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Calcium ions play a critical role in
calcification of Corynebacterium
matruchotii
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Dental calculus is a hardened deposit composed of calcium phosphate precipitated within dental
plaque. While the involvement of dental calculus in the progression of periodontal disease is well
established, many aspects of its formation process remain poorly understood. In this study, we
focused on Corynebacterivm matruchotii, a key bacterium involved in dental calculus formation,

and investigated the role of calcium ions in calcification, as well as the associated internal and
external changes in the bacterium through long-term observation. In the absence of calciumions, no
intracellular calcification was observed, and the lipid bilayer with the formation of holes in bacterial
body was evident. In contrast, in the presence of calcium ions, lipid bilayer remained intact, and
intracellular needle- and plate- like crystals were formed. Furthermore, calcified C. matruchotii showed
increased flocculation compared to non-calcified C. matruchotii. These results indicate that the influx
of calcium ions is essential for intracellular calcification. Calcium ions entry appears to reinforce the
integrity of the lipid bilayer, providing a stable intracellular environment conductive to calcification.
Moreover, calcified C. matruchotii may contribute to the nucleation of dental calculus by forming
aggregates composed of both bacterial components and calcified material.
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Oral bacteria adhere to tooth surfaces via saliva-derived glycoproteins, leading to the formation of biofilms
through bacterial growth and co-aggregation2. This biofilm, also known as dental plaque, is a major etiological
factor in the development of dental caries and periodontal diseases such as periodontitis®*. Dental calculus is
a calcified form of dental plaque composed primarily of dead bacteria and calcium phosphate. It is typically
classified into two types: supragingival and subgingival calculus®.

The pathogenicity of dental calculus is not solely due to its physical presence. While it mechanically irritates
gingival tissues and obstructs the flow of saliva and gingival crevicular fluid, its rough and porous surfaces
also promote bacterial adherence and proliferation. Moreover, bacterial components embedded in the calculus
are believed to contribute to persistent inflammation and disease progression®®. Despite its pathological
significance, dental calculus adheres tightly to tooth surfaces and cannot be removed by toothbrushing or
chemical agents, requiring the use of specialized dental instruments®. Therefore, the removal of dental calculus
is a central component in the treatment of periodontal disease, and understanding its formation is essential to
elucidating the pathophysiology of periodontal diseases!®.

Corynebacterium matruchotii is a Gram-positive rod-shaped bacterium and one of the most abundant
species in dental plaque!!. It has been observed to interact with both Streptococcus and Actinomyces'?, forming
the structural core of plaque. Moreover, C. matruchotii is known to undergo intracellular calcification and has
been suggested to contribute to dental calculus formation, a pathogenic factor in oral diseases. Therefore, in
vitro studies on C. matruchotii have conducted to analyze the process of dental calculus formation!3-1°. Similarly,
Escherichia coli has been shown to form needle- and plate-like intracellular crystals containing calcium and
phosphorusions inside the bacterial body!’. A prerequisite for such bacterial calcification is bacterial degeneration
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which may occur as a result of bacterial aging or exposure to external stressors'®°. In E. coli, extracellular
phosphoproteins have been suggested as a potential source of phosphate of intracellular calcification, and silicon
has been identified as a critical nucleation factor in C. matruchotii**. However, while the roles of phosphate and
silicon have been explored, the direct contribution of calcium ions — the other major component of bacterial
calcification — remains poorly understood.

In this study, we investigated the role of extracellular calcium ions in bacterial calcification by observing the
long-term process of intracellular crystal formation in C. matruchotii. Through detailed characterization of the
calcified cells, we aimed to provide new insights into the mechanism and regulation of bacterial calcification
involved in dental calculus formation.

Materials and methods

Bacterial strain and media

C. matruchotii (JCM9386) was cultured aerobically at 37 °C for 4 years in 25 mL of calcium-containing Ca
(+) or calcium-free Ca (-) medium in 50 mL centrifuge tubes (T2318, Greiner Bio-one GmbH, Frickenhausen,
Germany). The Ca (+) and Ca (-) media were prepared based on the formulation described by Ennever'>.
The Ca (+) medium contained following components per liter of 0.1 M N-tris (hydroxymethyl) methyl-2-
aminoethanesulfonic acid (pH 7.4): glucose, 2 g; casein hydrate, 4 g; NaHCO,, 1.85 g; NaHPO,-2H,0, 550 mg;
CH,COONa-3H,0, 147 mg; CaCl,-2H, 0, 145 mg; MgSO,-7H,0, 35 mg; FeSO,,-7H,0, 4 mg; MnSO,-H,0, 0.15
mg; NaMoO,-2H,0, 0.15 mg; para-aminobenzoic acid, 2 mg; riboflavin, 2 mg; calcium pantothenate, 2 mg;
inositol, 2 mg; thiamine, 2 mg; nicotinic acid, 1 mg; pyridoxine HCI, 1 mg; biotin, 0.1 mg; folic acid, 0.1 mg;
pimelic acid, 0.1 mg; thioctic acid, 0.1 mg; adenine, 20 mg; guanine, 20 mg; thymine, 20 mg; uracil, 20 mg;
xanthine, 20 mg. The Ca (-) medium was identical to the Ca (+) medium, except that CaCl,-2H,0 was omitted.
Both media were supplemented with silica nano powder (average particle size: 12 nm) to serve as nucleation
sites for calcification. The tubes were sealed and stored in an incubator at 37 °C for 4 years without changing or
adding flesh medium.

Scanning electron microscopy (SEM)

Samples were fixed with 2.5% glutaraldehyde and placed in small envelopes made from No. 5 filter paper
containing 3 mm square glass pieces. The samples were rinsed with distilled water, dehydrated through an
acetone series, and then immersed in t-butyl alcohol. Subsequently, they were freeze-dried using a VFD-30
freeze dryer (VACUUM DEVICE Inc., Ibaraki, Japan). The glass pieces were coated with osmium using a HPC-
30W plasma coater (VACUUM DEVICE Inc., Ibaraki, Japan) and observed by SEM (Regulus 8100, Hitachi,
Japan).

Transmission electron microscopy (TEM)

Samples were pre-fixed in 2.5% glutaraldehyde overnight at 4 °C, washed, and suspended in 0.1 M phosphate
buffer (pH 7.2), followed by post-fixation with 1% OsO,. The samples were then embedded in 1% agar, cut into
small cubes, dehydrated through a graded alcohol series (50% to 100%), and subsequently immersed in acetone.
Infiltration was carried out by incubating the samples overnight in a 10:1 mixture of acetone and Epon 812 resin.
The samples were then embedded in fresh Epon 812 resin. Ultra-thin sections were prepared and mounted on
copper grids. The sections were stained with uranyl acetate and lead citrate, and observed using a TEM (JEM-
1400 Plus, JEOL Ltd., Tokyo, Japan).

Elemental analysis

Elemental analysis and elemental mapping were performed using energy-dispersive X-ray spectrometer
(EDX). Both osmium-fixed and osmium-free fixation protocols were employed. Samples were fixed with 2.5%
glutaraldehyde and mounted on glass slides using cytospin method (SAKURA Finetek Japan Co., Ltd. Tokyo,
Japan). The slides were washed with phosphate buffer, dehydrated through a graded alcohol series (50% to 100%),
and immersed in acetone. The samples were then embedded in Epon 812 resin in an inverted orientation and
ultra-thin sections were prepared. Some sections were stained with uranium, while others were left unstained.
All sections were mounted on cupper grids and carbon-coated for reinforcement using VC-100 carbon coater
(VACUUM DEVICE Inc., Ibaraki, Japan). Elemental analysis and mapping, including the detection of calcium,
phosphorus, and silicon, were conducted using EDX equipped with a Dry SD30GV Detector (EX-14210M4G2T).

Statistical analysis

Statistical analyses were performed using Prism 9 (GraphPad Software, La Jolla, CA, USA). Two-tailed unpaired
Student’s t-test were applied, and a p-value <0.05 was considered statistically significant (*p <0.05, **p <0.01, and
***p <0.001). Results are expressed as mean +SD, and all data points represent biological replicates.

Result

Calcium ions influence C. matruchotii’s morphology and intercellular organization

Differences in bacterial phenotypes caused by calcium ions were observed by SEM. Under the Ca (-) condition,
although the bacterial surface appeared smooth, rupture of the lipid bilayer and the formation of holes in the
bacterial body were observed (Fig. 1A). In addition, intracellular contents were found to be leaking through
these holes (Fig. 1B). In contrast, under the Ca (+) condition, both the length and width of C. matruchotii were
significantly reduced, with the length in particular being decreased to less than half that of non-calcified bacteria
(Fig. 1D). Moreover, calcified bacteria exhibited a less smooth morphology and showed a greater tendency to
flocculate compared with those under the Ca (-) condition (Fig. 1E, F). C. matruchotii in the Ca (+) condition
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Fig. 1. SEM images of C. matruchotii under Ca (+) and Ca (-) conditions. (A) C. matruchotii under the

Ca (-) condition. Red arrow indicates leakage of intracellular contents; white arrow indicates a hole in the
bacterial membrane. (B) C. matruchotii under the Ca (-) condition. Red arrows indicate leakage of intracellular
contents; white asterisk indicates a hole in the bacterial membrane. (C) Aggregated C. matruchotii under the
Ca (-) condition. (D) Quantification of bacterial length and width under Ca (-) and Ca (+) conditions. (E) C.
matruchotii under the Ca (+) condition. The bacterial surface appears wrinkled and shrunken compared to the
Ca (-) condition. (F) Aggregated C. matruchotii under the Ca (+) condition. (G) High-magnification image of
C. matruchotii under the Ca (+) condition showing fine, cauliflower-like surface structures.
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exhibited a wrinkled surface, without observable holes, and no leakage of intracellular contents was observed
(Fig. 1E). Higher magnification images revealed that the wrinkle-like structures were composed of finely raised,
cauliflower-like structures (Fig. 1G). The intercellular gaps among C. matruchotii were reduced under the Ca
(+) condition compared to the Ca (-) condition (Fig. 1C, E). These results suggest that calcium ions influence C.
matruchotii’s morphology and intercellular organization.

Calcium ions play a critical role in facilitating the initiation of calcification

To further investigate intracellular changes, C. matruchotii under both Ca (+) and Ca (-) conditions was
observed using TEM. Under the Ca (-) condition, no crystal formation was observed in C. matruchotii. Instead,
rupture of the bacterial body and leakage of intracellular contents were noted, as observed by SEM (Fig. 2A).
In contrast, under the Ca (+) condition, C. matruchotii remained structurally intact, and most cells showed
low electron transmission, suggesting a low density of intracellular contents. Some cells also exhibited crystal
formation (Fig. 2B). Higher magnification images revealed that under the Ca (-) condition, variations in electron
transmission were present among individual cells. Although sparsely distributed regions of low transmission
were observed, no crystals were detected (Fig. 2C). Cross-sectional images revealed that intracellular contents
remained localized in the center of the cells, with no signs of crystal formation (Fig. 2D). In contrast, under the
Ca (+) condition associated with calcification, amorphous regions of low electron transmission were observed
throughout the cytoplasm. These amorphous regions were particularly prominent around the cell wall, where
calcification appear to occur. Notably, crystals were always surrounded by amorphous material, and no isolated
crystals were observed. (Fig. 2E, F). These results suggest that calcium ions play a critical role in maintaining C.
matruchotii’s cell integrity and facilitating the initiation of calcification, potentially by inducing the accumulation
of amorphous calcium phosphate-like material within and around bacterial cells.

The elemental analysis and mapping of crystals and amorphous-like structures in bacterial
body of C. matruchotii

To confirm that the crystals observed by TEM represented calcification, elemental analysis was performed. EDX
revealed that the intracellular, low electron-transmission regions corresponding to crystalline and amorphous-
like structures observed in C. matruchotii under the Ca (+) condition were composed of calcium and phosphorus
ions (Fig. 3A, i and ii). In contrast, the sparse low electron-transmission regions observed under the Ca (-)
condition did not show characteristic X-ray peaks for calcium or phosphate ions (Fig. 3B, iii and iv). This result
was further confirmed under the no-osmium fixation condition (Fig. SI).

Elemental mapping revealed that the calcium ions were not detected in non-calcifying microorganisms, and
no accumulation of silicon was observed (Fig. 4A, B, D). Phosphate ions were consistently detected along the cell
membrane, even in regions lacking calcification (Fig. 4C). Strong calcium accumulation was observed in the low
electron-transmission crystalline regions, whereas weaker calcium accumulation was also detected in the low
electron-transmission amorphous regions within the cell and around the cell membrane (Fig. 4D).

These findings suggest that calcification occurs specifically under the Ca (+) condition, while the structures
observed under the Ca (-) condition are unrelated to calcium phosphate deposition.

Discussion

Dental calculus is composed of calcium phosphate crystals and bacteria. C. matruchotii is the most representative
bacterium associated with dental calculus. Previous research on bacterial calcification has primarily focused on
the composition of calcified material, more recent studies have begun to investigate the process of calcification
itself!721,

Silicon has attracted attention as a potential nucleation factor for calcification, and previous studies have
investigated its role in the calcification of C. matruchotii, together with silicon metabolism and the determination
of its optimal concentration?’. Based on these studies, which indicated that the addition of 0.01 mM SiO, was
most favorable for calcification, we conducted our experiments using this SiO, concentration. Furthermore,
since a decrease in silicon concentration over time has been observed, no specific accumulation of silicon was
detected within the cells in our long-term calcified samples (Fig. 4).

Phosphate and its relationship with calcification have been extensively studied in both eukaryotic and
prokaryotic organisms?>?. Polyphosphate was previously considered an inhibitor of calcification?’. However,
in marine bacteria and diatoms, it has been reported that inorganic phosphate can be stored as amorphous
polyphosphate granules, which may release phosphate in response to environmental changes, potentially
triggering the nucleation of phosphate minerals?.

In humans, polyphosphate has been shown to induce alkaline phosphatase (ALP) expression?’, and this
enzyme has been suggested to contribute to hydroxyapatite crystal formation?»?. In microbial calcification
studies, Escherichia coli—alongside C. matruchotii—is a well-studied model organism. In E. coli, overexpression
of alkaline phosphatase (PHO A) has been reported to enhance calcification?’. Furthermore, in vitro experiments
under phosphate-rich conditions showed that, even when phosphoproteins were present at concentrations
sufficient to induce precipitation in solution, no crystallization occurred in viable bacteria!”. This suggests that
extracellular phosphate alone may not be a strong driving force for calcification in viable bacteria.

In C. matruchotii, elemental mapping revealed that regions with high phosphorus content did not always
correspond to sites of calcification (Fig. 4A, C). Therefore, when these findings considered together with previous
results in E. coli, it can be inferred that an excess of phosphate does not necessarily promote calcification. Then,
the C. matruchotii also possesses alkaline phosphatase related to phosphate-based calcification, similar to E.coli?8.
Moreover, C. matruchotii has been reported to take up soluble phosphate (orthophosphate, Pi) and accumulate it
as polyphosphate (polyP), similar to marine microorganisms®. Given the above, phosphate-rich conditions may
not necessarily promote intracellular calcification in C. matruchotii. Rather, it is possible that soluble phosphate
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Fig. 2. TEM images of C. matruchotii under Ca (+) and Ca (-) conditions. (A) C. matruchotii under the Ca (-)
condition. Red arrows indicate leakage of intracellular contents. (B) C. matruchotii under the Ca (+) condition.
Most bacteria show amorphous structures. Yellow arrows indicate crystal formation within the bacterial body.
(C) C. matruchotii under the Ca (-) condition at 20000x magnification. One cell shows low overall electron
transmission, while another shows high transmission. No crystals are observed within the bacteria. (D) C.
matruchotii under the Ca (-) condition at 40000x magnification showing no evidence of crystal formation. (E)
C. matruchotii under the Ca (+) condition. Plate-like and needle-like crystals are visible inside the bacteria.
Orange arrow indicates a crystal located along the cell wall. (F) C. matruchotii under the Ca (+) condition at
40000x magnification showing both crystals and amorphous structures within the bacterial body.

Scientific Reports | (2026) 16:4591 | https://doi.org/10.1038/s41598-025-34628-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

w
[
'
-
- '
o)
Y4
.
3
(i) (iif)
— 560 001
560
- 4807
480
- s N =
400 % 400 ‘2" Q
» o 1] o S
E ] 2 S a0 | 2
=} ©c & o o
o L 35 (&]
O, oz N
S

O1.04 1.84 264 3.44 424 5.04 5.84
( i ) ( iV)
003
- 560
480 480
200 400
2 2 £
c g 3 320 o =2
320 o x
=1 = s ° = S
o = =1 3
> o | o
(G- 3 3 S
240 = K < 240 =
n - d
7] o
S a 2 N
] < S 1 22 4
160 b = 160 ow =
(&} (=] =
. | 3
i =) | [&]
80 O 80
ORI W ” "
Y ' '
5.00 6.00 700  8.00 900 1000 O1.04 1.84 264 3.44 424 5.04 584

Fig. 3. TEM and EDX analysis of C. matruchotii under Ca (+) and Ca (-) conditions. (A) TEM image of

C. matruchotii under the Ca (+) condition. EDX was performed at the regions marked (i) and (ii). (i) EDX
spectrum obtained at the tip of the black arrow (i) in panel (A). (ii) EDX spectrum obtained at the tip of the
black arrow (ii) in panel (A). (B) TEM image of C. matruchotii under the Ca (-) condition. EDX was performed
the regions marked (iii) and (iv). (iii) EDX spectrum obtained at the tip of the black arrow (iii) in panel (B).

(iv) EDX spectrum obtained at the tip of the black arrow (iv) in panel (B).
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Fig. 4. TEM and element mapping analysis of C. matruchotii under Ca (+) conditions. (A) TEM image of

C. matruchotii under the Ca (+) condition. (B) Elemental mapping of silicon. No silicon accumulation was
observed within the field of view. (C) Element mapping of phosphorus. Phosphorus accumulation outlining
the cell membrane is indicated by the white arrowhead. Strong phosphorus accumulation (yellow arrowhead)
was observed in the low electron-transmission (crystalline) regions in TEM. (D) Elemental mapping of
calcium. Calcium accumulation was observed only in C. matruchotii exhibiting intracellular calcification.
Strong calcium accumulation was observed in the low electron-transmission (crystalline) regions (white
arrow). Weak calcium accumulation was also detected in the low electron-transmission (amorphous) regions
within the cell (red arrow) and around the cell membrane (green arrow).

(Pi) is taken up and stored as polyphosphate (polyP), which is then hydrolyzed back into orthophosphate by
alkaline phosphatase under certain environmental conditions to facilitate calcification.

In this study, we focused on calcium ions, which have received relatively little attention to date, and aimed to
further explore the role of extracellular calcium ions.

To minimize the influence of nucleation factors and exposure time — both of which are critical in crystal
formation — and to focus solely on the presence and absence of calcium, we added 0.01mM silicon as a nucleation
source and conducted calcification experiments over four years, a duration longer than that used in a previous
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Fig. 5. Schematic illustration of intracellular calcification in response to calcium concentration differences.
Green spheres: phosphate ions, red spheres: calcium ions. Initially, calcium ions and phosphate ions are
present inside the cell. When the extracellular calcium ion concentration increases, an amorphous structure
forms around the cell wall. This amorphous creates layer acts as a scaffold for subsequent in tricellular
calcification. As more calcium ions are taken up from the extracellular environment, intracellular calcification
progresses, leading to crystallization. In contrast, under low extracellular calcium conditions, pores form

in the cell wall, causing leakage of cellular contents. The resulting interaction between the extracellular and
intracellular environments leads to a further decrease in intracellular calcium concentration, thereby inhibiting
calcification.

study®®. Under the Ca (-) condition, no crystal formation was observed, while under the Ca (+) condition,
crystals containing calcium and phosphate ions were detected. These results suggest that bacterial calcification
is regulated by calcium ion.

Various factors, such as salt solubility and environmental conditions, influence crystallization and crystal
growth, including calcification. In particular, the oral cavity experiences wide temperature fluctuations — from
0 °C to 90 °C —and pH shifts ranging from slightly alkaline to acidic. When focusing on bacterial structure, non-
calcified bacteria showed ruptures and leakage of intracellular contents, whereas calcified bacteria maintained an
intact lipid bilayer, showed no surface holes, and retained their intracellular contents (Figs. 1 and 2). Therefore,
calcification of bacteria may help maintain structural integrity, making them less susceptible to environmental
stress.

Under the Ca (-) condition, ion concentrations inside bacteria equilibrate with the external medium due
to leakage, whereas in the Ca (+) condition, calcium ions are retained intracellularly due to the absence of
leakage, thereby creating favorable environment for crystallization (Fig. 5). Inside calcified bacteria, TEM
images showed amorphous, low-electron-transmission structures around the cell wall. Additionally, calcified
bacteria were shorter in length compared to non-calcified bacteria. These amorphous structures were localized
around the cell wall, and some bacteria showed crystal formation internally. This suggests that insoluble salts
composed of calcium, phosphate, and possibly other ions may be trapped by membrane-associated proteins and
lipids, forming amorphous aggregates. These structures may not only act as reservoirs for calcium ions but also
reinforce the cell membrane after bacterial death, preventing rupture of the cell body.

Taken together, these findings suggest that C. matruchotii initially takes up calcium ions from the extracellular
environment (e.g., saliva) and forms amorphous deposits around the inner cell wall. This may lead to a loss of
cellular flexibility and inhibition of elongation or growth (Fig. 5). Eventually, calcifying C. matruchotii become
shorter and tend to aggregate, potentially contributing to the nucleation of dental calculus by forming clusters
of calcified bacterial components. This aggregation may also be advantageous under fluctuating environmental
conditions of the oral cavity, as it helps shield the interior of the cluster from direct environment exposure.

Overall, our results suggest that the calcium ions play a key role in regulating the calcification of C. matruchotii,
which is likely involved in the initial formation of dental calculus. Furthermore, the calcification process induces
structural changes and aggregation in the bacteria themselves.

Under the measurement conditions employed in this study, dehydration was required during sample
preparation due to inherent limitations of the method. Amorphous calcium phosphates are unstable to heat
and dehydration®**!. Moreover, this measurement method cannot precisely determine the Ca: P ratio, making it
impossible to accurately identify the state of amorphous calcium phosphates or the composition of the crystals.
These issues are expected to be resolved in the future by combining cryo-fixation with cryo-electron microscopy
and electron diffraction, techniques that have been advancing rapidly in recent years*>%.

However, in the context of the actual oral cavity, the surrounding microbiome must also be considered.
For example, C. matruchotii is thought to exist symbiotically with Streptococcus sanguinis, a catalase-positive
bacterium that may act antagonistically toward acid-producing species such as S. mutans®*-3°. These microbial
interactions may influence local pH, a critical factor in calcification. Since this study focuses solely on C.
matruchotii, future investigation using co-culture systems or more complex models will be necessary to elucidate
the detailed mechanisms of dental calculus formation.
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Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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