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Abstract: Aim: This study aimed to explore the possible small molecular metabolites of B. subtilis zh78 that can
inhibit growth of cariogenic bacteria and to evaluate the prospect of B. subtilis zh78 in caries prevention and
management. Methods: Cold methanol was adopted to extract the metabolites in bacteria solutions from the B.
subtilis zh78 growth at O hour, 7 hours, 12 hours and 5 days, respectively. The gas chromatography was coupled
with the time of flight mass spectrometry (GC-TOF-MS), which were applied to metabonomics detection. Data were
analyzed and processed by using cluster analysis combined with orthogonal partial least squares discriminant
analysis (OPLS-DA) and Pearson’s correlation analysis. Results: There were a total of 15 kinds of substances (e.g.
xylitol, L-glutamic acid, and L-tyrosine) produced by B. subtilis zh78 which were significantly correlated to growth
inhibition on Streptococcus sutans (S. mutans), Actinomyces viscosus (A. viscosus), and Lactobacillus acidophilus
(L. acidophilus). Conclusion: The findings suggest that Bacillus subtilis zh78 could produce 15 kinds of metabolites
(e.g. xylitol, L- glutamic acid, and L- tyrosine) which might exert antibacterial effects on S. mutans, L. acidophilus, and

A. viscosus. B. subtilis zh78 displayed its potential in oral probiotic application and related studies.
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Introduction

Dental caries is one of the most prevalent in-
fectious diseases globally, characterized by
progressive tooth demineralization due to the
action of bacterial acid metabolism [1, 2].
Among the numerous pathogenic bacteria, St-
reptococcus sutans (S. mutans), Actinomyces
viscosus (A. viscosus), and Lactobacillus aci-
dophilus (L. acidophilus) have been confirmed
as the primary pathogens due to the fact that
they can metabolize carbohydrates and pro-
duce organic acids that result in the demine-
ralization of tooth enamel [3, 4]. Prevention
and management of dental caries depends on
the effective control of these cariogenic bac-
teria [5]. However, some traditional approach-
es (e.g. using antibiotics and mouthwashes)
to control cariogenic bacteria have achieved
only limited success. Novel methods such as
whole bacteria replacement therapy to decre-
ase pathogens in oral cavities should be inves-

tigated [6, 7]. It is of value to study a strain of
oral indigenous bacteria to inhibit the growth
of the three kinds of the pathogenic bacteria
(S. mutans, A. viscosus, and L. acidophilus) and
to exploit their related metabolites.

Bacillus subtilis (B. subtilis) is a rod-shaped
Gram-positive facultative anaerobe widely ex-
isting in the natural environment and gastroin-
testinal tract of animals in enormous quantiti-
es [8]. It can utilize some substances to syn-
thesize its own nutrients and produce functi-
onal products [9]. Therefore, it has been well-
developed and applied in many fields including
botany, medicine, and food technology. B. sub-
tilis has been detected and isolated from the
oral cavity in humans by Naidorf et al. [10-12]
and its morphological and physic-chemical ch-
aracteristics have also been simultaneously
identified. We found a strain of B. subtilis and
named it as B. subtilis zh78 in our previous
study. It can inhibit the growth of the three
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kinds of the pathogenic bacteria (S. mutans, L.
acidophilus, and A. viscosus). However, its bac-
teriostatic components were still ambiguous
[13].

With the remarkable progress in the field of
metabolomics over the last decade, it is pos-
sible to rapidly and simultaneously measure
thousands of metabolites from minimal am-
ounts of samples [14]. Untargeted metabolo-
mic methods are global in scope, with an aim to
simultaneously measure metabolites, as many
as possible from biological samples without
bias. This method has great potential to pro-
vide insights into fundamental biological pro-
cesses [14]. In this study, we adopted metabo-
lites extracted by the cold methanol from B.
subtilis zh78 to perform bacteriostasis assay.
Then, an untargeted GC-TOF-MS-based meta-
bolomics approach was utilized to measure
metabolites at each stage of B. subtilis zh78
growth. Data were analyzed and processed by
using cluster analysis, orthogonal partial least
squares discriminant analysis (OPLS-DA), and
Pearson’s correlation analysis. This study ai-
med to identify the metabolites from B. subti-
lis zh78 that could preliminarily inhibit the gr-
owth of S. mutans, L. acidophilus, and A. vi-
SCOSUS.

Materials and methods
Strains and growth conditions

The standard strains of S. mutans (ATCC 25-
157), L. acidophilus (ATCC 4356), and A. vis-
cosus (ATCC 15987) were obtained from the
Stomatological Hospital of Peking University
(Beijing, China) and stored at the Key Labora-
tory of Oral Diseases Research in Northwest
University for Nationalities (Lanzhou, China).
The strains were grown in BHI medium, which
were purchased from Qingdao Hi Tech Park
Hopebio Technology Co., Ltd (Shandong, Chi-
na). The B. subtilis zh78 was preserved in the
Key Laboratory of Oral Diseases Research,
Northwest University for Nationalities (Lanzh-
ou, China), and was deposited in the Chinese
Committee of Microbial Preservation and Ma-
nagement, the Institute of Microbiology, the
Chinese Academy of science (Beijing, China).
The growth medium of B. subtilis zh78 was the
selective T2 medium consisting of 10 g glu-
cose, 10 g soybean protein peptone, 5 g beef
extract, and 2 g yeast extract in sterile deion-
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ized water per liter. The pH value was adjust-
ed to 7. The solid medium contained 20 g agar
per liter.

Derivatization reagent and GC-TOF-MS instru-
ment

Bis-(trimethylsilyl)-trifluoroacetamide  (BSTFA)
with 1% trimethylchlorosilane (TMCS) solution
were purchased from REGIS Technologies. Inc.
(USA). The metabolites detection was perfor-
med using Agilent 7890A gas chromatograph
system (J&W Scientific, Folsom, CA, USA) eqg-
uipped with a DN-5 MS capillary column (30 m
x 250-ym inner diameter, 0.25-uym film thick-
ness) and mass spectrometer (LECO PEGASUS
HT, LECO, USA).

Antimicrobial assays

In this section, we used metabolites extracted
through the cold methanol from B. subtilis zh78
to perform bacteriostasis assay. The bacteria
solution samples of B. subtilis zh78 growth
were collected and set as the kb phase/group
(O hours), the zs phase/group (7 hours), the pt
phase/group (12 hours), and the sw phase/
group (5 days). After the frozen B. subtilis zh78
was activated in T2 solid culture dish, its mo-
noclonal colony was inoculated into T2 liquid
medium for further cultivation. The bacteria lig-
uids were then collected from the four growth
phases of B. subtilis zh78, namely the kb pha-
se (100 mL), the zs phase (100 mL), the pt
phase (100 mL), and the sw phase (100 mL)
were respectively centrifuged at 3000rpm for
5 minutes in the condition of 4°C. This centri-
fugation process was repeated 3 times. The
centrifugal deposits were discarded at each
time. All of the supernatant samples were fil-
tered through the 0.22 um filter and cold me-
thanol was added in each sample at a volume
ratio of 4:1 (methanol/supernatant). The mix-
ture was then centrifuged at 12000 rpm for
10 minutes in the condition of 4°C. Afterwa-
rds, the supernatant was collected and dried
in @ vacuum concentrator. Following these st-
eps, the metabolites of B. subtilis zh78 were
extracted and obtained.

Subsequently, 10 parallel control groups were
set to conduct the bacteriostatic assay. We pre-
pared 10 culture dishes and placed 5 Oxford
Cups in each culture dish. Among them, 4 of
the Oxford Cups were respectively correspond-
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ing to the metabolites at the kb, zs, pt, and sw
growth phase of B. subtilis zh78, which were
set as the experimental group. The remaining
Oxford cup was set as the negative control
group. We then prepared 3 copies of the BHI
solid medium (100 mL), which were sterilized
through autoclaving and then tempered to
45°C. Following that, the bacterial culture lig-
uids (10% CFU/mL) of S. mutans (10 uL), L. aci-
dophilus (10 pL), and A. viscosus (10 uL) were
respectively mixed with them. Next, we dis-
pensed the BHI solid medium into the culture
dish and removed the Oxford cup with sterile
tweezers after they became solid. Subsequ-
ently, the metabolites respectively obtained
from the kb phase, zs phase, pt phase, and
sw phase of B. subtilis zh78 growth were dis-
solved by using sterile deionized water. They
were then correspondingly dripped into each
hole (200 uL/hole) in the experimental gr-
oups. BHI broth (200 pL) was added into ea-
ch hole in the negative control group. After
completing these steps, the culture plates we-
re sealed and incubated at 37°C for 12-16
hours. Antimicrobial activity of the film was
expressed in terms of inhibition zone. The dia-
meter of the inhibition zone around the Ox-
ford cup was measured 3 times with a milli-
meter scale. The mean values and standard
deviations were recorded.

GC-TOF-MS sample processing and detection

There were a total of 24 metabolite samples
collected from the four growth phases (kb, zs,
pt, sw) of B. subtilis zh78 for GC-TOF-MS ana-
lysis, among which 6 samples were at each
phase/group. All of these samples were pre-
pared following these steps: After the frozen B.
subtilis zh78 was activated in T2 solid culture
plate, the monoclonal colony was inoculated
into T2 liquid medium for further cultivation.
Then, the bacterium solutions at four growth
phases (kb, zs, pt, sw) of B. subtilis zh78 we-
re respectively selected and centrifuged at
3000 rpm for 5 minutes at 4°C. The centrifu-
gation process was repeated 3 times. The pre-
cipitate was then discarded and supernatant
was filtered through the 0.22 mm filter. The
cold methanol (0.4 mL) was added to each
sample (100 pL) and the mixture was then
vortexed and centrifuged at 12000 rpm for
10 minutes in the condition of 4°C. The sup-
ernatant was dried in a vacuum concentrator.
The obtained metabolites were suspended in
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80 uL methoxyamination reagent (20 mg/mL
in pyridine). The mixture was then incubated in
the drying oven at 37°C for 2 hours. BSTFA
reagent (0.1 mL) was then added to the alig-
uot samples. Following that, 10 uL standard
mixture of fatty acid methylesters (FAMEs: 1
mg/mL C8-C16 and 0.5 mg/mL C18-C30 in
chloroform) was added. The mixture was then
detected using the GC-TOF-MS method. A sin-
gle experimental sample was selected for pre-
liminary experiment before the GC-TOF-MS test
was formally carried out, which could not only
guarantee the quality of samples and the stabil-
ity of the instrument platform but also be ben-
eficial in exploring the optimum methods for
metabolite extraction and detection.

Statistical analysis

The software SPSS17.0 was adopted to analy-
ze the data about the diameter of bacteriost-
atic circle. GC-TOF-MS analysis was performed
using the software of Chroma TOF4.3X (LECO)
combined with the LECO-Fiehn Rtx5 database.
In this study, full similarity was set as 1000.
Similarity greater than 700 indicated the iden-
tification results were credible; similarity less
than 200 denoted the compound was consid-
ered as an “analyte”; similarity between 200
and 700 indicated the annotation of the ana-
lyte was regarded as putative. In addition, to
simulate the missing raw data, the method of
half-minimum numerical simulation was app-
lied. The data were analyzed by using the area
normalization method and noise was removed
by the interquartile range method through fil-
tering the data. Thereafter, the normalized da-
ta was imported into the software package of
SIMCA-P+13.0 (Umetrics, Umea, Sweden) and
R Programming Language package for cluster
analysis and OPLS-DA. Based on the criteria [a
variable importance in the projection (VIP) va-
lue greater than 1 and a P value of Student’s t
test less than 0.05], different metabolites were
selected. Pearson’s correlation analysis was
performed to measure the correlation between
the determined different metabolites and the
diameter of bacteriostatic circle.

Results
The results of bacteriostatic test
The results of the bacteriostasis experiment

are shown in Figure S1. In the bacteria cultu-
re plates (A. viscosus, L. acidophilus, and S.
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Figure 1. The Line chart showing the diameter of the
bacteriostatic ring of metabolite of Bacillus subtilis
on S. mutans (red line), A. viscosus (blue line), and
L. acidophilus (green line) at different growth stages.

mutans), there were bacteriostatic zones ar-
ound each hole in which the metabolites at di-
fferent growth phases (zs, pt, and sw) were
added. The inhibition zone around the pore of
the metabolites at sw stage was most obvi-
ous (Figure S1). No bacteriostatic rings were
found around the pores of the metabolites at
kb phase of B. subtilis zh78 and the pores of
the BHI liquid medium. In the culture plate of
S. mutans, the diameters of bacteriostatic rings
were 0.85 mm-zs, 1.35 mm-pt, and 14.2 mm-
sw, respectively. In the culture plate of A. vis-
cosus, corresponding values for diameters
were 4.1 mm-zs, 6.9 mm-pt, and 18.35 mm-
sw, respectively. The corresponding values of
diameters of 7.35 mm-zs, 8.45 mm-pt, and
21.05 mm-sw were measured from the cultu-
re plate of L. acidophilus. The diameter of in-
hibitory zone at sw phase was significantly
greater than that of either at zs phase or at pt
phase (Figure 1) which suggested that the an-
timicrobial activity of the metabolites at the
sw phase of B. subtilis zh78 was much stronger
than at the other phases.

Statistical discrimination among the metabo-
lites at different growth stages of B. subtilis
zh78

After 24 metabolite samples were separated
and detected through GC-TOF-MS, the chro-
matogram was obtained. There were a total of
1280 ion peaks identified and 994 metabolit-
es remained after removing noise based on
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the interquartile ranges method. The majority
of these peaks were identified as endogenous
metabolites, according to the LECO/Fiehn Me-
tabolomics Library. These metabolites includ-
ed fatty acids, amino acids, carbohydrates, or-
ganic acids, inorganic acids, and pyrimidines.
Then, cluster analysis was performed. The clu-
ster analysis chart (Figure S2) demonstrated
that each sample could be clearly divided and
the metabolites of B. subtilis zh78 were related
to its growth phases. The data expressed ob-
vious taxonomic characteristics and no abnor-
mal sample was rejected, which deserves fur-
ther analysis.

Subsequently, a supervised OPLS-DA was ap-
plied to highlight the differences among the
groups. By using one predictive and one orthog-
onal component, the loading plots based on
OPLS-DA were constructed between the sw
group and kb group (Figure 2A), between the pt
group and kb group (Figure 2B), between the zs
group and kb group (Figure 2C), and between
the sw group and the other groups (Figure 2D),
respectively (sw-kb groups: R?X = 0.73, R?Y =
0.996, Q2 = 0.987; pt-kb groups: R?X = 0.716,
R2Y = 0.998, Q2 = 0.991; zs-kb groups: R?X =
0.626, R%2Y = 0.998, Q% = 0.984; sw-other
groups: R2X = 0.566, R?Y = 0.98, Q% = 0.975).
Through these models, clear separation was
generated between the sw and kb groups,
between the pt and kb groups, between the
zs and kb groups, and between the sw and
remaining three groups. These values indicat-
ed that a majority of the variations in the sta-
tistical data were attributable to the above-
mentioned separation between groups.

The values from the OPLS-DA model in our
analysis were subsequently applied to identify
the different metabolites between the sw and
the kb groups, between the pt and the kb
groups, between the zs and the kb groups,
and between the sw and the remaining three
groups. According to the criteria (the variable
importance in the projection value greater th-
an 1 and the P value of Student’s t test less
than 0.05), some metabolites that were signi-
ficantly altered between the sw and the kb
groups, between the pt and the kb groups,
between the zs and the kb groups, and betwe-
en the sw and the remaining three groups we-
re identified. Following that, different metabo-
lites between the sw and the kb groups,
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Figure 2. OPLS-DA scores plot was performed to show a clearer discrimination between zs and kb groups (A), pt and
kb groups (B), sw and kb groups (C), sw and remaining three groups (D) individually of B.subtilis zh78. Black refers
to kb group, red refers to zs group, blue refers to pt group, green refers to sw group in (A-C); red refers to sw group,

blue refers to the remaining three group in (D).

between the pt and the kb groups, and betwe-
en the zs and kb groups were compared toge-
ther. As is shown in the Venn diagram (Figure
3), 98 different metabolites more commonly
appeared in the zs, the pt, and sw groups co-
mpared with the kb group. A total of 50 differ-
ent metabolites only occurred in the sw group
but not in the remaining three groups. Those 98
different metabolites and 50 unique different
metabolites were analyzed through the diame-
ter of the bacteriostatic circle by using Pears-
on’s correlation analysis. The different meta-
bolite with its correlation coefficient (r) closer
to 1 and P value less than 0.05 were consid-
ered as having a strong correlation with bac-
teriostasis. The results showed that a total of
27 metabolites were significantly related to
the diameter of S. mutans inhibitory ring; 23
metabolites were associated with the diameter
of L. acidophilus inhibitory ring; 25 metabolit-
es were related to the diameter of A. viscosus
inhibitory ring. According to the literature re-
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view, 15 compounds that might have bacterio-
static activity are listed in Tables 1 and 2,
among which 10 substances were commonly
produced at the zs, the pt, and the sw growth
phases (Table 1). The other 5 substances were
only produced at the sw growth phase (Table
2). The fold change (FC) in abundance was used
to indicate the level of change in specific
biomarkers.

Discussion

This study aimed to explore small molecular
metabolites of B. subtilis zh78, which might
have bacteriostatic property. First, we adopt-
ed cold methanol to extract the metabolites of
B. subtilis zh78 from each growth cycle. Then,
the metabolites were concentrated and were
utilized for experiments to test if they had bac-
teriostatic effects on the three types of bac-
teria (S. mutans, L. acidophilus, and A. visco-
sus). The results showed that the antibacterial
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Figure 3. Venn maps of differential metabolites sw-kb (topright), pt-kb

(topleft), zs-kb (lower).

effects of metabolites on each group gradual-
ly became obvious with the extension of the
growth cycle. The most notable effect of me-
tabolite was shown at the sw phase and the
diameter of its inhibition zone reached 14.2,
21.05 and 18.35 mm respectively. The results
fully demonstrate that metabolites of B. subtilis
zh78 could be extracted through the metha-
nol and that using the metabonomics approach
to find antibacterial substances is feasible.

Second, we used the approach of untargeted
GC-TOF-MS-based metabolomics to identify al-
tered metabolites. The results from OPLS-DA
showed that the metabolites of B. subtilis zh78
at the kb phase, the zs phase, the pt phase,
and the sw phase were significantly different.
Considering its antibacterial effects, B. subtilis
zh78 might produce various antibacterial sub-
stances at the different growth stages. While
some of the antimicrobial substances were
commonly produced at the zs, the pt, and the
sw phases, some of the inhibitory substances
were only produced at the sw phase. These
substances might have different inhibitory ab-
ility. According to Pearson’s correlation analys-
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is between the different me-
sw-kb tabolites and the diameter of
bacteriostatic zone, it was fo-
und that a total of 27 meta-
bolites produced by B. subtilis
zh78 were significantly asso-
ciated with its antibacterial ef-
fects on S. mutans; a total of
23 metabolites were related
to its antibacterial effects on
L. acidophilus; 25 of metabo-
lites were correlated to its an-
tibacterial effects on A. visco-
sus. The metabolites listed in
Table 1 commonly appeared
at the zs, the pt, and the sw
growth phase of B. subtilis
zh78 and their levels gradually
increased with their growth
cycle. The metabolites displ-
ayed in Table 2 were only gen-
erated at the sw growth pha-
se of B. subtilis zh78. Ba-
ctericidal functions of some
metabolites have not yet been
reported in previous literature.
However, the bactericidal fun-
ctions of some compounds
(e.g. xylose, xylitol, tartronic acid, phenylacetic
acid, phenyllactic acid, phenylpyruvate, glycolic
acid, L-malic acid, D-tagatose, glutaraldehyde,
L-tryptophan, spermidine, xanthine, L-glutamic
acid, and L-tyrosine) have been demonstrated
in previous studies.

Xylitol is widely used in chewing gum due to
the fact that it possesses both noncariogenic
and cariostatic properties [15]. It has been
demonstrated by Beenken that xylitol posse-
sses antibacterial properties and can prevent
biofilm formation [16]. It was illustrated by Rei-
ner [17] that the nonspecific fructose phos-
photransferase system in S. mutans could tr-
ansfer xylitol to intracellular and convert it in-
to phosphorylated metabolites, which could in-
hibit the growth of S. mutans. It was found by
Hrimech [18] that xylitol could interfere with
synthesis and expression of the heat shock
protein 70 and the heat shock protein 60 in S.
mutans, thus affecting its growth. The studies
from S. Derling and Ly KA also have shown that
xylitol could inhibit the growth of S. mutans
[19, 20]. In addition, studies from Guo [21] and
Thabuis [22] have demonstrated that xylitol

Int J Clin Exp Med 2018;11(4):3729-3739



Microbial metabolomics

Table 1. Metabolites at the zs, pt, and sw phases related to the diameter of inhibitory ring

r (S. mutans/A.

P (S. mutans/A.

VIP/FC value of each contrast group

Metabolites viscosus/L. acidophilus) viscosus/L. acidophilus) Sim sw-kb pt-kb 7s-kb
1 Xylitol 0.990/0.998/0.953 0.031/0.001/0.025 812 1.27/4.61 1.18/3.75 1.27/2.45
2 Xylose 0.873/0.984/0.992 0.043/0.005/0.002 910 1.10/2.81 1.18/1.77 1.02/1.86
3 Phenylacetic acid 0.996/0.905/0.931 0.001/0.008/0.007 868 1.27/26.33 1.24/25.76 1.33/4.46
4 Phenyllactic acid 0.907/0.968/0.995 0.008/0.011/0.002 579 1.27/4.11 1.11/1.93 1.17/1.48
5 Phenylpyruvate 0.990/0.994/0.948 0.003/0.002/0.017 852 1.28/25.10 1.35/23.51 1.36/22.20
6 Glutaraldehyde 0.869/0.949/0.983 0.288/0.355/0.446 430 1.08/6.60 1.16/5.62 1.23/4.47
7 L-tryptophan 0.990/0.806/0.724 0.003/0.037/0.016 868 1.27/12.15 1.33/7.05 1.32/2.31
8 L-glutamic acid 0.996/0.932/0.903 0.003/0.042/0.041 435 1.03/24.08 1.12/6.76 1.03/2.82
9 L-tyrosine 0.982/0.911/0.993 0.005/0.008/0.006 755  1.28/7.09 1.05/2.93 1.18/2.13
10 Xanthine 0.995/0.835/0.752 0.002/0.025/0.008 825 1.27/8.68 1.30/3.84 1.17/1.91
Table 2. Metabolites at the sw phase related to the diameter of inhibitory ring
) r (S. mutans/A. viscosus/L. P (S. mutans/A. viscosus/L. ) VIP/FC value
Metabolites ( acidgphilus) / ( acido/philus) / Sim - wothers
1 Tartronic acid 0.990/0.906/0.900 0.003/0.006,/0.023 494 2.06/-
2 Glycolic acid 0.990/0.963/0.980 0.003/0.012/0.007 805 1.73/-
3 L-Malic acid 0.990/0.905/0.902 0.003/0.006,/0.002 471 1.73/-
4 D-Tagatose 0.990/0.806/0.702 0.003/0.030/0.039 309 1.73/-
5 Spermidine 0.996/0.861/0.776 0.001/0.042/0.027 886 1.72/-

Notes: In Tables 1 and 2, r refers to the correlation coefficient; P refers to the hypothesis test value of correlation coefficient;
sim refers to the similarity; VIP refers to the variable importance in the projection value; FC refers to the peak area ratio of
metabolites between the two groups. In the column of “sw-others”, the peak area of the selected metabolite at the sw phase

was much larger than that at the remaining phases.

could effectively inhibit the growth, adhesion,
and acid production of A. viscosus. Further-
more, M kinen [23] and S Derling E [24] beli-
eved that xylitol could reduce acid producti-
on and inhibit the acid-tolerant oral flora grow-
th, which results in the decline of the number
of lactobacilli in the oral cavity. According to
the discrimination analysis and antibacterial
correlation analysis in our study, it was found
that xylitol is significantly positively correlated
with the diameter of bacteriostatic zones in
S. mutans, L. acidophilus, and A. viscosus (r
= 0.990, 0.998 and 0.953 respectively; P <
0.05). This implies that xylitol is a kind of sm-
all molecule metabolite produced by B. subtilis
zh7 which could inhibit the growth of the three
types of the cariogenic bacteria (S. mutans, L.
acidophilus, and A. viscosus).

In our study, we found that B. subtilis zh78
could produce higher levels of phenyllactic
acid, phenylacetic acid, and phenylpyruvate at
the zs, the pt, and the sw growth phases, all of
which were located in the phenylalanine meta-
bolism pathway. Phenylacetic acid and phenyl-

3735

lactate acid were the downstream products
from phenylpyruvate. Phenyllactic acid (PLA),
known as a universal antimicrobial agent, could
exert inhibitory effects on a range of Gram-
negative bacteria and Gram-positive bacteria
and it has been used as a platelet-aggregation
inhibitor in ‘Danshensu’ medicine in China [25].
Phenylacetic acid has previously been demon-
strated to display growth-inhibitory activity to-
wards Gram-negative bacteria, Gram-positive
bacteria, and fungi [26]. It was often adopted
as the side-chain precursor in the pharmaceuti-
cal industry for the penicillin G production [27].
All of the three products from B. subtilis zh78
were significantly positively correlated with the
diameter of inhibition circle in S. mutans, L. aci-
dophilus, and A. viscosus. According to their
bacteriostatic mechanism and their correlation
with the bacteriostatic ring, it could be deduc-
ed that phenyllactate acid and phenylacetic
acid produced by B.subtilis zh78 were the sub-
stances with broad-spectrum antibacterial ac-
tivity while phenylpyruvate could promote the
antibacterial effects in phenylacetic acid and
phenyllactate acid.
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The glutaraldehyde and the aldehyde-based
disinfectant has been widely applied as a hi-
gh-level disinfectant for semi-critical and tem-
perature-sensitive medical devices in hospit-
als worldwide [28]. In this study, glutaraldehyde
was found in the metabolic products from B.
subtilis zh78 growth at the zs, the pt, and sw
stages and its correlation with the inhibition
zone was strong. This might be the reason why
the antimicrobial effects of metabolites from B.
subtilis zh78 were significant.

L-glutamic acid is a white crystalline powder,
with a special taste and acidity, that plays a
key role in many aspects including nutritional
metabolism, energy requirements, immune re-
sponse, oxidative stress, signal pathway regu-
lation, and synaptic transmission [29]. Except
for being an element of protein synthesis, L-
tyrosine (a kind of non-essential aromatic
amino acid) also serves as a precursor to me-
lanin pigment, catecholamines, tyramine/octo-
pamine, and thyroid hormones [30]. In a previ-
ous study [31], S. mutans along with glutamic
acid and the other 20 kinds of free amino ac-
ids were cultured. It was found that the D- and
L- typed glutamic acid could inhibit S. mutans
growth and its biofilm formation and the D-
and L- typed tyrosine could retard S. mutans
growth [31]. In this study, it was shown that lev-
els of L-glutamic acid and L-tyrosine were high
at the different growth stages (zs, pt, and sw)
of B. subtilis zh78 and their correlation with
the diameter of the bacteriostatic ring in S.
mutans were significant (r = 0.990 and 0.982;
P =0.003 and 0.006). The results indicate that
L-glutamic acid and L-tyrosine, the small mole-
cule metabolites produced by B. subtilis zh78
during the zs, the pt, and sw growth stages,
have obvious inhibitory effects on S. mutans.
Among the antibacterial substances appearing
at the zs, the pt, and the sw growth phases of
B. subtilis zh78, L-tryptophan [32], xanthine
[33], and xylose [34] showed certain antibac-
terial activity but their relationships with S.
mutans, L. acidophilus, and A. viscosus were
still ambiguous.

Some substances (tartronic acid, D-tagatose,
L-malic acid, glycolic acid, and spermidine) we-
re only produced at the sw growth phase of B.
subtilis zh78 and their correlations with the
inhibition zones in S. mutans, L. acidophilus,
and A. viscosus were significant (shown in Ta-
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ble 2). L-malic acid and glycolic acid are organic
acids and organic acids have been proven to
possess important antimicrobial properties
which have been attributed to the reduction of
the medium pH, the decrease of intracellular
pH, and the disruption of substrate transport
[35]. Malic acid is a dicarboxylic acid that ex-
ists in the form of L-isomer [36]. L-malic acid,
the main organic acid, is found in most unripe
fruits and could induce fleshy fruit acidity. It
was indicated by Eswaranandam [37] that
malic acid had strong antimicrobial activity. It
was also reported that significant bactericidal
effects on some microorganisms could be
observed when malic acid was added to the
dipping solution [35]. Glycolic acid naturally
exists in grapes, sugar cane juice, sugar beets,
and Virginia creeper leaves. It intrinsically pos-
sesses antimicrobial and antifungal character-
istics which have been widely applied as an
agent in the office-based peels as well as in
cosmetic products [38]. In this study, higher
contents of glycolic acid and L-malic acid were
only discovered at the sw growth stage of B.
subtilis zh78 and both of the acids were high-
ly correlated with the diameter of the inhibition
zone. Therefore, it was speculated that glyco-
lic acid and L-malic acid produced at the sw
growth period of B. subtilis zh78 were two kin-
ds of the small molecule metabolites with
broad-spectrum antibacterial activity. Metabo-
lites produced at the sw growth phase of B.
subtilis zh78 displayed significant inhibitory
effects on cariogenic bacteria (S. mutans, L.
acidophilus, and A. viscosus), which might be
partially attributable to the antibacterial effe-
cts of L-malic acid and glycolic acid.

Previous studies have demonstrated that tar-
tronic acid could block aerobic glycolysis due
to its inhibitory effect on lactic dehydrogenase
[39]. It was deduced from our study that lac-
tic dehydrogenase was the only glycolytic en-
zyme which could block the glycolysis of the
bacteria (S. mutans, L. acidophilus, and A. vis-
cosus) and thus inhibited their growth. Since L.
acidophilus only possessed the glycolytic pa-
thway and lactic acid was its only metabolic
product, the inhibitory effects of tartronic acid
on L. acidophilus would be much stronger.

D-tagatose, a rare monosaccharide, is a dif-
ferential isomer of fructose. It is similar to the
xylitol and the other polyols which could pro-
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duce less acid and would not reduce the pH
value in the oral cavity, thus effectively prevent-
ing enamel demineralization. Therefore, it could
exert anticaries effects [40]. This study shows
that the content of D-tagatose was significan-
tly higher at the sw growth stage of B. subtilis
zh78, which had a strong correlation with the
diameter of the inhibition zone. The data sug-
gests that D-tagatose could inhibit growth of
cariogenic bacteria (S. mutans, L. acidophilus,
and A. viscosus) and could prevent dental car-
ies. Furthermore, spermidine also had certain
antibacterial effects [41]. Its relationship with
cariogenic bacteria (S. mutans, L. acidophilus,
and A. viscosus) is still ambiguous and needs
to be explored further in future studies.

In summary, among the small molecular me-
tabolites produced by B. subtilis zh78, antibac-
terial substances including xylitol, L-glutamic
acid, and L-tyrosine could inhibit the growth of
S. mutans and other cariogenic bacteria. This
study provides theoretical basis for the appli-
cation of B. subtilis zh78 to prevent dental car-
ies in the future. The probiotic role of B. subtilis
zh78 should be explored in further studies.
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Figure S1. Inhibitory effect of metabolites of Bacillus subtilis at different growth stages on L.acidophilus (A), A.
viscosus (B), S.mutans (C). Finger legends: In the culture dish of S. mutans, the diameters of bacteriostatic rings in
were 0.85 mm-zs, 1.35 mm-pt,14.2mm-sw; In the culture dish of A. viscosus, 4.1 mm-zs, 6.9 mm-pt, 18.35 mm-sw;
In the culture dish of L. acidophilus, 7.35 mm-zs, 8.45 mm-pt, 21.05mm-sw.
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