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Abstract

Background: The periodontal pathogen Tannerella forsythia is auxotrophic for muramic acid
(MurNAc), a key component of bacterial peptidoglycan, and dependent on an external
supply of MurNAc to maintain pure laboratory cultures. The focus of this study was to
find a source of muramic acid and peptidoglycan fragments from a Staphylococcus aureus
strain. This would facilitate the isolation of T. forsythia by incorporating peptidoglycan
into conventional anaerobic media. Methods: The S. aureus strain ATCC 29213 was chosen
as the source. The standardization and quantification of the method included verifying
concentrations via spectrophotometry and developing a linear regression model with
standard curves for muramic acid and lactic acid. The resulting lysate was used to seed
Fastidious Anaerobe Agar (FAA) plates, which were inoculated with strain T. forsythia
(ATCC 43037) and incubated in an anaerobic chamber for seven days. Results: The resulting
lysate had an optical density ranging from 0.061 to 0.083, which corresponds to a muramic
acid concentration of approximately 12 ug/mL. Pure cultures of T. forsythia could then be
obtained on FAA plates supplemented with muramic acid (MurNAc) (FAA-Mur). The
viability of the axenic T. forsythia culture was confirmed using muramic acid / peptidoglycan
fragments of microbial origin. Conclusions: The method presented improves the growth of
T. forsythia. Consequently, T. forsythia is available for further investigation into the regular
performance of sensitivity tests in periodontics and the routine generation of growth curves
for quantitative polymerase chain reaction (qPCR) analysis.

Keywords: Tannerella forsythia; Staphylococcus aureus; periodontopathogen; muramic
acid; peptidoglycan

1. Introduction

Periodontitis is a chronic inflammatory disease with multiple causes that leads to
the destruction of the tissues that support the teeth [1-4]. Its pathogenesis is related to
an inappropriate immune response of the host, which is closely linked to the presence
of a complex microbial community in dental plaque, especially, but not only, the “red
complex” described by Socransky, which consists of highly virulent, culturable, gram-
negative bacteria: Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia [5,6].

In recent years, multiple investigations on P. gingivalis have provided a great deal of
information regarding its pathogenicity [7-10]. This is probably due to the fact that isolating
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P. gingivalis under strict anaerobic conditions is much simpler than isolating the other
two members of the red complex, Treponema denticola and Tannerella forsythia. Culturing
these two microorganisms is challenging due to their strict nutritional requirements, which
makes their laboratory isolation difficult [11-13].

T. forsythia, first isolated by Tanner [14], has been associated with advanced forms of
periodontal disease, such as severe and refractory periodontitis, as well as the transition
from periodontal health to disease [15-17]. The presence of T. forsythia in the oral cavity has
been demonstrated to be associated with periodontitis, as well as with endodontic diseases,
halitosis, and peri-implantitis. Although T. forsythia has been identified in some healthy
subjects, this carrier state appears to be merely a preliminary step in the development of
the aforementioned pathologies. Furthermore, it has been hypothesised that T. forsythia
plays a role in the aetiology of periapical abscesses, particularly in cases of symptomatic
primary endodontic infections. This is achieved by inducing inflammatory responses in
immune cells, resulting in the loss of soft and hard tissue structures that provide support
to teeth in the later stages of the disease [18-20]. Therefore, its detection should not go
unnoticed in any microbiological laboratory supporting clinical practice.

Their involvement in the pathogenesis of periodontitis, particularly aggressive forms
of the disease, may be due to their virulence factors [21]. These factors include protease and
apoptosis-inducing activities, which facilitate tissue destruction [22]; surface-associated
glycoproteins, which promote adhesion and modulate the immune response [23]; and
glycosidic activity, which contributes to inflammation [24-26].

In addition, T. forsythia can shuttle sialic acid into the peptidoglycan synthesis pathway,
which is an important metabolite for the bacterium’s biofilm growth [27,28]. The bacterium
produces the sialidase enzymes NanH and SiaH1, which release free sialic acid from
glycoconjugates. This acid can then be utilized by bacteria [29]. NanH-dependent release
of sialic acid from epithelial cell glycoconjugates has been shown to facilitate T. forsythia’s
adhesion to and invasion of epithelial cells. Human salivary glycoproteins are no exception;
they contain various complex sugar substrates, such as mucin. Sialic acid is linked to
N-acetylglucosamine through a 2-6’ glycosidic linkage [30,31].

Other authors have hypothesized that, like other human pathogenic bacteria,
T. forsythia may hydrolyze sugar substrates available in the oral cavity to obtain nutri-
ents and energy during dental biofilm formation. Recently, it has been shown that sialic
acid is present on the surface of the oral opportunistic pathogen Fusobacterium nucleatum.
T. forsythia aggregates with F. nucleatum and forms synergistic mixed biofilms [25]. The rela-
tionship between biofilm formation and virulence is well-described and well-established
for several important pathobionts, including Escherichia coli and Pseudomonas aeruginosa,
as well as anaerobic and oral pathogens/pathobionts, such as T. forsythia. The ability to
adapt to life in oral plaque biofilms (interspecies interactions, evasion of host defenses, and
acquisition of local nutrients) is closely related to pathogenicity.

T. forsythia is a microorganism that depends on an external supply of N-acetylmuramic
acid (MurNAc) for growth. MurNAc is an essential sugar found exclusively in the bacterial
peptidoglycan layer [32,33]. Ruscito et al. described the entire peptidoglycan synthesis
pathway and identified the missing enzymes in T. forsythia. T. forsythia’s MurNAc aux-
otrophy is due to the absence of two key enzymes involved in the de novo synthesis of
MurNAc from simple sugars: UDP-N-acetylglucosamine enolpyruvyl transferase (MurA)
and UDP-N-acetylenolpyruvoylglucosamine reductase (MurB) [34]. The observed auxotro-
phy was also evident in its genome analysis: T. forsythia lacks essential genes for de novo
biosynthesis of peptidoglycan.

In the oral cavity, this bacterium overcomes its auxotrophy by living in multi-
species bacterial communities. From these communities, it obtains N-acetylmuramic
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acid (MurNAc) and other peptidoglycan fragments released during cell division and cell
wall rupture. When present in a biofilm, the bacterium can use sialic acid instead of NAM
for growth. Thus, the sialic acid utilization system plays a critical role in the bacterium’s
survival when an exogenous source of NAM is absent. This system may also play a funda-
mental role in the formation of subgingival biofilms and the infection of mucosal epithelial
cells [35,36].

Thus, an extract that provides muramic acid and/or other peptidoglycan residues
to supplement an anaerobic culture medium would be an effective strategy for isolating
T. forsythia.

Furthermore, to study bacterial sensitivity, analyze bacterial growth characteristics in
biofilms, and perform growth curves and qPCR, it is essential to have pure cultures in the
laboratory. This necessarily depends on an external supply of MurNAc.

This study aimed to isolate pure cultures of T. forsythia by adding an exogenous supply
of peptidoglycan (N-acetylmuramic acid) from a common Gram-positive bacterium in
clinical microbiology laboratories to the standard anaerobic isolation medium (Fastidious
Anaerobe Agar, FAA). For this reason, we selected S. aureus ATCC 29213, a commonly used
standard quality-control strain in laboratory testing, as the primary source of MurNAc.

To standardize the extraction method, the concentrations of the bacterial lysates
were verified via spectrophotometric analysis. A comparative analysis was performed by
constructing standard curves using a commercial muramic acid solution and an inexpensive
laboratory reagent, lactic acid, to avoid using commercial muramic acid. This allowed
us to measure the muramic acid concentrations obtained from the lysate using the lactic
acid curve.

2. Materials and Methods
2.1. Strains

Reference strains from the American Type Culture Collection were used. The Staphylo-
coccus aureus strain ATCC 29213 was used to produce muramic acid. The Tannerella forsythia
strain (ATCC 43037) was used for the Tannerella culture.

2.2. Obtaining Muramic Acid and Derivatives

A 10-mL volume of an overnight culture of Staphylococcus aureus in trypticase soy broth
(Scharlau Microbiology, Barcelona, Spain), maintained at 37 °C with an optical density (OD)
of 2 at a wavelength of 600 nm, corresponding to a concentration of 3 x 10° colony-forming
units (CFUs) per milliliter, was used.

The culture was then centrifuged at 3000 g for eight minutes. The resulting precipi-
tate was resuspended in 2 mL of 1/4 Ringer’s solution containing 2.5 mg/mL lysozyme
(L7651, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37 °C for 24 h to cleave the
-1,4-glycosidic peptidoglycan linkages in the Gram-positive cocci cell wall and release
free MurNAc.

Then, proteinase K (P6556-100MG, Sigma-Aldrich, St. Louis, MO, USA) was added to
the mixture at a final concentration of 5 mg/mL. The mixture was incubated at 56 °C for
24 h to digest protein debris and remove contaminants from the preparations. The lysate
was then subjected to acid hydrolysis with 1 M sulfuric acid at a vol:vol ratio and heated
at 100 °C for 2 h. Finally, the resulting lysate was sterilized by filtration through 0.22 ym
filters (Millipore), and sterility control was performed by seeding 10 uL of the filtrate in
trypticase soy agar (TSA) (Scharlau, Microbiology) at 37 °C for 24 h.
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2.3. Spectrophotometric Determination of N-Acetylmuramic Acid or MurNAc

The following solutions were used: Muramic acid (M2503-5MG, Sigma-Aldrich):
1 mg/mL; lactic acid (131034, Panreac Chemicals, S.A, Barcelona, Spain): 1 mg/mL; concen-
trated HySO4 (231-639-5, Panreac Chemicals, S.A.): 1 M H>SOy; 4-phenylphenol (A10817.22,
Thermo Scientific™, Waltham, MA, USA), liquefied before use, 1.5% (m/v) in 96% ethanol;
and 4% (m/v) aqueous CuSOy4-5H,0 (844, A339787, Merck, Darmstadt, Germany).

Muramic acid solutions (Sigma) of 10-40 nug/mL were prepared in ground glass-
stoppered tubes. Then, 0.5 mL of 1 M sulfuric acid was added to the tubes at a temperature
of 100-105 °C for two hours.

Solutions of 1040 pg/mL lactic acid were prepared in ground glass tubes with ground
glass stoppers. For the subsequent conversion of lactic acid to acetaldehyde, 5.5 mL of
concentrated sulfuric acid was carefully added to all tubes, which were then shaken vigorously.
The tubes were stoppered tightly and heated in a water bath at 100-105 °C for 30 min.

To develop the colorimetric reaction, the tubes were cooled under running wa-
ter for a few minutes. Then, 50 puL of a 4% copper sulfate solution and 100 uL of a
1.5% 4-phenylphenol solution were added to the tubes, which were then capped, shaken,
and incubated at 30 °C for 30 min. After 30 min, the tubes were cooled and the absorbance
was measured at 560 nm. A blank solution containing concentrated HySO4, 4% CuSOy, and
1.5% 4-phenylphenol was used in a spectrophotometer (Peak Instruments Model C-700 UV;
Biogen Scientific, S.L, Madrid, Spain). The obtained lysates were analyzed via spectrophotom-
etry and characterized via MALDI-TOF (MALDI Biotyper; Bruker Daltonics, Spain) and mass
spectrometry (LTQ Orbitrap Velos, Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Pure Culture of T. forsythia

Fastidious Anaerobic Agar (FAA) plates (LabM, Sigma-Aldrich, St. Louis, MO, USA)
were coated with 0.1 mL of the obtained lysate containing 12 ug/mL muramic acid. This
was done on the basis that T. forsythia growth is stimulated by 10 pg/mL N-acetylmuramic
acid (MurNAc), as well as by decreasing concentrations of 10, 5, 2.5, and 1 pg/mL muramic
acid. The plates were then allowed to dry for 30 min. These MurNAc-containing plates were
named FAA Mur agar. Simultaneously, plates were prepared with commercial muramic
acid (Sigma) at the same concentrations as the control.

The T. forsythia strain ATCC 43037 was cultured in Fastidious Anaerobic Broth (FAB)
(LabM, London, UK), supplemented with 10 ng/mL MurNAc, and incubated at 37 °C
under anaerobic conditions in a Whitley DG250 anaerobic chamber for 7 days. Finally,
100 pL aliquots of the grown culture were used to inoculate the FAA Mur.

3. Results
3.1. Obtaining Cell Wall Derivatives

After obtaining cell wall derivatives by enzymatic and acid lysis, approximately 3.5 mL
of filtered extract was obtained. An aliquot of this extract was inoculated to ensure that
there was no contamination with the original S. aureus strain. All of the obtained extracts
were free of contaminants.

Next, the amount of muramic acid in the extract was analyzed via spectrophotometric
determination, as described below. These results allow us to determine how much extract
must be added to the anaerobic culture media to isolate T. forsythia in pure culture.

3.2. Spectrophotometric Determination of N-Acetylmuramic Acid (MurNAc)

Standard curves constructed using a solution of N-acetylmuramic acid in the range of
1040 ng showed direct proportionality between absorbance and the analyzed values, with
the equation y = 0.0099x — 0.045 (R? = 0.9973).
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The calibration curve obtained using lactic acid, which is feasible for use in any
microbiology laboratory, also showed proportionality. The equation of this graph is
y = 0.0037x — 0.0155, with R? = 0.9983, as shown in Figure 1.

0.4

035 o
03

0.25 .

02 ‘

<<<<<<<<< Linear (Ac.muramico)

0.15 0 Linear (ac.lactico )

Absorbance at 560 nm

0.1

0.05 B

Hg

Figure 1. Calibration curves obtained in parallel of lactic acid and muramic acid in the range of 1040 pg.

Muramic acid quantification in the lysate was performed via spectrophotometric
analysis using the modified Barker and Summerson method. This method is based on the
reaction of the lactic acid fraction of the MurNAc molecule, followed by the detection of
acetaldehyde released by hydrolysis via colorimetry [37]. The results revealed an optical
density (OD) of 0.073, which corresponded to 12 ug/mL of muramic acid.

Additionally, a linear regression model based on the relationship between micrograms
of lactic acid and its wavelength at 560 nm was used to estimate the wavelength of muramic
acid. The following estimation model was obtained:

y =0.007371 ug + 0.6956520DL — 0.034217

This model correctly predicted the amount of muramic acid present, with a mean
absolute error (MAE) of 0.56% and an R? value of 0.997418.

MALDI-TOF spectroscopic analysis and mass spectrometry of the lysate material, as
well as of commercial muramic acid, showed consistent results, with one peak indicating
the presence of muramic acid. Figures 2 and 3.
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Figure 2. MALDI-TOF spectroscopic analysis of the lysate material (MALDI Biotyper; Bruker
Daltonics, Spain).
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Figure 3. Mass spectrometry (LTQ Orbitrap Velos, Thermo Fisher Scientific) Upper: Standard

Muramic acid from Sigma and Down: lysate material.

3.3. Pure Culture of T. forsythia

Passages were transferred from a liquid medium (FAB-Mur) to a solid medium
(FAA-Mur), in which the collection strain of T. forsythia (ATCC 43037) was maintained.
After incubating for 48 h under anaerobic conditions, tiny, translucent white colonies with

convex morphology (sometimes with a central umbilication or “donut” appearance) grew.

These colonies corresponded to Gram-negative bacilli on Gra m stain Figure 4.

Figure 4. (FAA-Mur) Gram stain and pure culture of T. forsythia (The image was taken at 1000 x ).
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After obtaining the isolates in the new solid medium FAA Mur, the colonies were
identified to confirm that they were T. forsythia. The Rapid ID Ana II system was used for
this identification. Additionally, qPCR with T. forsythia specific primers was performed to
assess the identification. See the protocol in Appendix A. Furthermore, it was demonstrated
that the strain retained viability through successive passages in Fastidious Anaerobic Broth
(FAB) and FAA, both supplemented with a 12 pg/mL solution of MurNAc derived from
the lysate of S. aureus ATCC 29213.

We did not find any differences when we compared the effects of using 12 ug/mL
of commercial (Sigma) MurAc and the obtained lysates by performing colony-forming
unit (CFU) counts in parallel. In both cases, the number of T. forsythia colonies was
approximately 108 (CFU/mL). T. forsythia continued to grow when different concentrations
of muramic acid were used in the supplement, up to a concentration of 2.5 pg/mL. No
colonies were observed at a concentration of 1 pg/mL (three replicates were performed).

4. Discussion

This study aimed to present a simple, inexpensive method for routinely isolating and
handling T. forsythia in the laboratory. Our previous observation that T. forsythia grows
optimally in a liquid culture medium with a coagulase-negative staphylococcal strain, even
without muramic acid supplementation, informed this study.

However, muramic acid supplementation is essential in the study of T. forsythia.
Allowing this microorganism to grow independently could facilitate its isolation and
establish its involvement in pathological processes. Currently, its detection is based on
molecular methods, such as polymerase chain reaction (PCR) and ELISA [38]. Bacterial
isolation is necessary for standardizing calibration curves. Moreover, isolating a pure
culture of T. forsythia allows one to perform antimicrobial susceptibility testing.

Some authors describe methods for obtaining muramic acid from Gram-positive or
Gram-negative bacteria [39]. These methods use toxic and difficult-to-handle reagents,
such as 6 N HCl and phenol. Additionally, the obtained muramic acid was quantified
using hydrophilic interactions coupled with gas chromatography-mass spectrometry. This
method is very complex and beyond the capabilities of most laboratories.

Conversely, authors such as Mayer et al. [40] emphasize the importance of supple-
menting T. forsythia culture media for various studies. Specifically, these authors used
various sources of muramic acid, including P. gingivalis and F. nucleatum culture super-
natants as both species naturally release MurNAc-containing fragments able to sustain
T. forsythia growth.

The bacterial community that forms the oral biofilm undergoes many metabolic and
quorum-sensing exchanges, which means that many oral species that appear to be uncul-
turable actually have special requirements that are met by community growth but not by
individual in vitro cultures. T. forsythia exhibits satellites when growing around a Cutibac-
terium acnes streak. In fact, the current German DSMZ culture collection provides strain
DSM 102835 on a Medium 1203 plate in coculture with C. acnes DSM 1897 [41]. T. forsythia
also exhibits satellites around P. gingivalis and F. nucleatum in periodontal samples from
patients. However, the colonies appear larger when grown with Gram-positive bacteria.

We prepared homemade peptidoglycan-containing solutions and used them as a
source of MurNac in the liquid medium culture of an ATCC 29213 strain of S. aureus. We
then calibrated the measurements using curves with lactic acid instead of muramic acid, as
lactic acid is a common reagent in laboratories.

Our findings may be related to T. forsythia’s strategy to meet its MurNAc re-
quirements in the oral cavity by utilizing compounds released by coexisting bacteria.
Hottman et al. [42] reported that certain bacteria with which T. forsythia coexists in the oral
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cavity, such as P. gingivalis and F. nucleatum, lack an AmpG orthologue. This prevents them
from recovering disaccharides, such as GlIcNAc-MurNAc and GlcNAc-anhydroMurNAc,
that are released during cell wall turnover. Therefore, these bacteria likely provide
T. forsythia with essential peptidoglycan fragments.

It has also been suggested that T. forsythia may use intact peptidoglycan as a growth
factor [43]. Anin vitro study of multispecies oral biofilms revealed that P. gingivalis OMZ925
strongly colocalized with T. forsythia ATCC 43037 [44]. Similarly, T. forsythia has been shown
to co-aggregate and form synergistic co-biofilms with F. nucleatum in vitro and in human
dental plaque [45,46]. These observations may be due to a mechanism that ensures the
survival of T. forsythia. Another possible explanation is that the bacterium depends on
neighboring species for additional metabolites and growth-supporting factors released
within multispecies biofilms, which further enhances its survival.

Several authors have previously suggested that T. forsythia could use other bacteria as
a source of muramic acid. In this study, however, we considered a simple way to prepare
indigenous peptidoglycan solutions via the liquid culture of a well-known bacterium
commonly found in microbiology laboratories. We used the S. aureus strain ATCC 29213
as a source of N-acetylmuramic acid (MurNac). We chose S. aureus as our source because
of its well-documented ability to synthesize this compound, an integral part of its cell
wall [47,48]. S. aureus has a high proportion of peptidoglycan in its cell wall, suggesting
that muramic acid production in these strains is significantly greater than in Gram-negative
bacteria [49,50].

We chose to use calibration curves based on lactic acid concentration rather than
muramic acid concentration to quantify the amount of muramic acid obtained because
lactic acid is a commonly used reagent in microbiology laboratories. The analysis was
performed according to the modified Barker and Summerson method, which is based
on the reaction of the lactic acid moiety of the MurNAc molecule and the subsequent
colorimetric detection of acetaldehyde released by hydrolysis [37,51]. Furthermore, using a
linear regression model based on the relationship between micrograms of lactic acid and its
wavelength, we can correctly predict the amount of muramic acid in the lysate with a mean
absolute error of 0.56% and an R? value of 0.997418. This analytical approach strengthens
the accuracy of our measurements and provides a solid basis for interpreting the results
of our study. These regression parameters correspond to the calibration curves shown in
Figure 1, where both MurNAc and lactic acid standard curves are presented.

Using lactic acid as an alternative to measure and standardize muramic acid solutions
conserves laboratory resources while ensuring the quality and reproducibility of experi-
mental preparations. Lactic acid was chosen not only due to its availability but because
its chemical structure reproduces the behavior of the lactic acid moiety of MurNAc in the
colorimetric assay, making it a reliable and inexpensive surrogate standard. This innovative
approach can significantly impact the study of T. forsythia by simplifying its cultivation and
reducing the associated costs.

While T. forsythia growth is stimulated by 10 ug/mL N-acetylmuramic acid (MurNAc),
our experiments revealed that as little as 2.5 pg/mL MurNAc is sufficient to promote
auxotrophic bacterial growth.

Our results suggest that axenic culture using microbially derived muramic acid is
straightforward and enables antimicrobial susceptibility testing, biofilm establishment for
evaluating new oral care products, and growth curves for qPCR analysis. These results
could greatly help future research into the behavior and biology of T. forsythia.
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5. Conclusions

This study demonstrates that axenic cultures of Tannerella forsythia can be reliably
obtained by supplementing conventional anaerobic media with a cellular lysate derived
from Staphylococcus aureus. The method provides a practical and low-cost source of N-
acetylmuramic acid (MurNAc), and the lysate can be quantified using calibration curves
based on lactic acid concentration, taking advantage of the colorimetric reaction of the
lactic acid moiety of the MurNAc molecule.

This strategy simplifies routine laboratory work with T. forsythia and enables broader
access to pure cultures, which are essential for antimicrobial susceptibility testing, biofilm
studies, and the development of growth curves for molecular analyses such as qPCR.

Future studies could explore alternative Gram-positive sources of muramic acid
and further characterize the specific peptidoglycan fragments involved in supporting
T. forsythia growth.
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Appendix A

Real-Time Quantitative PCR (qPCR) for Tannerella forsythia

DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN, Valencia, CA),
following the manufacturer’s instructions. The concentration and purity of the DNA were
determined spectrophotometrically using a NanoDrop One system (Thermo Scientific,
Waltham, MA, USA).

T. forsythia quantification was carried out using a real-time polymerase chain reaction
(PCR) with a TagMan probe-based system. Reactions were prepared in a final volume of
10 uL using qPCR Master Mix (Sigma-Aldrich, St. Louis, MO, USA) and processed in a
Bioer FQD-48A thermocycler (Hangzhou, China).

The primers (Invitrogen, Custom Primers, Thermo Scientific, Waltham, MA, USA)
were as follows: Forward (5'-3'): GGGTGAGTAACGCGTATGTAACCT. Reverse (5'-3'):
ACCCATCCGCAACCAATAAA. The specific probe (Sigma-Aldrich, St. Louis, MO, USA),
labelled with [6FAM] and [TAM], was: [6FAM] CCCGCAACAGAGGGATAACCCGG
[TAM]. Amplification conditions included an initial denaturation at 95 °C for 10 min, followed
by 40 cycles of denaturation at 95 °C for 15 s and an extension step at 55 °C for 1 min.

This assay confirmed that the bacterium obtained from culture corresponded to
T. forsythia.
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