR–amplified 16S rRNA genes from unknown 
plaque samples. The primers for these targets are 
labeled with universal probes which are detected by 
chemifluorescence. This reverse capture hybridiza-
tion method allows for 1,350 hybridizations simulta-
neously on 1 membrane.17 A disadvantage of these 
slot–blot methods is that they are rather laborious, 
and non–hybridization PCR methods are now more 
commonly used.
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16S rRNA Gene Sequencing

The 16S ribosomal RNA gene is highly conserved 
and can be used in the formation of phylogenetic 
trees or genetic relationships.18,19 This discovery, 
along with the advent of PCR techniques, has al-
lowed the analysis of oral biofilms on a genetic level. 
16S RNA is present in almost all bacterial species, 
with unique sequence differences allowing discrimi-
nation between species.20 Amplification methods, 
such as 16S rRNA sequencing, have eliminated the 
requirement for culture based techniques, allow-
ing the identification of unculturable species.  Iden-
tification of the species present is determined by 
comparing the 16S rRNA sequence derived from 
the unknown sample to databases of known spe-
cies. Figure 1 summarizes the process of 16S rRNA 
sequencing.

There is some disagreement on the similarity 
threshold necessary to verify a species.20 A reason-
able criterion for genus identification is a 97% simi-
larity score to a known database sequence, while 
99% similarity was determined sufficient to identify 
at the species level.21 A limitation of this method is 
low resolution in distinguishing between bacteria at 

the species level. Species may share identical 16S 
rRNA sequences or the differences between related 
species may be very small (less than 0.5%).20 De-
spite these limitations, 16S rRNA sequencing has 
yielded a wealth of new information about dental 
biofilms. 16S rRNA analysis has shown that there 
are over 300 bacterial species present in the oral 
cavity that were not initially identified by typical cul-
turing methods.22,23 Furthermore, it was found that 
there are differences in bacterial flora present in the 
oral cavity of individuals with immunosuppressive 
diseases such as HIV.24 A total of over 700 bacterial 
species have been identified in the oral cavity, many 
of which are specific to a particular oral surface.25

Denaturing gradient gel electrophoresis

Denaturing gradient gel electrophoresis (DGGE) 
is a PCR and electrophoresis–based approach for 
analysis of microbial communities. Various marker 
genes, including 16S rRNA, are amplified using PCR 
and then analyzed on a denaturing gel. A banding 
pattern develops based on the denaturation charac-
teristics determined by the sequence composition 
of each amplified DNA. Each band observed on a 
DGGE gel theoretically represents a different bacte-

Molecular Method Pros Cons References

Checkerboard DNA–DNA 
Hybridization

Simultaneous profiling of •	
multiple species
Large number of plaque •	
samples can be processed 
simultaneously

Traditional methods•	
limited to culturable species 
of bacteria
Labor intensive•	

10–17,37

16S rRNA Gene Se-
quencing

High–throughput•	
Identifies unculturable •	
species

Low resolution at species •	
level
No standardized threshold for •	
distinguishing new species

18–20

DGGE Each band pattern•	
represents different
bacterial population
Shows relative abundance •	
of each species collected

Difficulty maintaining•	
reproducible results
Multiple species sequences •	
may co–migrate

26,27,30

T–RFLP Quick detection of genetic •	
diversity

High computational power •	
needed
Novel software and•	
database required

31–33

DHPLC Detect point mutations•	 In its infancy stages with •	
assessment of dental biofilms
Fairly new technology, •	
needs more optimization 

36–38

Pyrosequencing Rapid results•	
Identify microbes and de-•	
termine antibiotic
resistance genotype

Cannot sequence full–•	
length 16S rRNA gene

39–41

Table I: Summary of molecular techniques for dental biofilm analysis
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rial population within a community.26 Thus, DGGE 
band patterns can illustrate the complexity and di-
versity of a biofilm sample, and individual bands can 
be subsequently excised and sequenced to deter-
mine species identity. Figure 2 shows a schematic 
example of a DGGE gel. DGGE has been applied in 
the analysis of oral microbial communities in con-
ditions such as periodontitis and severe childhood 
caries.27–29 A limitation of DGGE is that sequence 
differences greater than 1 base pair may fail to 
separate on a denaturing gel because of similari-
ties in nucleotide proportions that result in identical 
denaturing characteristics of 2 different sequences. 
Therefore, excision and sequencing is necessary to 
confirm the identification of species present within 
an individual band.30

Terminal Restriction Fragment
Length Polymorphism

Terminal restriction fragment length polymor-
phism (T–RFLP) is another PCR–based technique 
that can be applied to the study of oral biofilms. 
This technique originated from the study of bacterial 
diversity in environmental samples, and was later 
used for the analysis of oral microbial communi-
ties.31–34 T–RFLP is similar to DGGE in that certain 
gene markers, including 16S rRNA, are amplified by 
PCR using gene–specific primers labeled with a fluo-
rescent probe. The amplified products are then di-
gested with restriction endonucleases, and the frag-
ments are separated by capillary electrophoresis. 
The fragments with the attached fluorescent probes 
are detected by the instrument and analyzed using 
fragment analysis software. When the samples are 
analyzed by gel electrophoresis, specific banding 
patterns can be assessed which represent complex 
microbial communities.35 This technology has been 
used to assess different microbial profiles in human 
saliva, changes in microbial communities in the oral 
cavity after treatment and bacteria present in in-
fected root canals.32–34 The applications of T–RFLP 
are promising, but the technique is still in its infancy 
stages. T–RFLP requires expensive instrumentation, 
high computational power and very large databases 
to compare the genetic sequences.11

Emerging Technologies

A number of recently developed techniques have 
been implemented for microbial identification, and 
these methods show potential for future applica-
tions in the study of oral biofilms. Denaturing high–
performance liquid chromatography (DHPLC) is a 
PCR–based method which is followed by separation 
based on partial denaturation of the amplified DNA. 
This technique can be used to detect DNA sequence 
changes, such as point mutations.36 DHPLC has 

Figure 1: 16S rRNA Gene 
Sequencing Flowchart

This figure shows a general schematic of 
the process of 16S rRNA sequencing. DNA 
is first purified from the biofilm sample 
or bacterial isolate. The 16S rRNA gene 
is amplified from the genomic DNA using 
gene–specific primers.  Either the entire 
16S rRNA gene or a smaller hypervariable 
region of the gene may be amplified.  The 
PCR product is then sequenced, and the 
sequence is compared against a data-
base of known bacterial species. Exact or 
nearly exact (>99%) sequence alignment 
between known and unknown sequences 
can identify a microbe at the species level. 
Bacteria may only be identifiable at the 
genus level (>97% sequence identity).

been previously utilized in other areas of research, 
such as intestinal microbiota, and has more recently 
been applied for analysis of dental biofilms and bac-
teria.37,38 Techniques used in chronic wound biofilm 
analysis may also become useful for oral biofilm re-
search and diagnosis. Pyrosequencing, a rapid se-
quencing method that can simultaneously identify 
microbes and detect antibiotic resistance, has been 
applied for the determination of bacterial diversity 
in chronic wound biofilms such as in diabetic foot 
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ulcers, venous leg ulcers and pressure ulcers.39–40 
Recently, the pyrosequencing method was applied 
to the analysis of saliva and supragingival plaque 
samples, and it was estimated that 19,000 different 
microbial species are present in the mouth.41 Stud-
ies which utilize these next–generation methods are 
revealing that original approximations of oral micro-
bial diversity were highly underestimated.

The mainstream application of molecular methods 
in both research and clinical settings has allowed 
for a rapid expansion of our understanding of the 
oral microbial environment. As in other fields, such 
as chronic wound care, the future management of 
oral disease will benefit from adoption of molecular 
biofilm analysis methods. While the identification 
of species present within a plaque biofilm is essen-
tial for focused treatment, the understanding of the 
unified communication and adaptive changes that 
occur within the microbial community as a whole 
is equally important. Some future directions should 
include the assessment of gene expression levels 
in the oral biofilm. The analysis of gene expression 
within a biofilm can help aid in the identification of 
virulence factors that might make the biofilm more 
resistant to antibiotics or other treatment, similar 
to studies performed on methicillin–resistant S. au-
reus.42 Methods such as real–time PCR or microar-
ray can analyze the gene expression patterns that 
may make a particular biofilm population inclined 
to cause disease. Expression data derived by such 
methods can be applied to analyze oral biofilms 
under conditions such as inflammation or immune 
suppression, or can be used to evaluate dental bac-
teria behavior before and after antibiotic treatment. 
This can provide insight into how the oral biofilm 
communicates and behaves as a whole unit.

As molecular techniques become mainstream and 
more widely available in clinical laboratories, the ca-
pability to obtain individual patient biofilm profiles is 
becoming attainable. By identifying the pathogenic 
bacteria in a patient, treatment can be personalized 
to the infection. A recently launched clinical diagnos-
tic laboratory (OralDNA Labs) now offers molecular 
testing to dental practitioners for the diagnosis of 
periodontal disease, using PCR–based tests to iden-
tify pathogenic oral bacteria.43 Such services may 
help avoid the generalized use of antibiotics that are 
ineffective or encourage antibiotic resistance. The 
traditional empirical method of prescribing antibi-
otics in dentistry has been questioned because of 
unnecessary or inappropriate use of antibiotics that 
can lead to antibiotic resistant organisms.44,45

There are a number of obstacles preventing the 

Discussion

immediate marriage of dentistry and molecular di-
agnostics. Rapid treatment and relief for the patient 
is a primary concern for the dental practitioner. A 
patient with a critical oral infection should not be 
denied treatment for the 48 hours or more that is 
required for traditional microbiological tests, thus 
empirical treatment has been traditionally utilized in 
the absence of a better option. However, the rapid 
nature of most molecular assays provides a vast 
improvement over lengthy culture methods, with 
many molecular techniques providing identification 
of organisms in a matter of a few hours. Even a 
turnaround time of 24 hours for reliable identifica-
tion of pathogenic bacteria can allow for customized 
modification of the initial empirical antibiotic treat-
ment of very ill patients, particularly for refractory 
forms of oral disease. There is underuse of diagnos-
tic microbiology laboratories by dental practitioners, 

Figure 2: Schematic of a DGGE Gel

Various marker genes, such as 16S rRNA, are ampli-
fied by PCR and analyzed by denaturing electropho-
resis. The polyacrylamide gel consists of a gradient of 
denaturant, typically urea and formamide. PCR prod-
ucts which are similar or identical in molecular weight 
are separated based on differing denaturing character-
istics determined by the unique nucleotide sequence. 
Distinct bands represent different sequences of DNA 
from different bacteria present in the sample. For 
example, lanes A, B and C represent known bacterial 
samples. Lanes 1 and 2 are biofilm samples of un-
known bacterial composition.  Bands that migrate simi-
larly in the unknown lanes are compared to the known 
bands. The biofilm sample in lane 1 includes Microbe 
A and Microbe C, while the sample in lane 2 includes 
Microbe A, Microbe B and an unknown species. The 
unknown band, indicated with an arrow, can be ex-
cised from the gel and sequenced for identification.
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which may be mitigated by a greater awareness of 
the services provided by such laboratories.44

Other considerations for implementation of mo-
lecular diagnostics in dental practice are that of prac-
ticality and cost.46 Some of the techniques discussed 
above are currently cost prohibitive for routine use 
in the diagnosis of oral infection. The reimburse-
ment of molecular assays by third–party payers is 
also complicated by lacking or ambiguous Current 
Procedural Terminology codes for some molecular 
tests. However, molecular assays are rapidly becom-
ing higher–throughput and more standardized, and 
some molecular tests are kit–based and relatively 
inexpensive. Nonetheless, while molecular diagnos-
tics are quickly becoming a feasible approach, labo-
ratory diagnosis of oral disease will likely remain re-
served for patients with severe periodontal disease 
or those who have been unresponsive to traditional 
treatment. Although molecular diagnostics will not 
take the place of the primary clinical methods of 
prevention and debridement, it does offer a benefi-
cial complement to the practice of dental hygiene.

Conclusion
Understanding the complex interactions be-

tween bacteria that occur within an oral biofilm will 
provide insight necessary for improving diagnosis, 
treatment and prevention of periodontal disease. 
Dental practitioners should be aware of emerging 
diagnostic techniques and should strive to work in 
concert with researchers to harness new technolo-
gies for improving biofilm management. Molecular 
diagnostics of dental biofilms will allow for rapid, 
focused and personalized treatment, enhancing 
the traditional methods used by dental hygienists 
to control and prevent periodontal disease.
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