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Abstract
Considering the implications of microbiota in health, scientists are in search of microbiota-oriented strategies for the effective
prevention and/or treatment of a wide variety of serious diseases. A microbiota comprises diverse microorganisms with either
probiotic or pathogenic properties. The fermentation of prebiotic carbohydrates by probiotic bacteria can affect host metabolism.
Therefore, understanding the prebiotic-mediated metabolic modulations in probiotics is crucial to develop functional foods for
the improvement of disturbed microbiota. Studies have emphasized the importance of prebiotics in probiotic therapies for
mucosal diseases and highlighted the need for extensive research on oral bacteria. In the present study, the cellular events have
been studied in batch cultures of probiotic Streptococcus salivarius exposed to the natural prebiotic, tapioca starch (TS). TS
modulated the keystone metabolic events in Streptococcus salivarius in a dose-dependent manner. Besides increasing the live
cell counts and altering the colony morphologies, TS affected the protein metabolism in terms of cellular expression and
conformational changes in protein secondary structures. After treatment with TS, the nucleic acid synthesis increased and B-
DNA was more than A- and Z-DNA, together with the diminished fatty acids and increased polysaccharide synthesis. The study
results can be considered for the assessment of functional foods and probiotics in oral health.
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Introduction

The effect of nutrition on human health has triggered the inter-
est of consumers, researchers, and the functional food industry
[1]. In this respect, the pharmaceutical and food industry en-
courages the combined use of probiotics and prebiotics because
of the synbiotic relationship between prebiotics and probiotics
to protect and improve consumer health [1]. Most contextual
studies have focused on the treatment or prevention of gastro-
intestinal diseases [1]. Similar to the intestine, the human oral
cavity is a complex area composed of various structures and

colonized by a broad spectrum of microorganisms [2]. These
microorganisms form complex communities that are balanced
in the oral cavity of a healthy individual [3]. The composition of
these microbial populations is hypervariable, depending on the
region of the oral cavity, age, and diet of the individual [1].
Disturbed oral microbiota triggers the production of various
metabolites leading to the development of oral diseases; how-
ever, this negative functionality can be reversed by appropriate
nutritional strategies [4]. Basic and clinical research studies
have revealed that probiotics can successfully prevent oral dis-
eases, such as halitosis (bad breath), tooth decay, periodontitis,
and gingivitis [5, 6]. Probiotic lactobacilli may not only alter the
protein composition of salivary glands but also affect the oral
ecology by preventing the adherence of other bacteria [7].
People are consuming lactobacilli in the form of pills or
pastilles to reduce gingivitis [8]. Moreover, some studies
have evaluated the potential of probiotics in controlling
tooth decay [5, 9]. Zhang et al. (2018) argued that the
dental caries rates and Streptococcus mutans (S. mutans)
concentrations are lower in the Lactobacillus rhamnosus-
treated groups with respect to untreated children [10].
Another study has shown that the short-term consumption
of cheese containing two probiotic lactobacilli may reduce
oral cariogenic microbial flora in young adults [11].
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Although different strains of probiotic bacteria are ef-
fective in the prevention of acute upper respiratory tract
i n f e c t i on , on l y S t r ep t o coccu s sa l i v a r i u s K12
(S. salivarius K12) strain has been found useful in the
prevention of pharyngotonsillitis [12]. This strain also
has a good safety profile and colonizes permanently within
the upper resp i ra to ry t rac t [12] . The probio t ic
Streptococcus salivarius M18 (S. salivarius M18) strain
improves disturbed oral microbiota by producing dextran-
ase and urease enzymes that reduce the dental plaque de-
position and acidification, respectively. Important cario-
genic bacteria are targeted by bacteriocins produced by
S. salivarius M18 [13]. In a study involving 100 children,
the S. salivarius M18 strain was reported to be safe and
effective in reducing tooth decay and plaque formation
[13]. S. salivarius M18 strain was also found to prevent
new tooth decays in children [14]. Full details of the pro-
biotic mechanisms of these strains are still emerging, and
there is a need for additional studies to be conducted [15].
Recent studies have demonstrated a close relationship be-
tween the oral microbiota and some intestinal diseases
[16]. The bacterial genera of stool and the oral cavity were
found to be identical in more than 45% of the subjects
analyzed in the Human Microbiome Project [17]. The
periodontitis-causing oral bacteria Porphyromonas
gingivalis (P. gingivalis) can even invade the intestine
and cause colon dysbiosis, a well-known phenomenon as-
sociated with immune dysfunction and common metabolic
diseases [18, 19]. Apart from P. gingivalis, other oral bac-
teria are also able to translocate to the gut [19]. Studies
have also emphasized the importance of prebiotics in pro-
biotic therapies and highlighted the need for a coordinated
approach for the treatment of oral and intestinal diseases
[19]. Further studies to investigate the link between oral
dysbiosis and systemic diseases, including gut inflamma-
tion, cancer, atherosclerosis, diabetes, and obesity, are
warranted [19].

Although the health effects of cassava-derived starch are
not thoroughly explored, a limited number of studies have
investigated these effects in intestinal probiotic bacteria [20].
The prebiotic properties of tapioca starch (TS) are reported in
intestinal probiotic bacteria only [21]. Considering the lack of
knowledge about the prebiotic effect of TS on intestinal bac-
teria and the interplay between TS and oral bacteria, the pres-
ent study aimed to elucidate TS-associated modulations in
cellular events in the oral probiotic S. salivarius M18 and
S. salivarius K12 strains. The cellular events are presented
through changes in live cell counts and colony morphologies
and molecular alterations in proteins, polysaccharides, and
nucleic and fatty acids. Our study can help the health-care
companies to optimize and manufacture the functional probi-
otic products, particularly for the maintenance and protection
of oral microbiota.

Materials and Methods

Commercial TS and inulin powders extracted from the roots
of the cassava (Manihot esculenta) and chicory plants
(Cichorium intybus), respectively, were used as natural prebi-
otic polysaccharides. Please refer to the supplementary infor-
mation of this manuscript for all experimental details.

Bacterial Strains and Aerobic Culture Conditions

The S. salivarius M18 strain was grown on tryptic soy agar
(TSA) and tryptic soy broth (TSB) media, whereas the
S. salivarius K12 strain was grown on nutrient agar (NA)
and nutrient broth (NB) media. The Lactobacillus plantarum
B-1846 strain (L. plantarum B-1846) was grown on deMAN,
ROGOSA, and SHARPE (MRS) agar and broth media. All
the consumables used were heat-sterilized (autoclaved at
121 °C for 15 min) unless otherwise indicated. The bacteria
were cultivated at 37 °C under aerobic conditions (80% air,
20% media) in an orbital shaker at 150 rpm for 18 h.

Culturing the Bacteria with TS and Inulin in a Low-
Oxygen Environment

The bacteria were inoculated onto media containing different
concentrations of TS and inulin, as detailed in Supplementary
Table S1. Inulin was included as another source of prebiotic
polysaccharides to compare it with TS. The details of the
experiments can be found in the supplementary information
of this manuscript.

Determination of Colony-Forming Units (CFUs)

Samples, 100 uI each, were serially diluted and incubated on
the corresponding solid media in triplicate. Following incuba-
tion (37 °C for 24 h), the CFUs were calculated.

Colony Morphology Assay

The colonies grown on solid media supplemented with Congo
red and Coomassie blue were visualized under a fluorescence
microscope in the bright-field mode (Olympus BX53, JP).
The details of the experiments can be found in the supplemen-
tary information of this manuscript.

Isolation and Separation of Proteins

The bacterial pellets were collected from the solid media and
lysed for protein isolation, and the proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The experimental details of protein isolation
and separation can be found in the supplementary information
of this manuscript.
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Attenuated Total Reflectance-Fourier Transform
Infrared (ATR-FTIR) Spectroscopy Measurements

The bacterial colonies grown for 24 h were scraped from solid
media and immediately analyzed by a Frontier FTIR spec-
trometer (PerkinElmer, US) equipped with a universal ATR
Miracle accessory. The details of the experiments can be
found in the supplementary information of this manuscript.

Statistical Analysis

The bacteria were categorized into cells only (CO) and TS-
supplemented (1.0–5.0%) groups. Statistical analysis was per-
formed to compare the band intensities in the TS-
supplemented (1.0–5.0%) groups with the band intensities in
the CO bacterial groups. The Dunnett method (confidence
level, 95%) was used as a part of the two-way analysis of
variance (ANOVA) in GraphPad Prism 6.01 (GraphPad,
USA). However, the total protein (%) expression data were
statistically analyzed using one-way ANOVA. The degrees of
significance were denoted as less than or equal to P < 0.05 *,
P < 0.01 **, P < 0.001 ***, and P < 0.0001 ****. The results
were expressed as means ± standard error of the mean.

Results

TS Modulates Live Cell Counts

Supplementary Table S2 demonstrates the live cell counts in
terms of CFUs for the CO and TS-supplemented groups of
S. salivarius M18 cells at 24 and 48 h. At 24 h, a tenfold
increase was found in the CFUs of 1.0% and 2.5% TS groups
as compared with the CFUs in the CO group. This increase
even reached up to a hundredfold for the 5.0% TS group
(Table S2). At 48 h, a roughly threefold increase in the
CFUs was observed for all the TS-supplemented groups as
compared with the CO group. The CFUs of the S. salivarius
M18 strain at 48 h were considerably higher than the corre-
sponding values at 24 h for all the groups (Table S2).

Similarly, for S. salivarius K12, a twofold increase in the
CFUs was observed in 1.0% and 2.5% TS-supplemented
groups with respect to the CO group at 24 h. The CFUs of
the 5.0% TS-supplemented group were almost five times
higher than those of the CO group (Table S3). However, the
CFUs of the TS-supplemented groups were almost equal to
those of the CO group at 48 h. When CFUs were compared
between 24 and 48 h, the CO group demonstrated a twofold
increase in the CFUs at 48 h, whereas a very small decrease
was observed in the 1.0% and 2.5% TS-supplemented groups
at 48 h. However, an approximately threefold decrease was
calculated for the 5.0% TS-supplemented group at 48 h with
respect to 24 h (Table S3).

The comparative CFU experiments were also conducted
with both the strains of bacteria supplemented with identical
doses of inulin. Inulin was chosen as it is the most widely
studied natural prebiotic polysaccharide and extensively used
in many commercially available probiotic supplements [22].
In terms of the CFUs, TS was found to be more effective than
inulin under the present experimental conditions (Tables S2–
S3).

TS Modulates Colony Morphology

Figure 1 shows the effect of TS on single colony morphol-
ogies of S. salivariusM18. The colonies were grown on TSA,
and Congo red [23] and Coomassie blue [24] dyes were used
to track the morphological changes. The single colonies of the
S. salivariusM18 CO group were found to have a bigger and
rounder shape and more well-defined margins than those of
the TS-supplemented groups. The roundness of the colonies
was found to disappear with increasing TS concentrations
gradually. TS dose-dependently enhanced the numbers of
red-colored carbohydrate-based formations inside the stained
colonies. A similar phenomenon, except the disappearance of
roundness, was also observed in S. salivarius K12 (Fig. S1).
The black and opaque colonies of another probiotic bacterium,
namely L. plantarum B-1846, did not demonstrate these mor-
phological alterations, except for size reduction (Fig. S2).

TS Modulates Cellular Metabolism

The TS-associated modulations of cellular events in
S. salivarius M18 and S. salivarius K12 were elucidated at a
molecular level using the principal component analysis (PCA)
model, which was developed using a large dataset obtained by
ATR-FTIR spectroscopy. The PCA model was developed on
the fingerprint (1800–1000 cm−1) spectral region that repre-
sents molecular vibrations emerging from different cellular
molecules’ divergent functional groups. The modulations in
these molecular vibrations affect the conformation and func-
tionality of keystone biomolecules.

Figure 2 represents the scores, loadings, and variance plots
of the PCA model for S. salivarius M18. According to the
scores plot (Fig. 2a), the untreated bacterial group (CO, con-
trol) and 1.0% TS-supplemented bacterial group were segre-
gated on the positive side (positive scores), whereas the 2.5%
and 5.0% TS-supplemented groups were mainly clustered on
the negative side (negative scores) along PC1. The scores of
growth medium without bacteria (only media/OM) group and
growth medium without bacteria but supplemented with TS
(M+ TS) group were also evaluated. However, the OM andM
+ TS groups were found to be clustered together and far away
from the CO and TS-supplemented groups. In all data analy-
ses, PC1 was considered because it represents the largest
(77%) proportion of data standing behind discrimination.
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PC2 (20%) was also examined but not considered in this study
because the obtained variables of PC2 were too small to be
recognized as a real variation. The PC1 loadings plot indicates
that the discrimination seen in the scores plot emerged from
variations in positive discriminators (Fig. 2b). Biologically,
each of these discriminators represents a specific molecular
and/or cellular event [25–28]. An explained variance plot is
provided to show the magnitude of involved PCs that is PC1
(77%) and the indistinguishable patterns of calibrated and val-
idated variances (Fig. 2c).

A different PCA pattern was obtained for S. salivariusK12
(Fig. S3), in which the OM and M + TS groups were located
on the negative side (negative scores), whereas all other
groups including COwere found on the positive side (positive
scores) along PC1 (91%) (Fig. S3a). Similarly, the positive
discriminators were most effective in the discrimination of
groups, as shown in the loadings plot (Fig. S3b). The discrim-
ination power of PC1 (91%) and identical validation and cal-
ibration variances can be seen in the variance plot (Fig. S3c).
According to the findings, TS supplementation at all the stud-
ied concentrations induced vibrational stretching in the vari-
ous functional groups of cellular molecules in both bacterial
strains [27–32].

The loadings plots of both bacterial strains demonstrate
important clues in terms of positive discriminators about
quantifiable modulations occurring in protein, nucleic acid,
fatty acid, and carbohydrate metabolism. These molecular al-
terations that are associated with specific metabolic events can
be quantified using proper data-processing tools to highlight
the influence of TS on the metabolism of probiotic bacteria.
Accordingly, the only significant metabolic modulations were
quantified using the second-derivative infrared spectra, given

that resolving the important sub-bands from the raw infrared
spectra was impossible (Fig. 3).

TS Modulates Protein Metabolism

Initially, the secondary protein conformations were analyzed
by considering the sub-bands of the amide I band (1700–
1600 cm−1) from the second-derivative spectra (Fig. 4). The
analysis revealed the major protein conformations of
S. salivarius M18 (Fig. 4a), in which the only significantly
altered ones were quantified in terms of their absolute inten-
sities (Fig. 4b). It was found that the TS supplementation
enhances the triple α-helical, α-helical, and β-turn secondary
conformations and reduces the randomly coiled/unordered
structures in a dose-dependent manner. Moreover, the reduced
β-sheet and increased aggregatedβ-sheet conformations were
observed, albeit insignificantly (Fig. 4b). The similarly mod-
ulated protein structures were also quantified in S. salivarius
K12 (Fig. S4a, b).

TS Modulates Protein Expression

SDS-PAGE protein profilingwas performed to elicit the TS-
associatedmodulations inprotein expressionprofiles (Fig. 5,
Fig. S5). The analysis revealed distinct alterations in the
overall expression profile of proteins. TS significantly en-
hanced the total protein expression in S. salivariusM18 in a
dose-dependent manner (Fig. 5a, b). However, a decrease in
total protein expression was detected in S. salivarius K12
(Fig. S5a). For comparison, inulin was also found to be an
effective modulator of protein expression in S. salivarius
K12 (Fig. S5b).

Fig. 1 Tapioca starch modulates
the colony morphologies in
Streptococcus salivarius M18
visualized by a fluorescence
microscope in the bright-field
mode. a Cells only, b 1.0%, c
2.5%, and d 5.0% TS-
supplemented groups grown on
tryptic soy agar supplemented
with Congo red and Coomassie
blue dyes. Scale bar, 200 μm
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TS Modulates Nucleic Acid Metabolism

TS caused strong modulations in nucleic acid metabolism
(Fig. 6). The nucleic acid-associated bands in S. salivarius
M18 were resolved in second-derivative infrared spectra
(Fig. 6a) and quantified in terms of their absolute intensities
(Fig. 6b). The total nucleic acid concentrations were calculat-
ed considering the PO2 symmetric band intensities (located at

1086 cm−1 in second-derivative spectra), while the major con-
formational forms of DNA (A-, B-, and Z-forms) were quan-
tified by resolving the second-derivative sub-bands in the PO2

antisymmetric spectral region (1280–1200 cm−1). The dose-
dependent increases in the total nucleic acid concentrations
and B-DNA, in line with the reductions in A- and Z-DNA,
were observed. Comparable nucleic acid modulations were
also detected in S. salivarius K12 (Fig. S6a, b).

Fig. 2 Tapioca starch modulates
the cellular metabolism in
Streptococcus salivarius M18. a
Scores plot, b loadings plot, and c
explained variance plot of PCA
modeling obtained at the
fingerprint (1800–1000 cm−1)
spectral region in all groups
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TS Modulates Fatty Acid and Carbohydrate
Metabolism

In addition to protein and nucleic acid metabolism, fatty acid
and carbohydrate metabolism were also modified by TS. We
investigated the fatty acid region (1445–1385 cm−1) of infra-
red spectra with the same analysis approach utilized for pro-
tein and nucleic acids and quantified three different fatty acid-
associated bands (Fig. 7a, b). Interestingly, TS caused a sig-
nificant reduction in fatty acid concentrations in a dose-
dependent manner (Fig. 7b). A similar reduction in fatty acid
metabolism was also detected in S. salivarius K12 (Fig. S7a,
b). The carbohydrate-associated bands were located at
1154 cm−1 and nearly 1025–1031 cm−1 positions in second-

derivative spectra. The quantification of these bands revealed
a dose-dependent increase in polysaccharide and glycogen
concentrations in both bacteria (Fig. S8).

Discussion

Recent clinical studies have encouraged the consumption of
prebiotic functional foods and probiotics to enhance beneficial
activities of probiotics. The prebiotic therapy concept has only
recently been introduced in the field of oral microbiota and
health care, and research is still in its infancy [33, 34]. TS
affects many aspects of bacterial metabolism, and mechanistic
studies dealing separately with each aspect are crucial to

Fig. 3 Raw and second-
derivative infrared spectra
obtained at the fingerprint (1800–
1000 cm−1) spectral region for a
Streptococcus salivariusM18 and
b Streptococcus salivarius K12
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elucidate the interactions between TS and probiotic bacteria.
The findings presented here can help to elucidate the molecu-
lar interactions between the prebiotics and probiotics.
Generally, the interactions of probiotic S. salivarius M18
and S. salivarius K12 bacteria with prebiotic TS modulate
the keystone metabolic events in these bacterial strains in a
dose-dependent manner. The beneficial doses of probiotics
are particularly measured based on their live cell counts: an
increase in CFUs is associated with an increase in prebiotic
effect [21]. Therefore, an increased number of CFUs in
S. salivarius M18 and S. salivarius K12 (Table S2–S3) indi-
cates that TS increases the survival of the probiotic bacteria. A
recent study has demonstrated that native sago and tapioca

starches increase the live cell counts of probiotic bacterial
isolates, and the sago starch was found to have the most en-
couraging results [21].

The increasing doses of TS alter the typical morphology of
the colonies of both S. salivarius strains (Fig. 1, Fig. S1).
Congo red has a specific and strong binding to intact β-D-
glucan polysaccharides [23]. Therefore, the accumulation of
reddish carbohydrate-based structures inside the stained colo-
nies is a phenomenon that is not observed in L. plantarum
B-1846 (Fig. S2). The L. plantarum strains can ferment nu-
merous carbohydrate-based foods [35]. The size reduction is
consistent in all bacterial colonies. Bacteria demonstrate plas-
ticity because of the adaptive pressures perfecting the shape,

Fig. 4 Tapioca starch modulates
protein metabolism in
Streptococcus salivarius M18. a
Absorbance and second-
derivative infrared spectra at the
amide I (1700–1600 cm−1)
spectral region and b positions
and absolute intensities of spectral
bands associated with protein
secondary structures. ns, non-
significant; *P < 0.05,
**P < 0.01, ***P < 0.001,
****P < 0.0001. The error bars in
reported measurements are
presented as the means ± standard
error of the mean
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which, in turn, modifies reversible cellular processes, such as
intercellular communication, attachment, colonization, nutri-
ent uptake, motility, dispersion, and adaptation to the chemi-
cal environment and physical barriers. The peptidoglycan
(PG) sacculus made of polysaccharides and cross-linked pep-
tides is a key regulator of bacterial morphology. Furthermore,
the cytoskeletal factors regulate the enzymes involved in the
biosynthesis machinery of PG in big protein network systems
[36]. The reduced phospholipid (cardiolipin) composition of a
bacterial membrane has also been linked to serious shape al-
terations (rod to ellipsoid), probably due to the modification of
membrane organization that is ensured by fatty acid geometry
[37]. The cited literature has suggested that the alteration of
colony morphology is a complex phenomenon in which the
diverse cellular processes remodeling colossal biomolecular

systems are involved in developing an adaptive strategy for
the benefit of bacteria eventually.

TS causes considerable metabolic modulations in the
S. salivarius M18 and S. salivarius K12 strains (Fig. 2, Fig.
S3). In the comprehensive study of particular metabolic
events, the second-derivative spectra are extremely useful
from which the prominent alterations in protein, polysaccha-
ride, and fatty and nucleic acid molecules are quantitatively
highlighted (Fig. 3). A wide range of cellular mechanisms
associated with protein conformation might be involved in
the transition of existing protein structures from random coil
to regular α-helix and β-turn (Fig. 4, Fig. S4). Another pos-
sibility is that newly synthesized protein structures have
higher levels of α-helix and β-sheet structures than random
coils. The increased production of antimicrobial peptides
(AMPs) by probiotics in the presence of prebiotics has been
reported [38–40]. The AMPs provide competitive leverage to
the producer bacteria in certain ecological niches because of
the peptide-mediated neutralization of rival bacteria compet-
ing for avai lable nutr ients . Therefore , bacter ia l
AMPs/bacteriocins have a crucial and operative function in
defining the microbial colonization of certain habitats [41].
The sequence and structure of AMPs differ significantly,
whereas the main characteristic features, such as cationic
charge, large hydrophobic chain, and amphipathic character,
are similar [42]. The salivaricins of the bacteriocin family are
common AMPs produced profusely by S. salivarius to defeat
pathogenic fungi, bacteria, and viruses [43]. To the best of our
knowledge, the three-dimensional protein structure of
salivaricins has not been reported at the time of writing this
article. In the Antimicrobial Peptide Database, 60% of known
AMPs are presented as unknown 3D structures. Although the
AMPs withβ-conformation (2.72%) and combined helix/beta
packed structures (3.51%) are depicted, most of the AMPs
(13.68%) are revealed as helical peptides [44, 45].
Bacteriocins are structurally flexible peptides in different mi-
croenvironments reflecting and contributing to the functional
diversity [46–48]. Therefore, they play an integral, multiface-
ted role in microbial ecology [49].

Apart from modulations in protein conformation, TS sig-
nificantly alters the total expression of cellular proteins, espe-
cially in S. salivarius M18 (Fig. 5, Fig. S5a). Generally,
S. salivarius M18 and S. salivarius K12 depict different pro-
tein expressions. These differences can be associated with TS-
induced alterations in DNA conformations directly affecting
the upregulation (in S. salivariusM18) or downregulation (in
S. salivarius K12) of particular genes that orchestrate the ex-
pression of proteins differently.

DNA conformation can be affected by environmental con-
ditions, such as pH, hydration, salts, counterions, antibiotics,
and metals, as well as by cellular processes, such as protein
binding, RNA binding, and superhelical tension [50, 51]. The
possible link between the methylation status and the

Fig. 5 Tapioca starch modulates protein expression in Streptococcus
salivarius M18. a Total protein bands profiled by SDS-PAGE and b
total quantities of expressed proteins calculated using ImageJ software
and normalized to 100%. M-Marker (Thermo Scientific™ PageRuler™
Plus Prestained 10–250 kDa Protein Ladder). *P < 0.05, **P < 0.01. The
error bars in a reported measurement are presented as relative means in
percent ± standard error of the relative mean in percent
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conformational forms of DNA has also been revealed [52, 53].
The immunomodulatory effects of probiotic DNA [54] and
unmethylated CpG motifs in bacterial DNA have also been
shown [55]. The conformational state of DNA can be impli-
cated in the probiotic activity. An increase in nucleic acid
synthesis with the predominance of B-DNA over the A- and
Z-DNA can be favorable modulations occurring in a TS-
enriched environment (Fig. 6, Fig. S6).

Most antimicrobials generally target the key molecules
of bacterial cell membranes, including fatty acids [56].
Diverse bacteria uniquely modify their fatty acid composi-
tion to modulate the membrane properties and minimize
contact with antimicrobials [57]. In other words, the mod-
ification of fatty acid composition strictly depends on the
nature, type, and concentration of indigenous fatty acids,
which are unique for particular bacteria [56–58]. The re-
duction of fatty acids in the TS-enriched environment (Fig.
7, Fig. S7) can be associated with the inhibition of the de
novo lipid biosynthesis or utilization of existing cellular
lipids for distinct metabolic activities.

Extracellular polysaccharides (EPSs) produced by patho-
genic bacteria are important virulence factors as they play
important roles in host-pathogen interactions [59]. The EPSs
of commensal gut bacteria participate in the modulation of
host immune responses and help the probiotic bacteria to ex-
hibit antimicrobial effects against challenger pathogens [60,
61] and their biofilms [62, 63]. Given the numerous beneficial
functions of bioactive EPSs, probably, the EPS production in
probiotic bacteria enhances its probiotic efficacy and is a fa-
vorable condition for commensal gut physiology and host
metabolism [60, 61, 64–66]. Upregulated by nutritional and
energy status, bacterial glycogen metabolism is associated
with growth, prolonged survival, adaptation, osmoprotection,
and cell wall biosynthesis [67]. The synthesis and storage of
glycogen are considered vital niche factors in the host envi-
ronments, promoting the probiotic properties and intestinal
retention of Lactobacillus acidophilus and the colonization
persistence of S. mutans [67]. In this context, the interaction
with TS could create a beneficial environment for polysaccha-
ride and glycogen synthesis, enhancing the probiotic activities

Fig. 6 Tapioca starch modulates
nucleic acid metabolism in
Streptococcus salivarius M18. a
Absorbance and second-
derivative infrared spectra at the
1280–1200-cm−1 spectral region
and b positions and absolute
intensities of spectral bands
associated with the total nucleic
acids and conformational forms
of DNA. ns, non-significant;
*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
The error bars in the reported
measurements are presented as
the means ± standard error of the
mean
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in oral probiotic bacteria (Fig. S8). The long-chain
isomaltooligosaccharides synthesized from TS demonstrate
the main prebiotic feature that is the stimulation of the growth
of probiotic bacteria [68].

Conclusions and Future Prospects

In summary, the interaction with TS helped the bacteria in
terms of live cell counts, as the CFUs of TS-supplemented
groups increased over a period of 24 h for both the strains.
This increase reached up to 100× in the 5.0% TS-
supplemented S. salivarius M18 group. In the case of
S. salivarius K12, a similar behavior was encountered but
only over 24 h. TS modulated the colony morphologies and
cellular metabolism of both bacterial strains in a dose-
dependent manner. The TS-associated metabolic modulations
were significant in proteins, carbohydrates, and nucleic and

fatty acids. Furthermore, the analysis of bacterial proteins
demonstrated distinct alterations in their expression profiles.

Keeping in mind the central and crucial role of the colon in
human health, one should not underestimate the importance of
the oral cavity because it serves as an entrance for all kinds of
transmission between us and our habitat. Gastrointestinal
health strictly relies on the welfare of the oral cavity as the
oral cavity can allow the bacteria in the mouth to pass to the
intestine. Given that oral probiotics have the potential to pro-
duce certain beneficial metabolites, they can be considered for
the protection of oral microbiota in the complementary and
preventive treatment of persistent mucosal diseases. In addi-
tion, they can help prevent pathogen-associated oropharyn-
geal complications by regulating the microenvironment of
the oral cavity. Future studies aim to investigate the interac-
tions between human oral epithelial cells and the post-
fermentative by-products of the probiotic S. salivarius strains
produced by TS fermentation. This kind of knowledge can be

Fig. 7 Tapioca starch modulates
fatty acid metabolism in
Streptococcus salivarius M18. a
Absorbance and second-
derivative infrared spectra at the
1445–1385-cm−1 spectral region
and b positions and absolute
intensities of fatty acid-associated
spectral bands. ns, non-
significant; **P < 0.05,
**P < 0.01, ****P < 0.0001. The
error bars in reported
measurements are presented as
the means ± standard error of the
mean
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useful in the development of health-preserving real functional
foods that are estimated to be the building blocks of the food
industry in the near future.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Bustamante M, Oomah BD, Mosi-Roa Y, et al (2019) Probiotics as
an adjunct therapy for the treatment of halitosis, dental caries and
periodontitis. Probiotics Antimicrob proteins published online
ahead of print, 2019 Feb 7. https://doi.org/10.1007/s12602-019-
9521-4

2. Elshikh M, Marchant R, Banat IM (2016) Biosurfactants: promis-
ing bioactive molecules for oral-related health applications. FEMS
Microbiol Lett 363:fnw213. https://doi.org/10.1093/femsle/fnw213

3. Anusha RL, Umar D, Basheer B, Baroudi K (2015) The magic of
magic bugs in oral cavity: probiotics. J Adv Pharm Technol Res 6:
43–47. https://doi.org/10.4103/2231-4040.154526

4. Lu M, Xuan S, Wang Z (2019) Oral microbiota: a new view of
body health. Food Sci Human Wellness 8:8–15. https://doi.org/10.
1016/j.fshw.2018.12.001

5. Lin TH, Lin CH, Pan TM (2018) The implication of probiotics in
the prevention of dental caries. Appl Microbiol Biotechnol 102:
577–586. https://doi.org/10.1007/s00253-017-8664-z

6. Nadelman P, Magno MB, Masterson D, da Cruz AG, Maia LC
(2018) Are dairy products containing probiotics beneficial for oral
health? A systematic review and meta-analysis. Clin Oral Investig
22:2763–2785. https://doi.org/10.1007/s00784-018-2682-9

7. Sajedinejad N, Paknejad M, Houshmand B, Sharafi H, Jelodar R,
Shahbani Zahiri H, Noghabi KA (2018) Lactobacillus salivarius
NK02: a potent probiotic for clinical application in mouthwash.
Probiotics Antimicrob Proteins 10:485–495. https://doi.org/10.
1007/s12602-017-9296-4

8. Riccia DND, Bizzini F, Perilli MG, Polimeni A, Trinchieri V,
Amicosante G, Cifone MG (2007) Anti-inflammatory effects of
Lactobacillus brevis (CD2) on periodontal disease. Oral Dis 13:
376–385. https://doi.org/10.1111/j.1601-0825.2006.01291.x

9. Mahasneh SA, Mahasneh AM (2017) Probiotics: a promising role
in dental health. Dent J 5:26. https://doi.org/10.3390/dj5040026

10. Zhang Y, Wang X, Li H, Ni C, du Z, Yan F (2018) Human oral
microbiota and its modulation for oral health. Biomed
Pharmacother 99:883–893. https://doi.org/10.1016/j.biopha.2018.
01.146

11. Deogade SC (2015) Probiotics: contributions to oral and dental
health. J Oral Heal Dent Manag 14:145–154

12. Wilcox CR, Stuart B, Leaver H, Lown M, Willcox M, Moore M,
Little P (2019) Effectiveness of the probiotic Streptococcus
salivarius K12 for the treatment and/or prevention of sore throat:
a systematic review. Clin Microbiol Infect 25:673–680. https://doi.
org/10.1016/j.cmi.2018.12.031

13. Burton JP, Drummond BK, Chilcott CN, Tagg JR, Thomson WM,
Hale JDF, Wescombe PA (2013) Influence of the probiotic
Streptococcus salivarius strain M18 on indices of dental health in
children: a randomized double-blind, placebo-controlled trial. J
Med Microbiol 62:875–884. https://doi.org/10.1099/jmm.0.
056663-0

14. Di Pierro F, Zanvit A, Nobili P et al (2015) Cariogram outcome
after 90 days of oral treatment with Streptococcus salivariusM18 in

children at high risk for dental caries: results of a randomized,
controlled study. Clin Cosmet Investig Dent 7:107–113. https://
doi.org/10.2147/CCIDE.S93066

15. Yoo JI, Shin IS, Jeon JG, Yang YM, Kim JG, Lee DW (2019) The
effect of probiotics on halitosis: a systematic review and meta-anal-
ysis. Probiotics Antimicrob Proteins 11:150–157. https://doi.org/
10.1007/s12602-017-9351-1

16. Olsen I (2015) The periodontal-systemic connection seen from a
microbiological standpoint. Acta Odontol Scand 73:563–568.
https://doi.org/10.3109/00016357.2015.1007480

17. Segata N, Haake SK,Mannon P, LemonKP,Waldron L, Gevers D,
Huttenhower C, Izard J (2012) Composition of the adult digestive
tract bacterial microbiome based on seven mouth surfaces, tonsils,
throat and stool samples. Genome Biol 13:R42. https://doi.org/10.
1186/gb-2012-13-6-r42

18. Sato K, Takahashi N, Kato T, Matsuda Y, Yokoji M, Yamada M,
Nakajima T, Kondo N, Endo N, Yamamoto R, Noiri Y, Ohno H,
Yamazaki K (2017) Aggravation of collagen-induced arthritis by
orally administered Porphyromonas gingivalis through modulation
of the gut microbiota and gut immune system. Sci Rep 7:6955.
https://doi.org/10.1038/s41598-017-07196-7

19. Olsen I, Yamazaki K (2019) Can oral bacteria affect the
microbiome of the gut? J Oral Microbiol 11:1586422. https://doi.
org/10.1080/20002297.2019.1586422

20. de Souza CB, Roeselers G, Troost F et al (2014) Prebiotic effects of
cassava bagasse in TNO’s in vitro model of the colon in lean versus
obese microbiota. J Funct Foods 11:210–220. https://doi.org/10.
1016/j.jff.2014.09.019

21. Arshad NH, Zaman SA, Rawi MH, Sarbini SR (2018) Resistant
starch evaluation and in vitro fermentation of lemantak (native sago
starch), for prebiotic assessment. Int Food Res J 25:951–957

22. Shoaib M, Shehzad A, Omar M, Rakha A, Raza H, Sharif HR,
Shakeel A, Ansari A, Niazi S (2016) Inulin: properties, health ben-
efits and food applications. Carbohydr Polym 147:444–454. https://
doi.org/10.1016/j.carbpol.2016.04.020

23. Teather RM, Wood PJ (1982) Use of Congo red-polysaccharide
interactions in enumeration and characterization of cellulolytic bac-
teria from the bovine rumen. Appl Environ Microbiol 43:777–780.
https://doi.org/10.1128/aem.43.4.777-780.1982

24. Congdon RW, Muth GW, Splittgerber AG (1993) The binding
interaction of coomassie blue with proteins. Anal Biochem 213:
407–413. https://doi.org/10.1006/abio.1993.1439

25. Quintelas C, Ferreira EC, Lopes JA, Sousa C (2018) An overview
of the evolution of infrared spectroscopy applied to bacterial typing.
Biotechnol J 13:1700449. https://doi.org/10.1002/biot.201700449

26. Garip S, Bozoglu F, Severcan F (2007) Differentiation of
mesophilic and thermophilic bacteria with Fourier transform infra-
red spectroscopy. Appl Spectrosc 61:186–192. https://doi.org/10.
1366/000370207779947486

27. Lasch P, Naumann D (2015) Infrared spectroscopy in microbiolo-
gy. In: Meyers RA (ed) Encyclopedia of analytical chemistry, 3rd
edn. Wiley, New York, pp 1–32

28. Movasaghi Z, Rehman S, ur Rehman DI (2008) Fourier transform
infrared (FTIR) spectroscopy of biological tissues. Appl Spectrosc
Rev 43:134–179. https://doi.org/10.1080/05704920701829043

29. KardasM, Gozen AG, Severcan F (2014) FTIR spectroscopy offers
hints towards widespread molecular changes in cobalt-acclimated
freshwater bacteria. Aquat Toxicol 155:15–23. https://doi.org/10.
1016/j.aquatox.2014.05.027

30. Gurbanov R, Simsek Ozek N, Gozen AG, Severcan F (2015) Quick
discrimination of heavy metal resistant bacterial populations using
infrared spectroscopy coupled with chemometrics. Anal Chem 87:
9653–9661. https://doi.org/10.1021/acs.analchem.5b01659

31. Naumann D, Helm D, Schultz C (1994) Characterization and iden-
tification of micro-organisms by FT-IR spectroscopy and FT-IR
microscopy. In: Priest F, Ramos-Cormenzana A, Tindall BJ (eds)

205Probiotics & Antimicro. Prot. (2021) 13:195–207

https://doi.org/10.1007/s12602-019-9521-4
https://doi.org/10.1007/s12602-019-9521-4
https://doi.org/10.1093/femsle/fnw213
https://doi.org/10.4103/2231-4040.154526
https://doi.org/10.1016/j.fshw.2018.12.001
https://doi.org/10.1016/j.fshw.2018.12.001
https://doi.org/10.1007/s00253-017-8664-z
https://doi.org/10.1007/s00784-018-2682-9
https://doi.org/10.1007/s12602-017-9296-4
https://doi.org/10.1007/s12602-017-9296-4
https://doi.org/10.1111/j.1601-0825.2006.01291.x
https://doi.org/10.3390/dj5040026
https://doi.org/10.1016/j.biopha.2018.01.146
https://doi.org/10.1016/j.biopha.2018.01.146
https://doi.org/10.1016/j.cmi.2018.12.031
https://doi.org/10.1016/j.cmi.2018.12.031
https://doi.org/10.1099/jmm.0.056663-0
https://doi.org/10.1099/jmm.0.056663-0
https://doi.org/10.2147/CCIDE.S93066
https://doi.org/10.2147/CCIDE.S93066
https://doi.org/10.1007/s12602-017-9351-1
https://doi.org/10.1007/s12602-017-9351-1
https://doi.org/10.3109/00016357.2015.1007480
https://doi.org/10.1186/gb-2012-13-6-r42
https://doi.org/10.1186/gb-2012-13-6-r42
https://doi.org/10.1038/s41598-017-07196-7
https://doi.org/10.1080/20002297.2019.1586422
https://doi.org/10.1080/20002297.2019.1586422
https://doi.org/10.1016/j.jff.2014.09.019
https://doi.org/10.1016/j.jff.2014.09.019
https://doi.org/10.1016/j.carbpol.2016.04.020
https://doi.org/10.1016/j.carbpol.2016.04.020
https://doi.org/10.1128/aem.43.4.777-780.1982
https://doi.org/10.1006/abio.1993.1439
https://doi.org/10.1002/biot.201700449
https://doi.org/10.1366/000370207779947486
https://doi.org/10.1366/000370207779947486
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1016/j.aquatox.2014.05.027
https://doi.org/10.1016/j.aquatox.2014.05.027
https://doi.org/10.1021/acs.analchem.5b01659


Bacterial diversity and systematics, 1st edn. Springer, Boston, pp
67–85

32. Gurbanov R, Simsek Ozek N, Tunçer S et al (2018) Aspects of
silver tolerance in bacteria: infrared spectral changes and epigenetic
clues. J Biophotonics 11:e201700252. https://doi.org/10.1002/jbio.
201700252

33. SlomkaV, Herrero ER, BoonN, Bernaerts K, Trivedi HM, Daep C,
Quirynen M, Teughels W (2018) Oral prebiotics and the influence
of environmental conditions in vitro. J Periodontol 89:708–717.
https://doi.org/10.1002/JPER.17-0437

34. Slomka V, Hernandez-Sanabria E, Herrero ER, Zaidel L, Bernaerts
K, Boon N, Quirynen M, Teughels W (2017) Nutritional stimula-
tion of commensal oral bacteria suppresses pathogens: the prebiotic
concept. J Clin Periodontol 44:344–352. https://doi.org/10.1111/
jcpe.12700

35. Behera SS, Ray RC, Zdolec N (2018) Lactobacillus plantarumwith
functional properties: an approach to increase safety and shelf-life
of fermented foods. Biomed Res Int 2018:9361614–9361618.
https://doi.org/10.1155/2018/9361614

36. van Teeseling MCF, de Pedro MA, Cava F (2017) Determinants of
bacterial morphology: from fundamentals to possibilities for anti-
microbial targeting. Front Microbiol 8:1264. https://doi.org/10.
3389/fmicb.2017.01264

37. Lin T-Y, Santos TMA, Kontur WS, Donohue TJ, Weibel DB
(2017) A cardiolipin-deficient mutant of Rhodobacter sphaeroides
has an altered cell shape and is impaired in biofilm formation.
Biophys J 197:3446–3455. https://doi.org/10.1128/JB.00420-15

38. Cui LH, Yan CG, Li HS, Kim WS, Hong L, Kang SK, Choi YJ,
Cho CS (2018) A new method of producing a natural antibacterial
peptide by encapsulated probiotics internalized with inulin nano-
particles as prebiotics. J Microbiol Biotechnol 28:510–519. https://
doi.org/10.4014/jmb.1712.12008

39. Hong L, Kim WS, Lee SM, Kang SK, Choi YJ, Cho CS (2019)
Pullulan nanoparticles as prebiotics enhance the antibacterial prop-
erties of Lactobacillus plantarum through the induction of mild
stress in probiotics. Front Microbiol 10:142. https://doi.org/10.
3389/fmicb.2019.00142

40. Sah BNP, Vasiljevic T, McKechnie S, Donkor ON (2016)
Antibacterial and antiproliferative peptides in synbiotic yogurt-
release and stability during refrigerated storage. J Dairy Sci 99:
4233–4242. https://doi.org/10.3168/jds.2015-10499

41. Hassan M, Kjos M, Nes IF, Diep DB, Lotfipour F (2012) Natural
antimicrobial peptides from bacteria: characteristics and potential
applications to fight against antibiotic resistance. J Appl Microbiol
113:723–736. https://doi.org/10.1111/j.1365-2672.2012.05338.x

42. Omardien S, Brul S, Zaat SAJ (2016) Antimicrobial activity of
cationic antimicrobial peptides against gram-positives: current
progress made in understanding the mode of action and the re-
sponse of bacteria. Front Cell Dev Biol 4:111. https://doi.org/10.
3389/fcell.2016.00111

43. Hols P, Ledesma-García L, Gabant P, Mignolet J (2019)
Mobilization of microbiota commensals and their bacteriocins for
therapeutics. Trends Microbiol 27:690–702. https://doi.org/10.
1016/j.tim.2019.03.007

44. Kuppusamy R, Willcox M, Black DSC, Kumar N (2019) Short
cationic peptidomimetic antimicrobials. Antibiotics 8:44. https://
doi.org/10.3390/antibiotics8020044

45. Dept of Pathology & Microbiology; University of Nebraska
Medical Center (2020) The Antimicrobial Peptide Database
(APD). http://aps.unmc.edu/AP/statistic/statistic_structure.php.
Accessed 18 Jan 2020

46. Falla TJ, Karunaratne DN,Hancock REW (1996)Mode of action of
the antimicrobial peptide indolicidin. J Biol Chem 271:19298–
19303. https://doi.org/10.1074/jbc.271.32.19298

47. Hwang PM, Vogel HJ (1998) Structure-function relationships of
antimicrobial peptides. Biochem Cell Biol 76:235–246. https://
doi.org/10.1139/o98-026

48. Monie TP (2017) The innate immune system: a compositional and
functional perspective. United Kingdom, A snapshot of the innate
immune system

49. Chikindas ML, Weeks R, Drider D, Chistyakov VA, Dicks LMT
(2018) Functions and emerging applications of bacteriocins. Curr
Opin Biotechnol 49:23–28. https://doi.org/10.1016/j.copbio.2017.
07.011

50. Wood BR (2016) The importance of hydration and DNA confor-
mation in interpreting infrared spectra of cells and tissues. Chem
Soc Rev 45:1980–1998. https://doi.org/10.1039/c5cs00511f

51. Kopaczynska M, Schulz A, Fraczkowska K, Kraszewski S,
Podbielska H, Fuhrhop JH (2016) Selective condensation of
DNA by aminoglycoside antibiotics. Eur Biophys J 45:287–299.
https://doi.org/10.1007/s00249-015-1095-9

52. Temiz NA, Donohue DE, Bacolla A, Luke BT, Collins JR (2012)
The role of methylation in the intrinsic dynamics of B- and Z-DNA.
PLoSOne 7:e35558. https://doi.org/10.1371/journal.pone.0035558

53. Gurbanov R, Tunçer S, Mingu S, Severcan F, Gozen AG (2019)
Methylation, sugar puckering and Z-form status of DNA from a
heavy metal-acclimated freshwater Gordonia sp. J Photochem
Photobiol B Biol 198:111580. https://doi.org/10.1016/j.jphotobiol.
2019.111580

54. Lammers KM, Brigidi P, Vitali B, Gionchetti P, Rizzello F,
C a r am e l l i E , M a t t e u z z i D , C amp i e r i M ( 2 0 0 3 )
Immunomodulatory effects of probiotic bacteria DNA: IL-1 and
IL-10 response in human peripheral blood mononuclear cells.
FEMS Immunol Med Microbiol 38:165–172. https://doi.org/10.
1016/S0928-8244(03)00144-5

55. Krieg AM (2002) CpG motifs in bacterial DNA and their immune
effects. Annu Rev Immunol 20:709–760. https://doi.org/10.1146/
annurev.immunol.20.100301.064842

56. Wang LH, Zeng XA, Wang MS, Brennan CS, Gong D (2018)
Modification of membrane properties and fatty acids biosynthesis-
related genes in Escherichia coli and Staphylococcus aureus: im-
plications for the antibacterial mechanism of naringenin. Biochim
Biophys Acta Biomembr 1860:481–490. https://doi.org/10.1016/j.
bbamem.2017.11.007

57. Zhu B, Xia X, Xia N, Zhang S, Guo X (2014) Modification of fatty
acids in membranes of bacteria: implication for an adaptive mech-
anism to the toxicity of carbon nanotubes. Environ Sci Technol 48:
4086–4095. https://doi.org/10.1021/es404359v

58. Boudjemaa R, Cabriel C, Dubois-Brissonnet F, Bourg N, Dupuis
G, Gruss A, Lévêque-Fort S, Briandet R, Fontaine-Aupart MP,
Steenkeste K (2018) Impact of bacterial membrane fatty acid com-
position on the failure of daptomycin to kill Staphylococcus aureus.
Antimicrob Agents Chemother 62:e00023–e00018. https://doi.org/
10.1128/AAC.00023-18

59. Poole J, Day CJ, von Itzstein M, Paton JC, Jennings MP (2018)
Glycointeractions in bacterial pathogenesis. Nat Rev Microbiol 16:
440–452. https://doi.org/10.1038/s41579-018-0007-2

60. Zannini E, Waters DM, Coffey A, Arendt EK (2016) Production,
properties, and industrial food application of lactic acid bacteria-
derived exopolysaccharides. ApplMicrobiol Biotechnol 100:1121–
1135. https://doi.org/10.1007/s00253-015-7172-2

61. Castro-Bravo N, Wells JM, Margolles A, Ruas-Madiedo P (2018)
Interactions of surface exopolysaccharides from Bifidobacterium
and Lactobacillus within the intestinal environment. Front
Microbiol 2018:2426. https://doi.org/10.3389/fmicb.2018.02426

62. Kim Y, Oh S, Kim SH (2009) Released exopolysaccharide (r-EPS)
produced from probiotic bacteria reduce biofilm formation of
enterohemorrhagic Escherichia coli O157:H7. Biochem Biophys
Res Commun 379:324–329. https://doi.org/10.1016/j.bbrc.2008.
12.053

206 Probiotics & Antimicro. Prot. (2021) 13:195–207

https://doi.org/10.1002/jbio.201700252
https://doi.org/10.1002/jbio.201700252
https://doi.org/10.1002/JPER.17-0437
https://doi.org/10.1111/jcpe.12700
https://doi.org/10.1111/jcpe.12700
https://doi.org/10.1155/2018/9361614
https://doi.org/10.3389/fmicb.2017.01264
https://doi.org/10.3389/fmicb.2017.01264
https://doi.org/10.1128/JB.00420-15
https://doi.org/10.4014/jmb.1712.12008
https://doi.org/10.4014/jmb.1712.12008
https://doi.org/10.3389/fmicb.2019.00142
https://doi.org/10.3389/fmicb.2019.00142
https://doi.org/10.3168/jds.2015-10499
https://doi.org/10.1111/j.1365-2672.2012.05338.x
https://doi.org/10.3389/fcell.2016.00111
https://doi.org/10.3389/fcell.2016.00111
https://doi.org/10.1016/j.tim.2019.03.007
https://doi.org/10.1016/j.tim.2019.03.007
https://doi.org/10.3390/antibiotics8020044
https://doi.org/10.3390/antibiotics8020044
https://doi.org/10.1007/s12602-09678-
https://doi.org/10.1074/jbc.271.32.19298
https://doi.org/10.1139/o98-026
https://doi.org/10.1139/o98-026
https://doi.org/10.1016/j.copbio.2017.07.011
https://doi.org/10.1016/j.copbio.2017.07.011
https://doi.org/10.1039/c5cs00511f
https://doi.org/10.1007/s00249-015-1095-9
https://doi.org/10.1371/journal.pone.0035558
https://doi.org/10.1016/j.jphotobiol.2019.111580
https://doi.org/10.1016/j.jphotobiol.2019.111580
https://doi.org/10.1016/S0928-8244(03)00144-5
https://doi.org/10.1016/S0928-8244(03)00144-5
https://doi.org/10.1146/annurev.immunol.20.100301.064842
https://doi.org/10.1146/annurev.immunol.20.100301.064842
https://doi.org/10.1016/j.bbamem.2017.11.007
https://doi.org/10.1016/j.bbamem.2017.11.007
https://doi.org/10.1021/es404359v
https://doi.org/10.1128/AAC.00023-18
https://doi.org/10.1128/AAC.00023-18
https://doi.org/10.1038/s41579-018-0007-2
https://doi.org/10.1007/s00253-015-7172-2
https://doi.org/10.3389/fmicb.2018.02426
https://doi.org/10.1016/j.bbrc.2008.12.053
https://doi.org/10.1016/j.bbrc.2008.12.053


63. Rendueles O, Kaplan JB, Ghigo JM (2013) Antibiofilm polysac-
charides. Environ Microbiol 15:334–346. https://doi.org/10.1111/j.
1462-2920.2012.02810.x

64. Wang M, Chen Y, Wang Y, Li Y, Zheng H, Ma F, Ma CW, Zhang
X, Lu B, Xie Z, Liao Q (2018) The effect of probiotics and poly-
saccharides on the gut microbiota composition and function of
weaned rats. Food Funct 9:1864–1877. https://doi.org/10.1039/
c7fo01507k

65. Sánchez B, Delgado S, Blanco-MíguezA, Lourenço A, Gueimonde
M, Margolles A (2017) Probiotics, gut microbiota, and their influ-
ence on host health and disease. Mol Nutr Food Res 61:1600240.
https://doi.org/10.1002/mnfr.201600240

66. Živković M, Miljković MS, Ruas-Madiedo P, et al (2016) EPS-SJ
exopolisaccharide produced by the strain Lactobacillus paracasei
subsp. paracasei BGSJ2-8 is involved in adhesion to epithelial

intestinal cells and decrease on E. coli association to Caco-2 cells.
Front Microbiol 7:286. https://doi.org/10.3389/fmicb.2016.00286

67. Goh YJ, Klaenhammer TR (2013) A functional glycogen biosyn-
thesis pathway in Lactobacillus acidophilus: expression and analy-
sis of the glg operon. Mol Microbiol 89:1187–1200. https://doi.org/
10.1111/mmi.12338

68. Kaulpiboon J, Rudeekulthamrong P, Watanasatitarpa S, Ito K,
P o n g s aw a s d i P ( 2 0 1 5 ) S y n t h e s i s o f l o n g - c h a i n
isomaltooligosaccharides from tapioca starch and an in vitro inves-
tigation of their prebiotic properties. J Mol Catal B Enzym 120:
127–135. https://doi.org/10.1016/j.molcatb.2015.07.004

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

207Probiotics & Antimicro. Prot. (2021) 13:195–207

https://doi.org/10.1111/j.1462-2920.2012.02810.x
https://doi.org/10.1111/j.1462-2920.2012.02810.x
https://doi.org/10.1039/c7fo01507k
https://doi.org/10.1039/c7fo01507k
https://doi.org/10.1002/mnfr.201600240
https://doi.org/10.3389/fmicb.2016.00286
https://doi.org/10.1111/mmi.12338
https://doi.org/10.1111/mmi.12338
https://doi.org/10.1016/j.molcatb.2015.07.004

	Tapioca Starch Modulates Cellular Events in Oral Probiotic Streptococcus salivarius Strains
	Abstract
	Introduction
	Materials and Methods
	Bacterial Strains and Aerobic Culture Conditions
	Culturing the Bacteria with TS and Inulin in a Low-Oxygen Environment
	Determination of Colony-Forming Units (CFUs)
	Colony Morphology Assay
	Isolation and Separation of Proteins
	Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy Measurements
	Statistical Analysis

	Results
	TS Modulates Live Cell Counts
	TS Modulates Colony Morphology
	TS Modulates Cellular Metabolism
	TS Modulates Protein Metabolism
	TS Modulates Protein Expression
	TS Modulates Nucleic Acid Metabolism
	TS Modulates Fatty Acid and Carbohydrate Metabolism

	Discussion
	Conclusions and Future Prospects
	References


