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ABSTRACT

Sealed cariogenic bacteria are deprived from dietary carbohydrate, but could be provided with
nutrients by pulpal fluids, with adaptive strain-specific activities being possible. We investigated
survival and metabolic activity of the cariogenic bacteria Streptococcus sobrinus, Actinomyces
naeslundii and Lactobacillus rhamnosus in different carbohydrate-limited media without carbon
source (CLM), or containing glucose (CLM-G), albumin (CLM-A), or al-acid glycoprotein (CLM-
AGP) in vitro. Bacterial metabolite concentrations (lactate, pyruvate, oxaloacetate, citrate, acet-
ate, formate, ethanol, acetoin) after 20 and 4 hours incubation, and bacterial numbers (CFU)
after 24 hours incubation were analyzed using multivariate-analysis-of-variance (MVANOVA). The
medium (p = 0.02/MANOVA), strain and incubation-time (both p < 0.001) had significant impact
on metabolite concentrations. Bacteria secreted mainly lactate (80.3 pg/10° bacteria S. sobrinus)
and acetate (54.5 ug/10° bacteria A. naeslundii). Nearly all metabolites were produced in higher
concentrations in S. sobrinus than in A. naeslundii or L. rhamnosus (p < 0.05/HSD). Metabolite
concentration was significantly higher in CLM-G than in other media for most metabolites
(p < 0.05). L. rhamnosus showed significantly lower survival than S. sobrinus and A. naeslundii
(p < 0.05/HSD) regardless of the media, while S. sobrinus and A. naeslundii showed medium-
specific survival. Survival of carbon starvation was strain- and medium-specific. Sustained
organic acid production was found for all strains and media.
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Introduction

Bacteria are the prime etiological agent in development
and progression of dental caries, which is why caries
management has long focused on controlling cariogenic
bacteria. One such therapy for controlling the activity of
cariogenic bacteria is sealing them, with sealed bacteria
being cut off from the supply with dietary carbohy-
drates, impacting on bacterial survival, metabolic activ-
ity, and resulting in clinical lesion arrest [1,2]. Even for
deep carious lesions, sealing carious dentin and, with it,
cariogenic bacteria in proximity to the dental pulp is
recommended in order to avoid exposure and irritation
of the pulp [3-5].

By sealing, bacteria are hence shifted into a new
ecological niche with extensive starvation stress.
However, in deeper lesions close to the dental pulp,
bacteria could be provided with nutrients by the
pulpal fluid over the dentinal tubules. This fluid con-
sists of different compounds like glucose, glycopro-
teins and proteins [6,7], which can function as carbon
sources.

Because the survival rate of sealed bacteria has an
influence on pulp survival and hence therapy success,
the aim of the present study was to investigate the
bacterial potential to adapt to limited nutritional con-
ditions in order to survive and maintain metabolic

activity. An in vitro cultivation system with well-
defined carbohydrate-limited media (CLM) with dif-
ferent carbohydrate sources was established to analyze
the metabolic and growth behavior of three different
cariogenic bacterial strains. Then, metabolites, mainly
organic acids, produced and secreted by the bacteria
were examined alongside bacterial survival. Our
hypothesis was that survival and metabolic activity
differed between species, and was significantly influ-
enced by the provided carbohydrates sources.

Materials and methods
Bacteria and growth conditions

The bacterial strains Streptococcus sobrinus, DSM
20742, Actinomyces naeslundii, DSM 43013 and
Lactobacillus rhamnosus, DSM 20021 (DMSZ,
Braunschweig, Germany) were used in the present
study. The strains S. sobrinus and A. naeslundii
were maintained on blood agar plates COLS+
(Oxoid, Wesel, Germany) whereas the L. rhamnosus
strain was cultured on deMan-Rogosa-Sharpe (MRS)
agar (Oxoid) at 37°C for 2-3 days under aerobic
conditions.

The bacteria were precultured in brain-heart-
infusion (BHI) broth (Carl Roth, Karlsruhe,
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Germany) for 18 h at 37°C aerobically in tightly closed
15 ml Falcon tubes (Corning, Kaiserslautern,
Germany). Afterwards the bacteria were transferred
into BHI containing 1% glucose (Carl Roth) and 1%
sucrose (Carl Roth) with an inoculum (mean + SD) of
6 + 3*10° cells as 1 ml-cultures in 1.5 ml Eppendorf
tubes (Eppendorf, Hamburg, Germany), and incubated
at 37°C aerobically for further 18 h. After centrifuga-
tion of the cultures at 10,600 g for 5 min at room
temperature, the supernatants were removed and 1 ml
CLM (see below) was pipetted into each tube.

The composition of CLM was based on the semi-
defined medium described by Homer et al. [8] and
consisted of 20.2 mM anhydrous KH,PO, (all Carl
Roth unless otherwise outlined), 23.9 mM Na,HPO,
*2H,0 (Merck, Darmstadt, Germany), 0.2 mM NaCl,
72.2 mM NaCH;COO*3H,0, 4.5 mM (NH,),SO,,
0.9 mM Na;CsH;07*2H,0O (Merck), 0.2 mM ade-
nine, 0.3 mM uracil, 0.1 mM guanine HCI, 0.07 mM
FeSO,*7H,0, 0.07 mM MnSO,*H,0, 2.1 mM MgSO,
*7H,0, 14.0 mM L-cysteine HCl (Sigma Aldrich,
Taufkirchen, Germany) and 3.8 mM Na,COj;
(Merck). The CLM was adjusted to pH 7.0 and sup-
plemented with substances, which served as energy
sources for the bacteria, creating four different CLM
variations: CLM without energy source, CLM with
0.01% glucose (Carl Roth) (CLM-G), CLM with
0.01% albumin fraction V (Carl Roth) (CLM-A) and
CLM with 0.01% al-acid glycoprotein from bovine
plasma (Sigma Aldrich) (CLM-AGP).

The bacterial cultures were incubated at 37°C
aerobically for 20 h, constituting a phase of bacterial
adaptation to the altered conditions, followed by
a centrifugation step at 10,600 g for 5 min at room
temperature in order to collect the supernatants. The
supernatants were centrifuged a second time at
20,800 g for 5 min at room temperature and then
deproteinized using Amicon Ultra centrifugal filters
0.5 ml with a 10 kDa molecular weight cut-off
(MWCO) (Merck) at 10,000 g for 10 min at room
temperature. The deproteinized supernatants were
stored at —80°C until later processing.

The bacterial cells were cultured for further 4 h at
37°C aerobically after the addition of 1 ml fresh CLM
into each Eppendorf tube as before. Thereafter, the
cultures were centrifuged and the supernatants were
collected, deproteinized and stored as described
above. Medium exchange after 20 h of incubation
was performed in order to simulate flux of nutrients
and to ensure constant metabolism of bacterial cells.

The pH of all deproteinized supernatants was mea-
sured with MColorpHast pH-indicator strips pH
2.0-9.0, pH 4.0-7.0 and pH 6.5-10.0 (Merck).

The growth experiments were performed in tripli-
cates for each CLM variation. Control samples with-
out bacterial cells were set up using the medium BHI
with 1% glucose and 1% sucrose followed by the four

different CLM variations processed in the same way
as the bacterial cultures.

Metabolite assays

The metabolite contents of lactate, pyruvate, oxaloace-
tate, citrate, acetate, formate and ethanol in the depro-
teinized culture supernatants were measured by
colorimetric assay kits (Sigma Aldrich) according to
the protocols of the manufacturer. The content of acet-
oin in the supernatants was detected based on the assay
method described by Romick and Fleming [9]. The
acetoin standard curve series contained 0, 0.25, 0.5,
0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75 and
3.0 mM acetoin (Sigma Aldrich). In order to detect
the acetoin content by a colorimetric reaction, 5 pl of
O’Meara’s Reagent (Sigma Aldrich), 5 ul of 1%
L-arginine solution (Carl Roth) and 3 pl Barritt’s
Reagent A (Sigma Aldrich) were added to 50 pl of
each deproteinized supernatant sample and to 50 pl of
acetoin standard curve series. After incubation at 37°C
for 30 min, the absorbance was measured at 490 nm.
Measurements of the absorbance were performed with
the 96 well plate spectrophotometer Multiskan Go
(Thermo Scientific, Schwerte, Germany). As the CLM
contained 72.2 mM acetate and 0.9 mM citrate, and no
other metabolites, changes in metabolite concentration
were determinable.

Bacterial survival

At the end of the incubation for 20 h plus 4 h (i.e. after
24 h) in CLM, the culture supernatants were removed
and the bacterial cells resuspended in 1 ml of 0.9%
NaCl solution per tube by scraping and dispersing the
cell material with the help of inoculating needles
(Simport, Beloeil, Canada) and a vortex mixer. Serial
dilutions of the bacterial suspensions were prepared
and 100 pl aliquots of them were split on COLS+ agar
plates for S. sobrinus and A. naeslundii or on MRS agar
plates for L. rhamnosus. After incubation at 37°C for
2-3 days under aerobic conditions, the colonies were
counted and the colony forming units (CFU) per
sample were calculated.

In order to determine the initial cell count (t = 0)
bacterial strains were precultured in BHI for 18 h at
37°C aerobically in 15 ml Falcon tubes. Then bacteria
were transferred into BHI containing 1% glucose and
1% sucrose with an inoculum of 6 + 3*10° cells as
1 ml-cultures in 1.5 ml Eppendorf tubes, incubated at
37°C aerobically for further 18 h. Afterwards the
samples were centrifuged, the culture supernatants
were removed and the bacterial cells were resus-
pended into 1 ml of 0.9% NaCl solution. Plate count-
ing was performed as described above and CFUs per
sample were calculated.



Statistical analysis

Descriptive analysis was performed using means and
standard deviations, stratified according to strain and
medium.  Multivariate  analysis of  variance
(MANOVA) with post-hoc Tukey’s honestly signifi-
cant difference test (HSD) was performed for statis-
tical analysis. Differences with p < 0.05 were
considered to be statistically significant.

Results

The metabolic analyses of the strains S. sobrinus,
A. naeslundii and L. rhamnosus grown in CLM,
CLM-G, CLM-A and CLM-AGP displayed a distinct
profile of extracellular concentration changes of dif-
ferent metabolic products for each bacterial strain
(Table 1). The medium (p = 0.02/MANOVA), the
strain (p < 0.001) and the incubation time
(p < 0.001) all had significant impact on the metabo-
lite concentrations. All bacteria produced and
secreted mainly lactate and acetate. Nearly all meta-
bolites were produced in higher concentrations in
S. sobrinus than in A. naeslundii or L. rhamnosus
(p < 0.05/HSD). The metabolite concentration was
significantly higher in CLM-G than in other media
for most metabolites (p < 0.05). Details for the sta-
tistical analysis of metabolite concentrations can be
found in Table 2.

In detail, S. sobrinus preferentially formed lactate,
whereas A. naeslundii predominantly produced acetate,
in both cases with the highest contents for the cultivation
in CLM-G (S. sobrinus with 80.3 pg lactate/10° bacterial
cells and A. naeslundii with 54.5 pg acetate/10° bacterial
cells). For L. rhamnosus the measured values of lactate
(values <1 ug/ 10° bacterial cells) and acetate (values
<4 ug/10° bacterial cells) were low in all four variations
of the CLM. The metabolites pyruvate, oxaloacetate,
citrate, formate, ethanol and acetoin reached only low
concentrations in all media. There was an uptake of
extracellular acetate from the culture medium by all
three bacterial strains, which was highest for S. sobrinus
cultivated in CLM-G (concentration decreased by
139.4 pg/10° bacterial cells) and A. naeslundii grown in
CLM-A (concentration decreased by 130.5 g/10° bacter-
ial cells). A. naeslundii also ingested citrate in CLM-G,
CLM-A and CLM-AGP. The pH values of the cultures
remained unchanged compared to the start pH value (pH
7.0) for all tested bacterial strains in the four CLM varia-
tions during the whole incubation period (20 h plus 4 h).

The results of the bacterial survival analysis is
shown in Figure 1. Survival differed significantly
between strains; L. rhamnosus showed significantly
lower survival than S. sobrinus and A. naeslundii
(p < 0.05/HSD). Survival was not significantly differ-
ent between media (p > 0.05). In detail, under the
used growth conditions the bacterial strains
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S. sobrinus and A. naeslundii were grown as homo-
genous biofilms, whereas L. rhamnosus mainly
formed cell pellets. After 24 h, bacterial cell numbers
were significantly reduced for L. rhamnosus by up to
81% in all four test media. In all remaining media, no
significant changes in cell counts were detected.

Discussion

The present in vitro study tested the metabolic activity
and survival of the cariogenic bacteria S. sobrinus,
A. naeslundii and L. rhamnosus under different envir-
onmental stress conditions. We found bacteria to exhi-
bit a relevant, strain-specific potential to stay viable
under reduced and restricted nutritional conditions,
and also to exert adapted metabolic activity in parallel.
Our study confirms findings from in vivo studies,
which demonstrated long-term survival of sealed bac-
teria [10,11]. Strain-specific survival was also demon-
strated in vitro recently [12].

The collected data indicate that the bacterial
strains made use of different strategies in order to
adapt to the environmental changes. Growth under
high-carbon conditions allows lactic acid bacteria to
produce and accumulate intracellular polysaccharides
[13-16]. Bacterial cells can use these glycogen-like
storage polymers to overcome starvation periods. In
this regard the formation and secretion of lactate in
great amounts by the strains S. sobrinus and
A. naeslundii during the cultivation for the first incu-
bation period in all four low-carbon variations of
CLM can be explained by the consumption of such
intracellular storage polysaccharides.

Under the tested cultivation conditions, all three
bacterial strains performed a heterofermentative
metabolism. In addition to lactate, acetate was
formed as a second main end product. Bacteria can
use different pathways to degrade the intermediate
pyruvate to gain energy (ATP), to regulate the intra-
cellular reduction-oxidation balance (NADH/NAD
ratio) and thereby to optimize the metabolic output.
Therefore, lactate dehydrogenase, the predominantly
active enzyme under sugar excess conditions, was
substituted during nutritional depletion by pyruvate
formate lyase (PFL, anaerobic condition) and pyru-
vate dehydrogenase (PDH, aerobic condition).
Afterwards, the produced acetyl-CoA was further
transformed into acetate or ethanol, both substances
determined in the culture media [15,17-20].
Moreover, S. sobrinus also used acetyl-CoA to pro-
duce citrate. This finding is in agreement with the
investigations of oral bacteria by Takahashi et al. [21]
and Norimatsu et al. [22]. The ability of the bacterial
strains to use the PFL pathway was confirmed by the
detection of secreted formate.

Aside from fermentation of carbon sources with
regard to cell proliferation, lactic acid bacteria also



4 e P. GANAS AND F. SCHWENDICKE

"3]qe12333p J0U ‘pu

pu pu pu S0C F ¢S'L— 100 ¥ 100 100'0 + €000 pu 1000 + ¢0°'0 yv
pu 100 + ¢00 1000 ¥ L000 vL'L F9L°¢ 100 ¥ LO0— 9000 ¥ LOO 5000 + ¥00°0 0L'0 ¥ ¥S0 y 0oc dOV-WT1D
pu pu pu LEO0 F LLL— €0°0 ¥ 200 #7000 + 100 pu 1L00°0 + 1000 yv
8000 + 600 100°0 + L0'0 1000 + 1000 LL°0 F VTe— 100 + LO0— 000 + L0O00 1000 + ¥00°0 ¥0'0 ¥ 9¢°0 y 0oc V-W1D
pu pu pu S6'G F €91~ €00 ¥ OL'0— 1000 * ¥00°0 pu 10°0 + ¢0°0 yv
pu 1000 + LO0 1000 + 1000 L0'L + 60°L €00 + 900 pu 1000 + €000 90 ¥ 560 y 0oc 5-W1D
pu pu pu 790 F /L€ L0'0 ¥ ¥0°0 G000 + LOOO pu 1L00°0 + 1000 Uy
pu 000 + 100 1000 + 1000 €CLF00°L— 00 + 800 pu pu 700 + €50 yoc W1 shsouwbyl -7
pu 810 + ¢00 pu 000L * LL'LL— £00 ¥ LO0O— €00 + ¥0°0 pu 100 ¥ 100 yv
pu S00 + LL°O ¢C0 950 YLl F0L1°0C £0°0 + 9L°0— pu 910 ¥ 8€0 60'C + ¥6'S y oc dOV-WT1D
pu 0L'0+6L0 pu 56y + EvvL— 880 ¥ ¢L0— 4N 74l pu 900+ LL'O yv
960 ¥ LOC €C0 F9Y0 680 ¥ 68°L 9€'v9 + LS0EL— LL°0 F STL— pu 9%'0 + SO°L 86'8 ¥ 6L°LL y ot V-W1D
180 + ¢€'L 800 + 90°0 pu L90V + CTCeE~ 06'0 + SE€'L— €C°0 F ¢€0 pu 100 + 200 yv
790 + 620 SGE'0 F ¢SO 69'L + €9°C L9'SY + €9VS 6L0 + ¥C0— pu €0'L +85°L or'cl + ve'0¢ y ot D-W1D
€50 F ¢€0 €10+ LL°O pu YCLL + vSveE— ¥€0 + €90 S0°0 + £00 pu 100 + €00 yv
pu SL'0OF YO 890 ¥ /9L YO'ET F V8- 800 + £LT0 pu 8€'0 F ¥0'L 9G9'G ¥ S6°€EL y ot W1 lipunjsebu "y
pu pu pu LL'0L + 89°0— SL'0 ¥ 0€°0 L0'0 + £00 pu 100 ¥ 100 yv
LL'0 ¥ 190 Y00 + ¥€0 L0'0 ¥ 600 6v'S + €0 Y10 ¥ 980 €00 F ¥€°0 LL'0 ¥ 090 86'L + 89°GL y ot dOV-WTD
pu £0°0 + €00 pu 8G°C + 68'8— SC0 F L¥0 €00 + ¥0°0 pu 100 + 200 yv
97’0 ¥ ¥5°0 LL'0 F 80 ¥00 F LLO S9EL ¥ ¥6'6 L0 F OL°L 0L'0 F9€0 o F L90 L9'S + £591 y ot V-W1D
pu pu ¢0'0 ¥ 900 6L'89 ¥ 61'Gv— 890 ¥ LEE 900 + ZL'0 pu 900 + S¥'0 yv
97’0 ¥ 98°L LTO0F L) 900 + V0 L9'0F + 6£'6€1— 990 + L9V 690 F 99°C LEO0 F €97C 056 ¥ ST08 y ot 5-W1D
pu pu pu CLEE F E8'LT— Y00 ¥ LLO 700 + LO0 pu 100 + €00 yv
600 ¥ SL°0 6L'0 F €90 €00 FClo Ll F9¢L V0 F LE'L Y10 ¥ 650 650 F €0°L 0L F ¥0'€C Yy 0C WD snulqos °s
U032y joueyiy Jlewo4 Je1dy aenn 91e19700[EX0 91eANIAd a1epe awi “1eqnou| wnipaw [ewuip urelis |euaroeg

(sI19> |euayeq 401/6r) saujoqeisy

"7 9|qel ul papiaoid S| uoien|eAd [BD11SIIRIS BY] "SUOIIBIASP PJepURIS F SUBSW Se UIAID ale sjuswiadxa 1uspuadapul 931y} wolj exeq
"(dOY-WTD) uI2104dodA|6 pide-1o Jo (Y-WTD) ulwnge “(D-|1D) 9503n|6 Ylm wnipaw Ul pue (D) 924n0S UogJed INoYyLM Wnipaw patwi|-21eipAyogued ul paleAllnd 2J9M Sulells [eldldeg elaeq
Aq saujogeisw jo jerdn aiedipul sanjeA aAleBaN Y ¢ Jayloue pue y Qg Joj uolegnduj Jaye siueleusadns ain}nd ayl Ul duldseq yum pasedwod UOIIBIUSIUOD dljogeidw i sabuey) | 3|qel



JOURNAL OF ORAL MICROBIOLOGY e 5

Table 2. Statistical analysis of data for metabolite concentrations in the culture supernatants after incubation for 20 h and
another 4 h. The bacterial strains Streptococcus sobrinus (SS), Actinomyces naeslundii (AN) and Lactobacillus rhamnosus (LR) were
cultivated in carbohydrate-limited medium without carbon source (CLM) and in medium with glucose (CLM-G), albumin (CLM-A)

or al-acid glycoprotein (CLM-AGP).

Bacterial strain

Carbohydrate-limited medium Incubation time

Tukey’s HSD Tukey's HSD MANOVA
Metabolite MANOVA p value homogeneous groups MANOVA p value homogeneous groups p value
Lactate 0.001 LR, AN, SS, 0.019 CLM, CLM-G,, CLM-A, CLM-AGP, 0.001
Pyruvate 0.001 LR, AN}, SSp 0.026 CLM,, CLM-G,, CLM-A,, CLM-AGP, 0.001
Oxaloacetate 0.001 LR, AN, SS, 0.018 CLM, CLM-G,, CLM-A,,, CLM-AGP, 0.031
Citrate 0.001 LR, AN, SS,, 0.006 CLM,p CLM-G,, CLM-A, CLM-AGP, 0.152
Acetate 0.134 LR, AN, SS, 0.110 CLM, CLM-G, CLM-A, CLM-AGP, 0.744
Formate 0.001 LR, AN, SS, 0.333 CLM, CLM-G, CLM-A, CLM-AGP, 0.001
Ethanol 0.001 LR, AN, SSp 0.036 CLM,, CLM-G,, CLM-A,;,, CLM-AGP, 0.001
Acetoin 0.013 LR, AN, SS, 0.025 CLM, CLM-G, CLM-A, CLM-AGP, 0.021

Data were assessed for statistically significant effects of independent variables (bacterial strains, culture media, incubation times) on dependent variable
(metabolite contents) using MANOVA and post-hoc Tukey's HSD test. Significant differences overall groups are indicated in bold and homogeneous
subsets between groups by shared subscript letters. Differences with p < 0.05 were considered to be statistically significant (HSD-test).

400 ~
350 A
—= 300 -
=, mt=0
= 250 A
8 mCLM
© 200 - %
- * mCLM-G
(]
S 150 i YK
3 & ‘ CLM-A
100 4 “‘
| | m CLM-AGP
50 A | I
‘ I
| o i
0 i
Streptococcus Lactobacillus Actinomyces
sobrinus rhamnosus naeslundii

cultivation for 24 hours (t = 24 h)

Figure 1. Bacterial survival. The relative number of colony-forming units (CFU) per sample in different culture media (color-
coded); carbohydrate-limited medium without carbon source (CLM) and in carbohydrate-limited medium with glucose (CLM-G),
albumin (CLM-A) or al-acid glycoprotein (CLM-AGP) at the start (t = 0) and at the end of incubation after 20 + 4 h (t = 24 h).
The initial cell counts at t = 0 were regarded as 100%. The means obtained from three independent experiments are given. Error
bars indicate standard deviations. *Statistical significance between pairs showing differences with p < 0.05 (HSD-test).

produce flavor compounds [20,23,24]. This could be
demonstrated for S. sobrinus and A. naeslundii under
the tested conditions by observing low levels of acet-
oin in some of their cultures.

The prolonged cultivation of the bacterial strains
in nutrient-poor CLM resulted in a metabolic switch
to a scavenging mode seeking for alternative carbon
sources. Therefore, it seems to be coherent that all
three bacterial strains ingested acetate from the cul-
ture media. Pathways for acetate assimilation via the
acetate:CoA ligase or the reverse reaction of the phos-
photransacetylase-acetate kinase are described for
Escherichia coli [25]. Similar reactions are conceivable
also for lactic acid bacteria.

In addition to acetate, the strains A. naeslundii and
L. rhamnosus showed an uptake of citrate. The trans-
port of citrate is driven by citrate:metal symporters
described as co-transport with Ca*" in Lactobacillus
casei [26] and Fe’" in Streptococcus mutans [27].

Intracellularly, the enzymes citrate lyase and oxaloa-
cetate decarboxylase convert citrate into pyruvate and
CO, [26-28].

Furthermore, one should consider that lactic acid
is not only a metabolic end product. Lactic acid
bacteria can also utilize lactate as a carbon source
by conversion into pyruvate using two different
enzymes, a lactate oxidase or a NAD-independent
lactate dehydrogenase [15,29,30]. Jyoti et al. [31]
described for the cultivation of L. rhammosus in
a glucose-containing medium a diauxic growth pro-
file, with a second growth phase on the fermentation
product lactic acid. This metabolic feature might
explain why only very low lactate contents could be
detected for the L. rhamnosus grown in CLM.

Lactobacilli also strictly regulate their gene expres-
sion in response to sugar starvation [32,33].
Carbohydrate depletion leads to an extensive sup-
pression of cellular pathways. The low amounts of
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metabolites detected in all L. rhamnosus cultures
indicate that this bacterial strain exhibited a similar
stress behavior. The bacteria seem to enter
a physiological state of reduced metabolic activity.
Parry et al. [34] demonstrated that such a dormant
state can be achieved by changes of the bacterial
cytoplasm. In this way, bacteria improve their stress-
resistance and long-term survival under adverse
environmental conditions.

The collected data regarding the cell numbers in the
cultures clearly show the potential of the bacteria to
adapt and to survive periods of carbon starvation.
Viable cells were determined for all three bacterial
strains grown in the four tested variations of CLM.
For some cultivation conditions, no significant
changes of the cell numbers were found at all, while
in others, there was a reduction of bacterial cells.
Notably, in a clinical setting, carious lesions will con-
tain a far larger spectrum of bacterial strains [35],
which could have a supportive effect on the survival
rate of these bacteria, for example by cross-feeding etc.

Overall, the sustained survival and organic acid
production by sealed bacteria may have clinical rele-
vance, as acids can further demineralize the dentin,
but also affect pulpal health. As clinical studies are
only limitedly able to capture detailed pulp histologi-
cal changes, in vitro simulations may be advisable in
this direction. Notably, we did not detect pH
decreases in the media; this, however, may be
ascribed to experimental conditions (the media were
buffering the acids). Further tests, involving long-
term cultivation of bacteria (to test their deminerali-
zation capability, but also long-term adaption to
stress) are advisable. Understanding bacterial adapta-
tion processes to acquire stress-resistance and identi-
fying the underlying molecular mechanisms may help
to develop targeted supplementary treatment
approaches for sealing carious lesions.

This study has a number of limitations. As dis-
cussed, investigation of mono-species cultures are
suited to gain insights into strain-specific metabolic
behavior of bacteria, while in nature microbiocoe-
noses are common. The clinical transferability of
our findings may hence be limited. To gain a more
profound and clinically applicable understanding, co-
cultivation studies with several strains are advisable.
A second limitation is predicated by our selection of
performed metabolic assays, which was focused on
carbon sources. Because the dental pulpal fluid con-
tains also proteins, it would be interesting to investi-
gate how intensively bacteria utilize these compounds
and which metabolic products are formed and
secreted. Last, the relative short cultivation time
used in the study limits the impact of the present
survival data. Longer cultivation period may allow to
capture more nuanced differences between the

survival potentials of cariogenic bacterial strains, in
addition to the possible benefits discussed above.

In conclusion and within these limitations, all
investigated cariogenic bacteria exhibited a relevant
potential to survive nutrient (carbon source) starva-
tion. In order to achieve this, bacteria adapted their
metabolism, using strain-specific strategies like
degradation of intracellular storage polymers,
switches between metabolic pathways, usage of alter-
native carbon sources and reduction of their meta-
bolic activity. During sugar starvation, lactic acid
bacteria benefit from their metabolic flexibility.
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