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Abstract

Introduction: Sulfate-reducing bacteria as well as Desulfomicrobium orale (D. orale) have both been shown to play a potential etiopathogenetic

role for periodontal disease.

Methods: From 15 treated periodontitis patients 45 subgingival biofilm isolates (SBIs) were obtained from residual periodontal pockets >5mm.
Real-time PCR was performed using species-specific primers and a TagMan probe. Absolute quantification was achieved by an external recombinant
DNA-standard. Sign alignment of the 16S rRNA gene was performed using commercial algorithm. Furthermore, the correlation between probing
depth (PD) or clinical attachment level (CAL) and the quantity of the target gene of D. orale were analyzed.

Results: The prevalence of D. orale within the SBIs was 100%. The mean target gene amount was 7.2E+04. Sign alignment of the sequence of the
16S rRNA gene showed high similarities to further Desulfomicrobium strains. The correlation of CAL and PD with the target gene count of D. orale

was not significant (p> 0.05).

Conclusion: For the first time the absolute amount of subgingival D. orale was measured using real-time PCR technology in chronic periodontal
lesions. This assay provides a culture independent risk monitoring of patients suffering from periodontitis by qualitative and quantitative analysis

of D. orale.

Keywords: Sulfate-reducing bacteria; Real-time PCR; Absolute quantification; Periodontal disease, Desulfomicrobium orale

Introduction

Periodontitis is a chronic inflammatory disease caused by a dys-
biosis of the oral microbiota [1, 2]. The oral cavity and especially the
periodontal pocket provide a unique eco-system for microbial or-
ganisms and harbors a diverse microbiota with up to 700 prokary-
ote species [3, 4]. Periodontal disease as a chronic infection leads
to loss of the periodontium [5]. Periodontitis is initiated by subgin-

@ @ This work is licensed under Creative Commons Attribution 4.0 License|0]DOH.MS.ID.00062 1.

gival bacterial biofilms whereas the destruction of the periodon-
tium is caused by the host response [6-8]. More than 700 bacterial
species can be isolated from the oral cavity, but only 50% of them
can be cultured for diagnostic purposes [9]. Socransky et al. [10]
established the first model for pathogenesis of periodontitis sug-
gesting, that periodontal microbial communities can be clustered
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into complexes associated with disease severity. The Socransky
lab identified a “red complex” harboring Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola, associated with the
severe form of periodontitis. Further complexes included an inter-
mediate orange complex with, e.g., Fusobacterium nucleatum and a
yellow and green complex dominated by Streptococcus species, the
latter being associated with health. However, more recent concepts
suggest that keystone pathogens can disrupt tissue homeostasis
and change the composition of the commensal microbiota thereby
generating host immune modulation and dysbiosis [11, 12]. In clas-
sic bacterial infections the diversity of the microbiota decreases as
the disease develops. In most cases of periodontitis, however, the
diversity of the flora increases. Conventional techniques are limited
to cultivable organisms or a pre-selection of targeted pathogens is
needed [10, 13]. Periodontitis has a complex polymicrobial etiology
[14-17]. Currently several methods for quantification of potential
periodontopathogens are used: flow cytometry, DNA-DNA Hybrid-
ization, real-time PCR [18], culturing and immunoassays [19].

Sulfate-reducing bacteria play a crucial role in natural envi-
ronments. The term sulfate-reducing bacteria describes a hetero-
geneous group of strictly anaerobic microbes that accomplish the
dissimilatory reduction of sulfate to hydrogen sulfide. This process
is carried out in the absence of oxygen and therefore is called “sul-
fate resperation”; Sulfate replaces oxygen as an electron acceptor
for energy generation [20]. In nature, sulfate-reducing bacteria play
a primary role as terminal degraders of organic matters. Therefore,
in periodontal lesions the bacteria depend on an environment with
a highly negative redox potential, fermentation products and sul-
fate. By gaining little energy for cell growth SRB produce high levels
of H,S. H,S is very cytotoxic for tissue and bacteria. The lethal in-
halative dosis is 0.04mM [21]. In this case it is of interest that deep
periodontal lesions show high concentration of H,S and Person et
al. [22] could demonstrate a positive correlation of H,S and increas-
ing pocket depth [22].

Previous studies indicated the presence of SRB in human feces,
the intestinal tract, liver abscess, brain abscess and blood [23-27].
It was in 1995 that the occurrence of SRB in human periodontal
pockets was reported for the first time time, van der Hoeven et
al. [28]. SRB show an increased prevalence in intrabony and fur-
cation defects [29]. Elimination of SRB in periodontal lesions after
non-surgical periodontal therapy is statistically positively correlat-
ed with improved clinical parameters, whereas persistence of SRB
is positively correlated with clinical signs of inflammation [30]. In
2001, Langendijk and coworkers isolated a new SRB species from
periodontal lesions. Phenotypic and phylogenetic analysis indicate
that these rod shaped SRB can be regarded as a new species for
which they proposed the name Desulfomicrobium orale [31]. Desul-
fomicrobium orale sp are nonmotile, non-spore-forming Gram-neg-
ative rods 1 to 2pm in length occurring singly, in pairs, and some-
times chains. Growth occurred at 37°C with optimum pH 7 to 7.1
under strictly anaerobic conditions, with cysteine as a reducing
agent. D. orale incompletely oxidizes lactate and pyruvate to ace-
tate, using sulfate or thiosulfate as electron acceptors and releasing
sulfide. In the absence of electron acceptors, pyruvate and amino
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acids are fermented, while lactate, peptone, mucin, and dextrose
are not. Growth requires the addition of 5% Fusobacterium nuclea-
tum cell-free spent medium (CFS).

As mentioned above the quantification of potential periodonto-
pathogens is more fundamental in modern periodontal microbio-
logic diagnostic then merely qualitative analysis. Simple PCR-based
assays are capable of detecting absence or presence of diseased-re-
lated bacteria but they are not quantitative [32].

The best culture independent method for the detection of mi-
croorganism is the isolation of DNA, amplification of the ribosomal
DNA, cloning of the amplicon in Escherichia coli followed by se-
quencing of the inserted gene [33]. In numerous studies this assay
was used to detect cultivable and non-cultivable spirochetes in
periodontitis patients [34]. To quantify D. orale within periodontal
lesions we complemented the assay above with a real-time PCR.

The purpose of the current study was to develop a culture in-
dependent TagMan based real-time PCR to detect and quantify D.
orale in chronic periodontal lesions.

Material and Methods
Subgingival biofilm isolates

45 Subgingival Biofilm Isolates (SBI) were obtained from 15
periodontitis patients taking part in a supportive periodontal treat-
ment (SPT) program (9 male and 6 females; 58+12.3). Before the
patients entered the SPT, all patients were successfully treated by
scaling and root planing. All patients had been in the maintenance
phase for about 6-24 month and received neither SRP nor antibiot-
ics in the previous six months. Pocket depth (PD) and bleeding on
probing (BOP) were assessed at all teeth at 6 points. Inclusion crite-
ria were atleast 3 teeth with residual PD from 5 to 8 millimeters and
positive BOP. Exclusion criteria were uncontrolled systemic condi-
tions such as diabetes or cardiac hypertension and pregnancy. From
each patient 3 SBIs from 3 different teeth were obtained at sites
showing PD > 5mm and positive BOP. After removal of supragingi-
val plaque, sterile endodontic paperpoints were inserted for 20 sec-
onds in periodontal pockets. After insertion the paperpoints were
transferred into 1ml sterile DPBS (Dulbecco’s Phophate Buffered
Saline) and vortexed for 30 seconds. Subsequently the paperpoints
were removed and the reaction tubes were centrifugated for 1min.
at 10000rpm. The supernatant was discarded, and the pellet resus-
pended in 200pl sterile DPBS.

DNA isolation

The isolation of the prokaryotic DNA was performed using the
High Pure PCR template Preparation Kit (Roche) according to the
manufacturer’s manual. The DNA was eluated in 200pl Elution
Buffer (Roche).

Qualitative PCR

For further optimizing of the real-time PCR and absolute quan-
tification via an external recombinant DNA-standard a 350bp frag-
ment of the 16S rRNA gene was amplified using endpoint PCR. D.
orale species-specific primers were used as shown in Table 1. The
total volume of the reaction mixture was 50ul containing 1pl for
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each primer, 20ul template DNA, 0,25ul Taq Polymerase (1,25U),
5ul 10x Buffer, 1pl dntp’s and 21,7pl distilled DNAse free H,0. The
PCR reaction was performed using the Mastercycler-Gradient (Ep-
pendorf, Hamburg, Germany) with the following cycling parame-

Table 1: Primers for the qualitative PCR.

ters: initial denaturation for 4min at 95°C followed by 35 cycles
including denaturation for 30 sec. at 95°C, annaeling for 30 sec. at
57°C and extension for 30 sec. at 72°C.

Forward

5’-ATC TGC CCT TGG ATT TGG GAT AA-3’

Reverse

5-TGT TGG ACC CGC ACC ACT TC-3’

Post PCR analysis was performed by electrophoreses ona 1,2%
agarose gel with TAE Buffer and ethidium bromide staining for vi-
sualization. A 100bp DNA-ladder (Invitrogen, Karlsruhe, Germany)
was used as a molecular size standard.

Cloning of the PCR-products

The PCR-products were cloned into the Escherichia coli using
the pCR®2.1-TOPO® vector (Invitrogen, Karlsruhe, Gemany) accord-
ing to the manufacturer’s manual. For transformation One Shot®
Competent Cells (DH5a-T1R) were used. 4pl of the ligation product
were mixed with DH5a-T1R cells and gently mixed. The reaction
batch was incubated for 5 minutes on ice.

After incubation 200mM NaCl and 10mM MgCI were added to
optimize transformation. 50pl of the reaction batch were plated
on 37°C preheated LB plates containing ampicillin and 40pl X-gal
(conz. 40mg/ml) and incubated at 37°C overnight.

Bacterial culturing

Minipreperations of selected white colonies were performed
in 2ml LB and 4pl Ampicillin (100mg Ampicillin/ml H,0) and incu-
bated at 37°C overnight. Isolation of plasmid DNA was performed
using the Qiagen Plasmid Midi Kit according to the manufacturer’s
manual (Qiagen GmbH, Hilden, Deutschland).

Restriction

Restriction of the 350bp 16S rRNA fragment was performed us-
ing 1,5ul Buffer, 10ul DNA, 0,3pl EcoR1 and 3,2ul H,0 in a total vol-
ume of 15pl for one hour at 37°C. Cloning, isolation and restriction
was controlled using gel electrophoresis (0,9 g agarose, 75ml TAE
Buffer, 3ul ethidium bromide). A 100bp DNA-ladder (Invitrogen,
Karlsruhe, Germany) was used as a molecular size standard.

Sequencing and sequence analysis

Sequencing of the PCR-product was performed according to the
method established by Sanger and colleagues [35, 36] using M13
primers and the ABI-Prism 3100 Genetic Analyzer (PE Applied
Biosystems, Rodgau-Jiigesheim, Germany). Alignment of the 16s

Table 2: TagMan Probe and real-time Primers.

rRNA gene fragment of D. orale to other related microorganisms
was performed using the algorithm Megablast (National Center for
Biotechnology Information, Maryland, USA, http://www.ncbi.nlm.
nih.gov/entrez). Alignment to Desulfovibrio fairfieldenis [26], De-
sulfovibrio strain NY682 (DSM 12803) [31] and Desulfovibrio desul-
furicans (Devereux et al.) [37] was performed using the algorithm
Blast (bl2seq) (National Center for Biotechnology Information,
Maryland, USA, http://www.ncbi.nlm.nih.gov/entrez).

Midipreparations

Representative selected and sequenced clones were cultured
in 50ml LB and 100pl Ampicillin and incubated at 37°C overnight.
Isolation of plasmid DNA was performed using QIAfilter Plasmid
Midi Kits (QIAGEN GmbH, Hilden, Germany). The supernatant was
discarded, and the plasmid pellet was eluated in 50ul H,0. Adjacent,
the plasmid DNA was analyzed via gel electrophoresis (E-Gel®, In-
vitrogen, Germany) and AHindhlII-marker (Invitrogen, Germany).

Real-time PCR for D. orale

Real-time PCR was carried out using the GeneAmp® 5700
Gene Sequence Detection System (PE Applied Biosystems, Rod-
gau-Jiigesheim, Germany). For each real-time PCR, 9ul template
DNA, 1l each of forward and reverse primers (final concentration:
10pmol/pl), 1pl TagMan Probe (HotStarTaq® DNA Polymerase, Qia-
gen, Hilden, Germany) and 12,5ul of PCR Master mix (QuantiTect
PCR Master mix, Qiagen, Hilden, Germany) and 0,5ul Uracil-N-Gly-
cosylase (1u/pl) in a total volume of 25pl was used. Each analysis
was performed in triplicate. Further non-template controls (NTC)
were also used. Two-step real-time PCR was performed using the
following amplification conditions: UNG contamination prevention
at 50°C for 2min,, initial activation at 95°C for 15min., 44 PCR cycles
including denaturation at 95°C for 15sec. and annealing/extension
at 58°C for 60sec.

Species-specific TagMan probe, forward and reverse primers
were individually designed (Primer Express® Software v2.0, Ap-
plied Biosystems) and synthesized as shown in (Table 2) (MWG,
Biotech AG, Ebersberg, Germany).

Forward

5’-ATC TGC CCT TGG ATT TGG GAT AA-3’

Reverse

5’-GCA TCC TTT ACC GAC TCC TTT-3’

D. orale TagMan Probe:
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Modifications:
5 FAM (6-FAM)
3’ TAMRA

5’-AGC CAG ACT ATC CGG TAT TAG CTC CAC TTT CG-3’

The critical threshold cycle (Ct) was determined in the loga-
rithmic plot within in the log-linear phase. Baseline was set in the
linear plot.

Efficiency

The real-time PCR efficiency was calculated by the formula E =
10-1/sore 35 described elsewhere [38].

Dilution curve

A serial dilution was generated from 10!-107 gene copies/ul
(see Figure 1). Hereby 16S rRNA gene copies gained from the bac-
terial culture were used as described above. The real-time PCR for
the standard curve was performed under the identical conditions
as the clinical samples. Triplicate samples were analyzed.

cwndaZIRERES

R?=0,99

[ 4 2 3 4

LOG (No)

@
o
-
@

Figure 1: Standard curve generated by known numbers of D. orale.

Absolute quantification

The absolute quantification was performed using an external
recDNA standard as described previously. The generated standard
curve describes the logarithm of the diluted target gene of D. orale
and Ct values. The Ct value within the log linear phase is direct pro-
portional to the logarithm of the target gene. The calculation of the
target gene of D. orale was performed by means of linear regression
of the standard curve and the determined slope and intercept.

Statistical analysis

Logarithmic transformation of the gene copies of D. orale was
performed. These data were compared with CAL and PD by Pear-
son correlation analysis. Data analysis was achieved by statistic

Table 3: Results of the sign alignment using the algorithm Megablast.

software SPSS for Windows. The significance criteria was set on p
value of < 0.05.

Results

Results of sequencing and sequence analysis

The sequence analysis using the algorithm Megablast showed
high similarities of the cloned and restricted fragment of the 16S
rRNA gene of D. orale to other D. orale strains. The 16S rRNA
gene-fragment showed a 100% similarity to D. orale strain NY676.
A 99% similarity could be shown for D. orale strain NY677, D.
orale strain NY 679, D. sp. oral clone BP1-74 gene, D. orale strain
DSM12838 and D. orale strain NY681. For D. orale strain NY683, a
97% similarity could be demonstrated (see Table 3).

D. orale strain NY676 (Langendijk, PS. et al. 2001) 100%

D. orale strain NY681 (Langendijk, P.S. et al. 2001) 99%

D. orale strain NY677 (Langendijk, PS. et al. 2001) 99%

D. orale sp. oral clone BP1-74 gene (Sakamoto, M. et al. 2000 99%
D. orale strain NY679 (Langendijk, PS. et al. 2001) 99%

D. orale strain DSM12838 (Langendijk, P.S. et al. 2001) 99%

D. orale strain NY683 (Langendijk, PS. et al. 2001) 97%

Results of the alignment using the algorithm Blast (bla2seq)  fovibrio strain NY682 (DSM 12803). For Desulfovibrio desulfuricans

showed a 93% similarity for D. orale to D. fairfieldensis and Desul-
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Table 4: Results of the sign alignment using the algorithm Blast (b/2seq).

Desulfovibrio fairfieldensis (Tee et al. 1996) 93%
Desulfovibrio strain NY682 (Langendijk et al. 2001) 93%
Desulfovibrio desulfuricans (Deveraux et al. 1990) 87%
Standard curve 45 biofilm samples.
The standard curve is shown in (Figure 1). The calculated effi- For absolute quantification mean values of the triplicates were

ciency was 1.9. The coefficient of determination was 0,99 concern-  calculated.
ing the regression line. The detection limit of the real-time PCR was

. oy . The mean gene copies of D. orale over all SBIs was 7.2E+04. The
101 gene copies within the reaction tube.

correlation of PD and CAL with the gene copies of D. orale was found
Absolute quantification not to be statistically significant (PD: p = 0.202, CAL: p = 0.957) as

A prevalence of 100% could be demonstrated for D. orale inall €% be seen in (Figures 2, 3).
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Figure 2: Scatterplot showing the correlation of the amount of the 16S rRNA gene of D. orale and PD (p = 0.202).
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Figure 3: Scatterplot showing the correlation of the amount of the 16S rRNA gene of D. orale and CAL (p = 0.957).
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The range of numbers of the D. orale gene copies found in the
clinical samples was 7.7E+03 - 4,7E+07.

Discussion

Strict anaerobic bacteria as potential periodontopathogens
most often require special techniques for detection and identifica-
tion due to their stringent growth requirements [39]. Hence it is
not surprising that by using standard culture techniques microbial
diversity could be greatly underestimated [40]. Less than 10 spe-
cies of bacteria that are associated with periodontal disease pro-
gression are yet cultivable [41]. By the development of selective and
non-selective media the spectrum of culturing could be enlarged.
Here we describe the isolation and characterization of previously
uncultured D. orale, the first human-associated representative of its
genus. As mammalian-associated microbes rarely have free-living
close relatives, D. orale provides opportunities to study how bacte-
ria adapt and evolve within a host. This sulfate-reducing deltapro-
teobacterium has adapted to the human oral subgingival niche by
curtailing its physiological repertoire, losing some biosynthetic
abilities and metabolic independence, and by dramatically reduc-
ing environmental sensing and signaling capabilities. SRB are very
vulnerable to oxygen and require a redox potential below -100mV
for their growth [42].

Therefore, SRB were completely overlooked in standard culture
techniques [30, 42]. This problem was overcome by the develop-
ment of enrichment cultures [31], however, a quantification is still
limited. The sensitivity of bacterial culturing with non-selective
media is about 103-10* bacterial cells, whereas PCR is an extremely
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sensitivite technique, able to detect even one copy of the gene of in-
terest [43]. Advantages of real-time PCR are the high sensitivity and
specificity and the possibility of a rapid and cost-effective quanti-
tative detection of oral pathogens [41]. The additional hybridiza-
tion of the species-specific TagMan probe increases the sensitivity
and specificity of TagMan based real-time PCR assays in contrast
to dsDNA Probes as SYBR Green [44, 18]. Therefore, TagMan re-
al-time PCR is also used to distinguish closely related periodontal
species as Provotella intermedia from Provotella nigrescens and Ag-
gregatibacter actinomycetemcomitans from Haemophilus influenzae
based on the 16S rRNA gene [18]. Based on rRNA relative sequence
abundance, Desulfobulbus sp. (Deltaproteobacteria) has been one
of the uncultured bacteria strongly associated with advanced peri-
odontitis [15-17]. Deltaproteobacteria have low taxonomic diversi-
ty in the human microbiome, and other species have been linked,
based on relative abundance, to either oral disease (Desulfomicro-
bium orale and Desulfovibrio fairfieldensis) [30, 45] or intestinal
and gynecologic disorders (Desulfovibrio piger and Desulfovibrio
intestinalis) [46-48]. As with other oral species, it has remained
unclear if those organisms play a role in the etiology of periodon-
titis or their increased abundance is a consequence of the disease
state, with deep subgingival pockets favoring the proliferation of
strict anaerobes. All free-living Desulfobulbus species are sulfate
reducers, strict anaerobes, largely prototrophic, and use a variety
of electron donors and acceptors. Adaptation to a host-associated
lifestyle provides relative environmental stability and close inter-
action with other host-recruited species. These factors often lead
to genome reduction, metabolic codependence/specialization, and
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sometimes emergence of pathogenicity through lateral gene trans-
fer [49-51]. Previous single-cell genomic data suggested Desulfob-
ulbus sp. is capable of sulfate reduction [52], which we used here to
selectively enrich for, isolate, and characterize that organism as the
first host-associated member of the Desulfobulbus genus. Its physi-
ological, genomic, and immunomodulatory characteristics provide
new insights into adaptation to the human host-associated lifestyle
and the emergence of pathogenicity.

In the present study an external recombinant DNA standard
was used that is used routinely for absolute quantification [53].
Analysis of the recDNA standard was performed under the identi-
cal conditions as the clinical samples. This is essential to generate
valid data [54, 38]. The calculated coefficient of determination of
the standard curve was 0.99 and therefore implicates a high linear-
ity and authenticity what is in accordance with other investigations
[40, 44].

Until now D. orale as a potential periodontopathogene [31]
has not been quantified using molecular-biologic assays. All pres-
ent studies document analysis of the prevalence of D. orale using
culture techniques. The prevalence of SRB in patients taking part
in a SPT program and suffering from severe chronic periodontitis
measured by culture technique ranges from 33.3%-87.5% [47, 55].
In untreated periodontitis patients, the prevalence of SRB ranges
from 55.5% to 84% [56, 47]. Regarding the prevalence of SRB resp.
D. orale in chronic periodontal lesions, a great heterogeneity of the
data becomes obvious. This may result from different microbiologi-
cal methods used in different investigations. We used a highly sensi-
tive and specific real-time PCR assay, other groups used enrichment
cultures to detect SRB [28, 57, 58, 29, 30, 59]. In the present study
no significant correlation of the amount of D. orale and the PD and
CAL could be shown. Langendijk, et al. [55] and Van der Hoeven
et al. [28] documented different results regarding the presence of
SRB and PD. Van der Hoeven, et al. [28] showed no coherence of the
presence of periodontal SRB and the pocket depth [28]. Langendijk,
in contrast documented a statistically significant correlation be-
tween the presence of SRB and PD [55]. Recently Vianna et al. [60]
published an article dealing with the quantitative analysis of three
hydrogenotrophic microbial groups. Their findings document a sta-
tistically significant difference in the mean proportions of SRB in
moderate and severe cases. Phylogenetic analysis of the dsrAB gene
showed a 96% accordance with Desulfovibrio strain NY682 [60].
In the present study we could document an exact match (100%)
with Desulfomicrobium orale strain NY676 and 99% agreements
with D. orale strain NY677, D. orale strain NY679 D. sp. oral clone
BP1-74 gene, D. orale strain DSM12838 and D. orale strain NY681.
Therefore, in the present investigation D. orale could be detected
with maximum likelihood. Sign alignment to other potential human
pathogen SRB as Desulfovibrio fairfieldensis showed no match be-
yond 98% so that in the present investigation D. fairfieldensis could
be clearly excluded (see Table 4).

Concerning the theoretical cell count of other potential peri-
odontopathogenes present studies document heterogeneous
data ranging from 2.4E+03 - 2.6E+03 for A.a. and from 9.3E+02 -
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9.0E+05 for Pg. Nonnenmacher, et al. [40], Lau et al., [61] showing
similarity to our findings of 7.2E+04 for D. orale.

For the first time D. orale could be absolutely quantified using
a TagMan based real-time PCR assay. The PCR assay showed a high
degree of efficiency and specificity. This assay can be used for fur-
ther risk assessment in periodontal progression and will lead to a
better understanding of the polymicrobial periodontal biofilm.
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