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Abstract

Biofilms are extracellular constituents composed of polysaccharides and other substances necessary for bacteria to
defend themselves against foreign enemies. Amylase of Streptococcus pyogenes is an enzyme that degrades
polysaccharides and other substances and produces nutrients for invasion of epithelial cells. S. salivarius is an oral
commensal bacterium that shows antibacterial activity against S. pyogenes. We investigated the relationship between S.
pyogenes and S. salivarius to determine whether the amylase of S. pyogenes affects the biofilm of S. salivarius. The amyA
gene-deficient strains were generated from S. pyogenes 1529 and MDYK strains, and the amylase production ability of
the wild-type and gene-deficient strains were compared. Amylase production in mutant strain was significantly reduced
compared to the wild-type strain. Next, the biofilm-forming ability of S. pyogenes was compared between wild-type and
mutant strains, and significantly increased biofilm-forming ability was observed in the gene-deficient strains. Next, S.
salivarius was cultured to create biofilms, and then wild-type and mutant strains of S. pyogenes were added to the
culture. Significantly, the biofilms of S. salivarius with the gene-deficient strains were higher than those with the wild
strains. As the biofilm-forming ability of S. salivarius co-cultured with S. pyogenes was compared, the biofilm-forming
ability of S. salivarius co-cultured with the mutant strain of S. pyogenes was also significantly increased. These results
were common findings for the 1529 and MDYK strains of S. pyogenes. Our results suggest that amylase from S. pyogenes
inhibits biofilm formation in S. salivarius.
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1. Introduction

Streptococcus pyogenes is a gram-positive coccus that infects the upper respiratory tract, including the tonsils and
pharynx, and causes post-infectious diseases such as rheumatic fever and glomerulonephritis [1]. As it is a typical upper
respiratory tract infection in children, but it has been reported that the presence of S. salivarius strains of oral
streptococci that produce antimicrobial active substances decreases the frequency of S. pyogenes acquisition in the oral
cavity of children [2]. S. salivarius is an oral streptococcus that inhabits many human oral epithelial surfaces and one of
the first bacteria to become established in the oral cavity of newborns [3, 4]. It is a commensal bacterium that establishes
itself in the oral cavity and saliva and produces salivaricin A, salivaricin A2, salivaricin B or enosin, which have
bactericidal activity [5-7]. Three salivaricin genes, sal4, salA2, and sho, encode salivaricin A, salivaricin A2, and
salivaricin B, respectively [6, 7]. It has been reported that salivaricin A is responsible for the decreased frequency of S.
pyogenes acquisition in the oral cavity of children [2]. S. pyogenes forms colonies in the pharynx before invading host
tissues. If S. salivarius then colonizes the site of S. pyogenes invasion, further colony formation of S. pyogenes may be
inhibited by antimicrobial active substances derived from S. salivarius. We have reported that S. pyogenes is resistant to
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S. salivarius through the interaction of the Streptococcal Inhibitor of Complement (SIC) protein of S. pyogenes with
antimicrobial active substances from S. salivarius [8]. However, this phenomenon alone does not fully explain the
interaction between S. pyogenes and S. salivarius under pharyngeal colonization conditions. Biofilms are biological and
non-biological surfaces associated with highly structured invertebrate complexes produced by bacteria, which anchor
themselves to a self-productive extracellular matrix of carbohydrate polysaccharides and exopolysaccharides (EPS)
along with proteins, DNA and other small molecules [9]. Bacteria adhering to medical devices and damaged tissues can
cause persistent infections through biofilm formation [10]. Antibiotics traditionally used to treat biofilm-forming
pathogens such as Streptococcus do not target biofilms, but rather target floating bacteria, exacerbating the problem of
drug-resistant bacteria by overloading the bacteria and causing them to acquire resistance to antibiotics [11]. Although
biofilm is essential for bacterial survival, it is possible that biofilm formation may be involved in the competition for
survival between bacteria, such as between S. pyogenes and S. salivarius. Polysaccharides and other materials are used
to form biofilms, and S. pyogenes produces an amylase enzyme that degrades these polysaccharides [12]. In this study,
we investigated the effect of S. pyogenes amylase on S. salivarius biofilm formation.

2. Material and methods

2.1. Bacteria and culture conditions

M1 serotype Streptococcus pyogenes strains 1529, and MDYK used in this study were clinical isolates from hospital
patients in Japan with invasive S. pyogenes infections [13]. S. salivarius JCM5707 strain was obtained (Riken Bio
Resource Center, Tsukuba, Japan) [8]. Streptococci were usually cultured in 10 mL of Todd Hewitt broth (Difco
Laboratories Inc., Detroit, MI, USA) containing 0.2% yeast extract (Difco Laboratories) (THY) for 18 hours at 37 °C
without agitation. Escherichia coli J]M109 were maintained on Luria-Bertani (LB) agar (Difco Laboratories) or were
grown in LB broth with aeration at 37°C.

2.2. Gene manipulation techniques

Escherichia coli J]M109 was used to propagate plasmid constructions. Nonpolar inactivated mutants of the amyA gene
were constructed via double-crossover allelic replacement in S. pyogenes 1529 and MDYK chromosomes with some
modifications of the methodology of a previously report [8]. The primers used in this study are listed in Table 1.

Table 1 Oligonucleotide primers used in this study

Primer | Sequence

amyA F1 | GGAAGACAGGTCATGAAGCACA
amyA F2 | ATTCTGAAACGCAGCTTAGG
amyA R1 | GTTCTAGGAATTCCTGCTTTAC
amaA R2 | TCCACTAACTGTTTCTGCTG

2.3. Measurement of amylase activity

Bacterial amylase activity was measured using a kit (a-amylase assay kit, Kikkoman BioChemifa Co., Tokyo, Japan).
Briefly describing the method, bacterial culture supernatant was added to N3-G5-B-CNP, and glucoamylase and -
glucosidase were further added. After mixing at 37 °C for 10 minutes, sodium carbonate was added to stop the enzymatic
reaction. The optical absorbance of the mixture was measured at 400 nm. Milli-Q water was used as a control. The
absorbance value obtained by subtracting the control from the sample and multiplying by 89.5 was defined as the
activity of a-amylase (U/mL).

2.4. Bacterial biofilm measurement

Biofilm assay was performed with some modifications [14, 15]. Each bacterium (1 x 106 CFU) was seeded onto 96-well
polystyrene plates (Thermo Fisher Scientific, MA, USA), which were then incubated in THY broth at 37 °C for 48 hours.
After removal of the media, the plates were washed three times with PBS, and adherent bacteria were stained with 0.2%
crystal violet (Fujifilm Wako Pure Chemical) at room temperature for 10 min, after which, they were gently washed
three times with PBS. Each biofilm was quantitated by measuring the absorbance at 570 nm (A570). Wells incubated
without bacteria were used as blanks. The absorbance of blank wells was subtracted from the test values.
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2.5. Statistical Analysis

We expressed the study data as the means + standard deviation (SD). We also conducted the statistical analysis using
the Tukey’s multiple comparison t-tests for the differences among multiple groups. The p-values < 0.05 indicated
statistical significance.

3. Results

First, to confirm that the mutant strain lacking the amylase gene does not possess amylase activity, the amylase activity
of the culture supernatant of the wild and mutant strains was measured. As a result, we were able to confirm that the
amylase activity observed in the wild strain was significantly reduced in the mutant strain, as shown in Figure 1. The
same trend was observed for two independent bacterial strains (1529 and MDYK).
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Figure 1 Comparison of amylase activity of S. pyogenes. The amylase activity of bacterial culture supernatants was
determined. 1529 WT: 1529 wild-type strain, 1529 amyA: 1529 amyA-deficient strain, MDYK WT: wild-type strain,
MDYK amyA: MDYK amyA-deficient strain
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Figure 2 Comparison of biofilm forming ability of S. pyogenes only. Bacterial biofilms were stained with crystal violet
and their absorbance was measured. 1529 WT: 1529 wild-type strain, 1529 amyA: 1529 amyA-deficient strain, MDYK
WT: wild-type strain, MDYK amyA: MDYK amyA-deficient strain

We next examined the ability of S. pyogenes alone to form biofilms. After 48 hours of incubation of the wild-type and the
amylase gene-deficient mutant strain, biofilms stained with crystal violet were measured with a spectrophotometer. As
shown in Figure 2, biofilm formation was enhanced in the mutant strain compared to the wild-type strain. This same
trend was also observed in two independent bacterial strains (1529 and MDYK).
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After another 48 hours of incubation, wild-type and mutant strains of S. pyogenes were added to S. salivarius and
incubated for another 48 hours, and the biofilm stained with crystal violet was measured with a spectrophotometer. As
shown in Figure 3, biofilm formation was inhibited in S. pyogenes -added S. salivarius compared to S. salivarius alone.
And compared to the addition of wild-type S. pyogenes strain, the biofilm formation of mutant S. pyogenes strain-added
S. salivarius was increased. We also observed the same trend in two independent bacterial strains.
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Figure 3 Comparison of biofilm forming ability of S. salivarius (SS) after addition of S. pyogenes. Bacterial biofilms
were stained with crystal violet and their absorbance was measured. 1529 WT: 1529 wild-type strain, 1529 amyA:
1529 amyA-deficient strain, MDYK WT: wild-type strain, MDYK amyA: MDYK amyA-deficient strain

S. salivarius were then added to the wild-type and mutant strains of S. pyogenes were added and incubated
simultaneously for 48 hours, after which crystal violet-stained biofilms were measured with an absorbance
spectrophotometer. As shown in Figure 4, biofilm formation was inhibited in S. pyogenes -added S. salivarius compared
to S. salivarius alone. And compared to the addition of the wild-type strain, the biofilm formation of the mutant S.
pyogenes strain-added S. salivarius was increased. The same trend was also observed in two independent bacterial
strains.
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Figure 4 Comparison of biofilm-forming ability of S. salivarius (SS) and S. pyogenes co-cultures. Bacterial biofilms were
stained with crystal violet and their absorbance was measured. 1529 WT: 1529 wild-type strain, 1529 amyA: 1529
amyA-deficient strain, MDYK WT: wild-type strain, MDYK amyA: MDYK amyA-deficient strain

4. Discussion

Our results showed that the amylase gene-deficient streptococci had a reduced capacity to produce amylase compared
to wild-type strains. And wild-type S. pyogenes were found to inhibit biofilm formation in S. salivarius compared to
amylase gene-deficient S. pyogenes strain. The adherent biofilm reached maximum thickness between 24 and 48 hours
and demonstrated a dependence on both temperature and growth medium [16]. Taking this result into account, we
determined the evaluation time of the biofilm.
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Previous concepts of polysaccharide degradation by amylase of S. pyogenes have been described as follows. The major
site of S. pyrogens infection and colonization in human is the oropharynx [17]. Alpha-glucans, such as starch and
glycogen, are polysaccharides composed of repeating D-glucose monomers linked by a-links and are found in high
concentrations in the human oropharynx [18]. Since the molecular weight of glucans is typically over 100,000, in order
to be used as an energy source, they must be digested by extracellular enzymes and become smaller molecules that can
be transported into the bacterial cell and enter energy production pathways. Some strains of S. pyogenes are capable of
degrading starch [19]. Alpha-glucans can be degraded to linearly bound glucose (i.e., maltodextrins) by enzymes called
amylases or pullulanases [20]. Alpha-glucan degradation in S. pyogenes may involve both of these enzymes may be
important. AmyA has been suggested to be a virulence factor for S. pyogenes based on its function and extracellular
location [21]. Furthermore, the ability of S. pyogenes to degrade a-glucans has been speculated to contribute to its
virulence [22]. The cyclomaltodextrin and alpha-glucan digestion products produced by AmyA increase the
permeability of pharyngeal epithelial cells and enhance the translocation ability of S. pyogenes [23]. On the other hand,
S. pyogenes strains containing amyA gene can degrade a-glucan via AmyA. It has been previously reported that the alpha-
glucan degrading enzyme of S. pyogenes is AmyA and that the cyclomaltodextrin produced by the alpha-glucan
degradation of AmyA inhibits normality of human pharyngeal epithelial cells and promotes bacterial migration [24].
Our findings explain the novel pathogenic role of AmyA in S. pyogenes. Several studies of enzymes that inhibit bacterial
biofilms have been reported for clinical treatment purposes. As a potential treatment for Pseudomonas aeruginosa
infections, a combined enzyme approach to inhibit biofilms, P. aeruginosa self-produced glycosyl hydrolysis enzyme
PslG binds to P. aeruginosa N-acylhomoserine lactonase AidH to destroy the biofilm. As a result, no bacterial biofilm was
observed at the bottom of the NEST glass bottom cell culture dish during the combined enzyme intervention for P.
aeruginosa [25]. Glycoside hydrolases are a type of enzyme that degrades biofilm substrates and enhances the
effectiveness of antibiotics. An infection-responsive delivery system combining the glycoside hydrolyzing enzymes
alginate lyase and gentamicin was investigated for the treatment of Pseudomonas biofilms and found that treatment
with a liquid crystal containing alginate lyase and gentamicin resulted in a 2 log or greater reduction [26]. Some
researchers investigated whether NucB, a novel non-toxic deoxyribonuclease effective in dispersing a variety of single
and mixed species bacterial biofilms from marine isolates of Bacillus licheniformis, could also destroy and remove mixed
species biofilms from tracheoesophageal valves and found that the non-toxic deoxyribonuclease, NucB, was effective in
releasing more microorganisms from tracheoesophageal valve biofilms, reflecting NucB's ability to break down and
disperse biofilms [27]. Two glycosidic hydrolytic enzymes, alpha-amylase and cellulase, which further degrade complex
polysaccharides, effectively destroy monoculture and coculture biofilms of Staphylococcus aureus and P. aeruginosa, and
glycoside hydrolase Treatment significantly reduced EPS biomass and converted the bacteria to a planktonic state,
potentially making them more susceptible to conventional antimicrobial agents, and in vitro and in vivo cultured S.
aureus and P. aeruginosa biofilms were treated with alpha-amylase and cellulase solutions resulted in a significant
reduction in biomass, biofilm lysis, and increased efficacy of subsequent antibiotic treatment. These results support our
present results and suggest the possibility of developing S. pyogenes amylase as an anti-biofilm agent in the future [28].
Finally, we describe the limitations of this study. We have not confirmed biofilm inhibition by adding recombinant
protein of S. pyogenes amylase directly to biofilms of S. salivarius. Nor did the study of the inhibitory effect of amylase
on S. salivarius biofilms with 3D images comparing live and dead bacteria. The absence of the above results does not
preclude the result that amylase of S. pyogenes inhibits biofilm formation of S. salivarius. However, these questions will
be addressed in future studies.

5. Conclusion

In this study, the relationship between S. pyogenes and S. salivarius was explained in terms of amylase produced by the
S. pyogenes inhibiting S. salivarius biofilms. Further mechanistic elucidation of the survival relationship between S.
pyogenes and S. salivarius is a topic for future research.
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