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Featured Application: The results of the current study aid in developing a potent mouthwash
formulation to maintain and improve oral health in healthy people.

Abstract: This study analyzed the alteration of oral microbial composition in healthy subjects after
using dextranase-containing mouthwash (DMW; Mouthwash formulation I) and dextranase-and-
nisin-containing mouthwash (DNMW,; Mouthwash formulation II). Eighteen participants were
recruited and were randomly allocated to two groups: G1 (DMW user; n = 8) and G2 (DNMW
user; n = 10). The subjects were instructed to use the provided mouthwash regularly twice a day
for 30 days. The bleeding on probing (BOP), plaque index (PI), probing depth (PBD), and gingival
index (GI) were analyzed, and saliva samples were collected before (day 0) and after (day 30) the
use of mouthwashes. The saliva metagenomic DNA was extracted and sequenced (next-generation
sequencing, Miseq paired-end Illumina 2 x 250 bp platform). The oral microbial community in
the pre-and post-treated samples were annotated using QIIME 2™. The results showed the PI and
PBD values were significantly reduced in G2 samples. The BOP and GI values of both groups were
not significantly altered. The post-treated samples of both groups yielded a reduced amount of
microbial DNA. The computed phylogenetic diversity, species richness, and evenness were reduced
significantly in the post-treated samples of G2 compared to the post-treated G1 samples. The
mouthwash formulations also supported some pathogens’ growth, which indicated that formulations
required further improvement. The study needs further experiments to conclude the results. The
study suggested that the improved DNMW could be an adjuvant product to improve oral hygiene.

Keywords: dextranase; nisin; mouthwash; oral microbiome; QIIME 2™

1. Introduction

Oral health is important in daily life since it reflects general physical health [1-3]. Oral
disease affects teeth and causes gut microbial dysbiosis, cardiovascular illness, urinary
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tract infections, arthritis, cystic fibrosis, and brain disease [4-9]. Even though brushing
and flossing can be effective methods of removing plaque, toothbrushes can operate as
reservoirs for harmful germs that later inoculate the oral cavity, highlighting the need to
properly sanitize and store personal dental hygiene devices [10-13].

The mouth rinsing custom has been a part of human culture for more than 200 decades.
Kamal et al. reported that natural mouthwashes could serve as substitutes to chemical
agents such as chlorhexidine, providing effective caries control and safe long-term use [14].
Mouth rinses containing dextranase were superior to 0.12% chlorhexidine mouthwash in
preventing plaque accumulation caused by Lipomyces starkeyi KSM 22 and Catenovulum
agarivorans MNH15 in human experimental gingivitis [15,16].

Likewise, nisin-containing mouth rinse was proven to be a strong plaque inhibitor.
Nisin inhibits the growth of oral bacteria and the development of biofilms by preventing cell
attachment and proliferation. Nisin either binds to nonspecific lipids on cytoplasmic mem-
branes or to specific Lipid II, a crucial component of the cell membranes of Gram-positive
and Gram-negative bacteria such as Prevotella intermedia (P. intermedia), Porphyromonas
gingivalis (P. gingivalis), and Aggregatibacter actinomycetemcomitans (A. actinomycetemcomi-
tans). The antibacterial effect of ethanolic extract of licorice root, Triphala, and garlic on
Streptococcus mutans (S. mutans) was less effective when compared with chlorhexidine
mouthwash [17,18].

The collective genome of microbes in the oral cavity is the oral microbiome linked
to taste thresholds such as sweet, sour, salty, and bitter, used to maintain its microbial
membership and permanence in the oral cavity [19,20]. Additionally, gingival-related
microbiota such as S. mutans, Streptococcus gordonii, Streptococcus oralis, Lacticaseibacillus
casei, and P. gingivalis have been discovered to have a critical role in governing human
health and illness. Additionally, when it grows abundantly, it substantially supports the
growth of Gram-negative bacteria such as P. gingivalis, Aggregatibacter actinomycetemcomitans
(A. actinomycetemcomitans), P. intermedia, and Tannerella forsythia (T. forsythia), resulting in
periodontal organ inflammation [21,22].

The most common oral pathogens, such as S. mutans, P. gingivalis, Staphylococcus
species, and Lactobacillus species, are present in dental plaque and cavities [23-25]. The Lac-
tobacillus ferments sugar and produces a large amount of lactic acid, which can easily cause
caries [26]. Oral bacteria reach the digestive tract rapidly through the airway, generating
an imbalance in the intestinal microflora and harming the digestive system, particularly
pathogenic periodontitis bacteria [27-30]. Likewise, Fusobacterium nucleatum colonizes and
governs the gastrointestinal tract via the blood flow system, as outlined in a prior study on
colorectal cancer [31]. Additionally, P. gingivalis can target the complement C5a receptor
1 (C5aR1) and the Toll-like receptor 2 (TLR2) [32]. P. gingivalis and Helicobacter pylori can
activate the PI3K signaling pathway, inhibiting internalization and increasing inflammation,
targeting these two receptors and leading to pancreatic cancer [33,34]. The prevalence of
Neisseria and Haemophilus differs between hunter—gatherers and westerners, with rural
farmers falling somewhere in the middle. Some oral pathogens have been discovered
among hunter—gatherers, indicating that consuming too much meat increases the risk of
dental degenerative diseases [35]. It is necessary to elucidate the complete microbiome
within the human mouth. The dynamics of the oral microbial community are intricate,
and we are still in a long way off properly comprehending it. New high-throughput ap-
proaches will most likely help us explore microbial ecology in healthy and oral diseased
volunteers [36-38]. In this study, we implemented high-throughput sequencing technol-
ogy to elucidate the composition of the whole microbial community in healthy subjects
before and after the treatment of dextranase-containing mouthwash (DMW; Formula I) and
dextranase-and-nisin-containing mouthwash (DNMW; Formula II).

2. Materials and Methods
The experimental procedure of the current study is illustrated in Figure 1.
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Figure 1. Follow chart describes the experimental procedure of the study.

2.1. Preparation of Mouthwashes

The 2% dextranase-containing mouthwash (DMW; Formulation I) was prepared as
detailed in the previous report [39]. A concentration of 0.02% nisin was added to DMW to
formulate the dextranase-and-nisin-containing mouthwash (DNMW; Formulation II).

2.2. Minimal Inhibitory Concentration (MIC) of Dextranase and Nisin

Streptococcus mutans, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans,
and Tannerella forsythia were cultured on a suitable medium at 37 & 2 °C in an anaerobic
chamber for 24-72 h. The microbial cell suspensions (1.5 x 10° cells/mL) were prepared in
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phosphate-buffered saline (PBS). The cells were mixed with serially diluted nisin (1 mg/mL)
and dextranase (144 to 0.07 units/g) in a 96-well plate and incubated. After the incubation,
the microbial growth was measured via spectrophotometric analysis at 600 nm; then, the
MIC values were derived [40].

2.3. Antibiofilm Activity

The effect of DMW and DNMW against S. mutans biofilm was tested [41]. S. mutans
biofilms were allowed to form on 12 mm glass coverslips placed in 24-well titer plates
with 2 mL of DMW and DNMW separately, then incubated at 37 °C and 5% CO, for
24 h. After 24 h of incubation, the medium was removed and the slides were rinsed with
PBS. Finally, fixative glutaraldehyde fixed the biofilm and was observed using scanning
electron microscopy (SEM). The efficacy of mouthwash formulations was compared with a
positive control.

2.4. Estimation of Mouthwash Stability

The guidelines of the Thai industrial standard (TIS 2342-2550) were followed to evalu-
ate the stability of mouthwashes. The mouthwashes were stored at 4 °C, room temperature,
and 45 °C for three months. The stability of the mouthwash formulations was determined
by the changes in their enzyme activity and MIC values. As detailed previously, dextranase
activity was measured using the dinitrosalicylic acid (DNS) method [42].

2.5. Selection and Characteristics of the Study Population

Four weeks of experimental design were employed using 18 volunteers. The study was
approved (No. 145/2562) by the Research Ethics Committee, Mae Fah Luang University,
Thailand. Inclusion criteria were: volunteers had to be more than 18 years old with a
medically healthy oral condition, with no antibiotic use for at least the last one month
at the time of the experiment, a non-smoker, and the volunteer had to give informed
consent. A pre-study medical questionnaire was used to examine general health conditions.
The potential participants were screened out to fulfil the following criteria: volunteers
with systemic diseases such as diabetes, heart diseases, blood-associated diseases, tissue
disease in teeth or dead teeth, pregnant and breastfeeding women, and damage/loss of
periodontal organs. Initially, we allowed 10 subjects in each group; later, 2 subjects from
group 2 withdrew from the study due to personal reasons. The demographic data of the
study subjects are detailed in Table 1. The subjects in group 1 (G1) and group 2 (G2) were
recommended to use mouthwash formulation I and II, respectively, at least twice a day
for four weeks (the study duration was selected based on our preliminary study). The
plaque index (PI), probing depth (PBD), gingival index (GI), and bleeding on probing (BOP)
scores of the subjects before and after four weeks of experiments were recorded in detail
previously [43-46]. The saliva samples were collected before and after the treatment to
assess the changes in oral microbiota. Furthermore, the gingival inflammation was assessed
according to the GI by Loe and Silness [47].
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Table 1. The demographic data of the study subjects.

Group 1 Group 2 g .
Parameters =8 (1 = 10) p-Value Statistical Method
Age (year) (mean =+ SE) 23.13 +3.78 24.50 + 2.68 0.764 Independent f-test
Gender
Female (n (%)) 5 (62.50) 7 (70.00) 1.000 Fisher’s exact
Male (1 (%)) 3 (37.50) 3 (30.00)
Bleeding diseases
No (1 (%)) 8 (100) 10 (100) NA Fisher’s exact
Yes (1 (%)) 0 (0) 0 (0)
Drug allergy
No (1 (%)) 8 (100) 10 (100) NA Fisher’s exact
Yes (1 (%)) 0 (0) 0(0)
Smoking
No (1 (%)) 8 (100) 9 (90) 1.000 Fisher’s exact
Every day (1 (%)) 0 (0) 1(10)
Alcohol drinking
No (1 (%)) 7 (87.50) 8 (80.00) 1.000 Fisher’s exact
1-3 days/week (1 (%)) 1 (12.50) 2 (20.00)
Brushing frequency
2 times/day (1 (%)) 7 (87.50) 8 (80.00) 1.000 Fisher’s exact
>2 times/day (1 (%)) 1 (12.50) 2 (20.00)
Toothbrush replacement frequency NA Fisher’s exact
No (1 (%)) 8 (100) 10 (100)
Type of toothpaste
Toothpaste to prevent tooth decay (1 (%)) 6 (75.00) 7 (70.00) . ,
Toothpaste that whitens teeth (1 (%)) 1 (12.50) 0 (0) 0.588 Fisher’s exact
Herbal toothpaste (1 (%)) 1 (12.50) 3 (30.00)
Frequency of mouthwash use
No (1 (%)) 4 (50.00) 5 (50.00)
1-3 days/week (1 (%)) 1 (12.50) 1 (10.00) 1.000 Fisher’s exact
4-6 days/week (1 (%)) 0(0) 1 (10.00)
Every day (1 (%)) 3 (37.50) 3 (30.00)
Type of mouthwash
Mouthwash to prevent tooth decay (1 (%)) 6 (75.00) 10 (100) 0.183 Fisher’s exact
Herbal mouthwash (1 (%)) 2 (25.00) 0 (0)
Rinsing frequency with water
No (1 (%)) 4 (50.00) 5 (50.00) . i
1-3 days/week (it (%)) 1(12.50) 0(0) 0.798 Fisher’s exact
Every day (1 (%)) 3 (37.50) 5 (50.00)
Frequency of mouth spray use
No (1 (%)) 7 (87.50) 10(100) 0.444 Fisher’s exact
Every day (1 (%)) 1 (12.50) 0(0)
Frequency of sweet consumption
No (1 (%)) 2 (25.00) 0 (0)
1-2 meals/day (1 (%)) 6 (75.00) 7 (70.00) 0.294 Fisher’s exact
3 meals/day (n (%)) 0 (0) 1 (10.00)
>3 meals/day (1 (%)) 0(0) 2 (20.00)
Frequency of oral health checkup
No (1 (%)) 0 (0) 0 (0)
Every 1-6 months (1 (%)) 5 (62.50) 7 (70.00) 0.789 Fisher’s exact
Every year (n (%)) 3 (37.50) 2 (20.00)
Every 1-2 years (1 (%)) 0(0) 1 (10.00)

NA: Not available.
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2.6. Oral Microbiome Assay

According to the manufacturer protocol, we extracted bacterial genomic DNA from
healthy subjects using a QIAmp UCP DNA Micro Kit (Catalog no. 56204, QIAGEN, Hilden,
Germany). The metagenomic analysis was performed by Omics Sciences and Bioinformatics
Center, Faculty of Science, Chulalongkorn University, Thailand. This method obtained 16s
RNA from a total of 36 metagenomic DNA samples (pre and post samples from G1 (n = 16);
pre and post samples from G2 (n = 20)) covering the variable regions V3-V4 were generated
using forward and reverse primers (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CCTACGGGNGGCWGCAG-3" and 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
GGACTACHVGGGTATCTAATCC-3') on the Illumina MiSeq device (5200 Illumina Way,
San Diego, CA, USA). MOTHURW.1.43.0 software (The University of Michigan, State Street,
Ann Arbor, MI 48109, United States) was used in sequence filtration and in the analysis of
sequenced data [48]. After checking the quality of pair-end reads with the information in
FASTQ files using DADA2, the poor-quality reads were filtered out as per the default QIIME
2™ threshold values (minimum quality score = 25, minimum/maximum length = 200/1000,
no ambiguous bases allowed, and no mismatches allowed in the primer sequence) [49].

From the total of 36 samples, we obtained 1,013,094 non-chimeric 16S rRNA gene
sequence reads. The resulting high-quality sequences were clustered into de novo opera-
tional taxonomic units (OTUs) with 97% identity and assigned taxonomy for each OUT
sequence. The resulting QIIME artifacts data were visualized and analyzed using QIIME
2 View. Applying microbiomes composition analyses, we found the substantially prevalent
bacterial taxonomic classifications at the species level.

2.7. Statistical Analysis

Analysis of weighted and unweighted UniFrac distances [50] performed using the QI-
IME 2™ workflow was used to compare microbial richness in pre-treated and post-treated
samples in G1 and G2 [51]. The first three main coordinates were used to create principal
coordinate analysis plots, labeled according to their variance. The OTU table of raw counts
was normalized to an OTU table of relative abundances. Taxa of the same type were
agglomerated at the phylum, class, order, family, and genus levels. Our analysis included
taxa from the major phylum of the pre-treated and post-treated G1 and G2 microbiome
(proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, Spirochaetes, TM7,
and Synergistetes). Phylogenetic diversity (PD) was annotated from the resulting rarefac-
tion curve. The relation between samples was identified using principal coordinate analysis
(PcoA) and visualized using QIIME 2 View.

3. Results
3.1. Minimal Inhibitory Concentration (MIC)

The MIC of nisin against P. gingivalis, A. actinomycetemcomitans, T. forsythia, and
S. mutans was 0.031 mg/mL, 0.50 mg/mL, 0.25 mg/mL, and 0.50 mg/mL, respectively. The
MIC of dextranase against S. mutans was 4.5 units/g (Table 2). The mouthwashes showed
anti-biofilm activity against S. mutans (a key etiologic factor leading to gingivitis, dental
caries, periodontal, and other oral-related diseases). The antibiofilm activity of the mouth
with regard to formulations against S. mutans was observed under SEM (Figure 2).

Table 2. The MIC of the nisin and dextranase against the representative pathogens. NA: no activity.

Substance Minimal Inhibitory Concentration (MIC)
Lo A. actinomycetem- .
P. gingivalis comitans T. forsythia S. mutans
Nisin (mg/mL) 0.031 0.5 0.25 0.5
Dextranase NA NA NA 45

(unit/g)
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Figure 2. The scanning electron microscopy pictures show the efficacy of mouthwash formulation I
(a,c,e) and II (b,d,f) against S. mutans biofilm. Positive control (a,b), negative control (c,d), and test
(e,f). The treatment of mouthwash formulations effectively suppressed the formation of biofilm. Scale
bar =1 pm.

3.2. Stability of the Mouthwashes

The result showed that both mouthwash formulations are clear, light brown, have no
precipitation, no cracking, and passed the Thai standards after three months of storage at
different temperatures. The MIC values (Table 3) and dextranase activities (Table 4) were
not affected significantly after the storage.

Table 3. The stability of mouthwash formulation I and II on S. mutans biofilm formation based on
MIC value.

Conditions Initial 3 Months
Mouthwash formulations I and II stored at 4 °C 1:16 1:16
Mouthwash formulations I and II stored at room temperature 1:16 1:16

Mouthwash formulations I and II stored at 45 °C 1:16 1:16
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Table 4. The stability of mouthwash formulations I and II are based on enzyme activity. RT:

room temperature.

3 Months

Samples Initial (Units/mL) (Units/mL) p-Value
Mouthwash formulation I stored at 4 °C 359.13 + 6.67 353.62 + 6.27 0.5372
Mouthwash formulation I stored at RT 384.76 + 7.88 377.66 + 0.78 0.2254
Mouthwash formulation I stored at 45 °C 364.10 + 3.55 378.30 + 3.55 0.136
Mouthwash formulation II stored 4 °C 373.05 4+ 2.84 358.85 + 2.84 0.1580
Mouthwash formulation II stored at RT 361.83 4+ 0.00 353.45 + 8.38 0.2254
Mouthwash formulation II stored at 45 °C 366.59 + 3.34 365.88 + 4.05 0.2254

3.3. Plaque Index, Probing Depth Gingival Index, and Bleeding on Probing

The P1, PBD, GI, and BOP values were estimated in the G1 and G2 subjects before and
after the use of mouthwash formulations (Tables 5 and 6).

Table 5. The comparison of the plaque index, probing depth, gingival index, and bleeding on probe
values of pre-and post-treatment samples of G1 and G2. * indicates the statistical significance.

No. Variables

Mouthwash Formulation I (G1; n = 8) Mouthwash Formulation II (G2; n = 10)

Pre-Treatment Post-Treatment Pre-Treatment Post-Treatment

(Mean -+ SE) (Mean + SE) p-Value (Mean + SE) (Mean -+ SE) p-Value
1 Plaque index 233+ 013 195 + 0.14 0.0001 * 211+ 012 173 + 011 0.0001 *
2. Gingival index 0.07 + 0.07 0.00 + 0.00 0.3173 0.06 + 0.06 0.00 + 0.00 03173
3. Probing depth 218 + 012 213 + 011 0.3625 234 1012 2.25 + 0.08 0.0143 *
4 Bleeding on probing  0.07 = 0.07 0 0.3173 0.06 + 0.06 0.00 + 0.00 0.3173

Table 6. The Mann-Whitney test compares the plaque index, probing depth, gingival index, and
bleeding on probe between G1 and G2.

Differences
No. Variables Mouthwash Mouthwash p-Value
Formulation I (G1)  Formulation II (G2)
1. Plaque index —0.375 —0.376 0.884
2. Gingival index —-0.071 —0.063 0.923
3. Probing depth —0.048 —0.093 0.346
4. Bleeding on probing —0.071 —0.063 0.923

The results revealed that the PI values significantly differed among the pre-and post-
treated samples of G1 and G2 (Table 5). However, the Mann—-Whitney-test-based investiga-
tion showed no significant differences between G1 and G2 (p = 0.884) (Table 6).

Regarding PBD, G2 samples showed a significant (p = 0.0143) reduction after the use
of mouthwash (Table 5). However, the reduction in PBD values was not significant between
G1 and G2 groups in Mann-Whitney analysis (p = 0.346) (Table 6).

There were no significant changes in the pre-and post-treatment values of GI and BOP
in both G1 and G2 samples (Tables 5 and 6).

3.4. Microbiome Analysis
3.4.1. Taxonomy Assignment

Proteobacteria (i = 86.909%) was found majorly before treatment, whereas the amount
of Firmicutes (i = 36.012%) was increased after treatment in G1 samples. Bacteroidetes,
Actinobacteria, Fusobacteria, Spirochaetes, TM7, Synergistetes, SR1, Tenericutes, GN02,
Verrucomicrobia, and cyanobacteria phylum were also found in G1 samples (Figure 3a).
Similarly, Proteobacteria (1 = 81.711%) was found majorly before treatment, whereas
the amount of Firmicutes (1 = 41.440%) was increased after treatment in G2 samples.
Bacteroidetes, Actinobacteria, Fusobacteria, TM7, SR1, Spirochaetes, GN02, Synergistetes,
Tenericutes, and Verrucomicrobia phylum were also found in G2 samples (Figure 3b).
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Figure 3. Taxonomy was assigned to the samples (pre-and post-treatment) collected from G1 (a) and
G2 (b), and its relative frequency was compared.

The OTUs can be divided into several categories according to their occurrences among
different samples in groups before and after the mouthwash treatment. The relative fre-
quency of the phyla can be used to identify the efficacy of the DMW. The relative frequencies
of Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, Spirochaetes,
TM?7, and Synergistetes were found to be p = 86.91%, p = 10.37%, p = 1.23%, p = 0.81%,
w=0.2%, u=0.21%, p = 0.17%, and p = 0.03%, respectively, in G1 samples before treatment.
Likewise, the relative frequency of Proteobacteria, Firmicutes, Bacteroidetes, Actinobac-
teria, Fusobacteria, Spirochaetes, TM7, and Synergistetes were p = 22.52%, p = 36.01%,
w=28.03%, = 6.24%, = 3.62%, . = 1.43%, n = 1.27%, and p = 0.18%, respectively, in G1
samples after treatment with DMW (Figure 4).

Similarly, the relative frequency of phyla was changed in G2 samples after treatment
compared to pre-treated samples, as follows: Proteobacteria (from p = 81.71 to p = 26.98%),
Firmicutes (from p = 14.30 to p = 41.44%), Bacteroidetes (from pn = 1.94 to u = 17.72%),
Actinobacteria (from p = 1.29 to 1 = 8.49%), Fusobacteria (from p = 0.33 to u = 3.90%), TM7
(from p = 0.36 to pu = 1.04%), SR1 (from p = 0.02 to u = 0.32%), and Spirochaetes (from
p =0.05% to p = 0.07%) (Figure 5). Other minor changes in the microbial abundances for
DMW and DNMW are detailed in Figure Sla,b (Supplementary File S1).

Klebsiella (20.733%), Citrobacter (11.615%), Chromobacterium (10.849%), Achromobac-
ter (9.381%), Stenotrophomonas (7.601%), Serratia (7.304%), Shewanella (2.723%), Mor-
ganella (0.591%), Agrobacterium (0.502%), Staphylococcus (0.328%), Desulfovibrio (0.300%),
Lactococcus (0.296%), Delftia (0.251%), and Corynebacterium (0.106%) were found in pre-
treatment G1 samples (Figure S2) (Supplementary File S1).

Pseudomonas (22.881%), Stenotrophomonas (17.370%), Achromobacter (7.020%), Serratia
(3.552%), Brevundimonas (1.587%), Klebsiella (0.737%), Agrobacterium (0.634%), Lactobacillus
(0.127%), and Treponema (0.048%) were found in pre-treatment G2 samples (Figure S3)
(Supplementary File S1).

After the use of the mouthwashes, the genera mentioned above were completely
eradicated in both G1 and G2 samples.
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Figure 4. The abundant phyla of the G1 (mouthwash formulation I) samples were compared before
and after mouthwash to identify the formulation’s efficacy. Red and blue bars indicate the pre-and
post-treatment samples, respectively.
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Figure 5. The abundant phyla of the G2 (mouthwash formulation II) samples were compared before
and after mouthwash to identify the formulation’s efficacy. Purple and orange bars indicate the
pre-and post-treatment samples, respectively.

3.4.2. Rarefaction Curve Analysis

A total of 509,199 and 656,392 16S rDNA V3-V4 sequencing reads were yielded for the
pre-and post-treated G1 samples, respectively. After a series of quality control processing
(where they were filtered, de-noised, and merged), 443,046 (87.00%) and 570,048 (86.84%)
high-quality non-chimera reads were obtained for the pre-and post-treated G1 samples,
respectively, and were clustered into OTUs. On average, each pre-and post-treated sample
had 69 and 232 OTUs, respectively (Table S1) (Supplementary File S2) (Figure 6a). Similarly,
a total of 756,857 and 863,350 165 rDNA V3-V4 sequencing reads were yielded for the
pre-and post-treated G2 samples. After a series of quality control processing (where they
were filtered, de-noised, and merged), 687,603 (90.84%) and 756,006 (87.57%) high-quality
non-chimera reads were obtained and were clustered into OTUs. On average, each pre- and
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post-treated sample had 96 and 189 OTUs, respectively (Table S2) (Supplementary File S2)
(Figure 6b). The rarefaction analysis suggested that the sequencing depth can recover most

of the community’s diversity.
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Figure 6. Refraction analysis for the

G1 and G2 samples. The rarefaction curves of observed OTUs

and Pathway diversity were computed for G1 (a,c) and G2 (b,d). Shannon H-index alpha Diversity
was measured and compared for the G1 (e) and G2 (f) samples. The inter and intragroup species
differences were compared using PCoA for G1 (g) and G2 (h) samples.
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3.4.3. Phylogenetic Diversity

The phylogenetic diversity was computed for the pre-and post-treated samples of
G1 and G2. The pre-and post-treated G1 samples’ phylogenetic diversity index was 6.0
and 12.0 at maximum, respectively (Figure 6¢). The pre-and post-treated G2 samples’
phylogenetic diversity index was 7.0 and 10.0 at maximum, respectively (Figure 6d). This
shows that the diversity in the samples was high in pre-treated G2 samples. However, the
diversity in the G2 samples was reduced significantly after being treated with DNMW.

3.4.4. Species Richness

The species richness in the pre-and post-treated G1 samples was found as quartile
portions (Q1 = 3.06 and Q3 = 3.06, and Q1 = 5.43 and Q3 = 6.456, respectively) with the
median of 2.48 and 5.93 and the whisker maximum of 3.68 and 6.76, respectively (Figure 6e).
Likewise, the species richness in the pre-and post-treated G2 samples was found as quartile
portions (Q1 = 2.32 and Q3 = 3.62, and Q1 = 5.19 and Q3 = 5.95, respectively) with the
median of 2.99 and 5.82 and the whisker maximum of 4.58 and 6.28, respectively (Figure 6f).

This shows that the species evenness and richness were also increased in post-treated
samples after being treated with mouthwashes. However, the overall species richness
was higher in the pre-treated G2 samples. Additionally, the species richness and evenness
were significantly reduced in post-treated G2 samples compared with the post-treated G1
samples. The species Stenotrophomonas maltophilia (7.601%), Serratia marcescens (7.304%),
Morganella morganii (0.591%), and Lactococcus garvieae (0.296%) were uprooted completely
in the G1 post-treated samples. Similarly, the species frequency in the genus Parvimonas
was reduced from 0.208% to 0.198%, and the species Pseudomonas fragi (5.435%), Pseu-
domonas nitroreducens (5.320%), Serratia marcescens (3.552%), Lactobacillus zeae (0.127%), and
Stenotrophomonas acidaminiphila (0.119%) were completely rooted out in the post-treated
G2 samples.

3.4.5. Principal Coordinates Analysis

Differences in pre-and post-treated samples of G1 and G2 were represented in PCoA
plots. The samples from the two groups significantly separated in the 3D space and
scattered. The pre-and post-treated G1 samples were separated with 67.80% variation,
resulting in significant differences at the species diversity level (Figure 6g). Likewise, the
pre-and post-treated G2 samples were also disjointed, with 62.05% variation, which shows
the notable differences at species divergence. However, the cluster formed between the
samples indicates that some of the common species evolved (Figure 6h).

4. Discussion

Generally, the resulting oral microbial sequences were estimated using QIIME 2™,
which revealed the phyla Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, Fu-
sobacteria, TM7, and Spirochaetes were observed predominantly in healthy subjects rather
than Synergistetes, SR1, and Tenericutes. We previously reported that the use of DMW for
weeks reduced the PI in healthy subjects without affecting the PBD, GI, and BOP values.
The use of DMW and DNMW for four weeks reduced the PI in dental caries subjects [52].
The current study revealed the impact of DMW and DNMW (for 30 days) on the oral
microbial community in healthy subjects.

Mouthwashes with chemicals are common among the general population due to their
ease of use, reduced plaque biofilm, and breath-freshening impact. Although industrialized
nations utilize various oral hygiene products to achieve oral hygiene, appropriate scientific
proof must be available to back up such claims [53-55].

The minimal inhibitory concentration is also usually quoted as the primary indicator of
the potential efficacy of plaque control agents. Oral care products often use the appropriate
concentration, which can effectively help control plaque and gingivitis [56].

Dextran-degrading enzymes, commonly called dextranases, form a diverse group of
different carbohydrates and transferases. They specifically hydrolyze (1—6)-x-glucosidic
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linkages in dextrans. Dextrans could diffuse into the biofilm, while most particles were
excluded and inhibited the growth of S. mutans [57]. Nisin is an antimicrobial peptide that
disturbs the bacterial cell membrane [58,59]. Nisin inhibited the growth of oral bacteria and
the development of biofilms by preventing cell attachment and proliferation, as reported
earlier [60].

In this study, dextranase showed the MIC of 4.5 unit/g against S. mutans. The nisin
shows the inhibitory effect against all the tested microbes (P. gingivalis, A. actinomycetem-
comitans, T. forsythia, and S. mutans) (Table 2). We selected S. mutans as the key microbial
candidate to test the antibiofilm activity of the DMW (Formulation I) and DNMW (Formu-
lation II), and it showed the inhibition against the biofilm formation (Figure 1). Formulation
I and II were stable for three months at 4 °C, room temperature, and 45 °C (Tables 3 and 4).

As per the results, the formation of plaque in the gingival sulcus and the development
of periodontal pathogenesis might reduce significantly during the test period (Table 5). The
DMW and DNMW have a closer effect on the oral health of healthy volunteers. However,
DNMW reduces the PBD (Table 5). Moreover, on tested parameters, the impacts were
insignificant (Table 6) among the mouthwash formulations, indicating that both DMW and
DNMW exhibited a similar protective role.

Current methods for identifying and quantifying bacteria in dental biofilms, including
genome sequencing, have shown a considerably more complicated ecology than previ-
ously thought [61,62]. The genera Catonella, Centipeda, Fretibacterium, Rhizobium, Ochrobac-
trum, Mogibacterium, Actinomyces, Streptococcus, Rothia, Selenomonas, and Veillonella were
detected as major dental caries pathogens [63,64]. Atopobium, Bacteroides, Cryptobacterium,
Lactobacillus, Pseudomonas, Mogibacterium, Ochrobactrum, Rhizobium, Centipeda, Campylobac-
ter, Alloprevotella, Megasphaera, and Mycoplasma were the suspected pathogens of dental
caries [65-67].

Bapat et al. reported that the common microorganisms implicated in oral disease are S.
mutans and L. acidophilus [68]. Here, the results of our study showed that DMW completely
eradicated the genera Stenotrophomonas, Serratia, Citrobacter, Enterococcus, Achromobacter
Delftia, Chromobacterium, Klebsiella, Stenotrophomonas, and Psychrobacter in the post-treated
samples of G1. However, the DMW effectively acts against the genera Citrobacter, Pro-
teus, Enterococcus, Actinobacillus, and Psychrobacter, which are uniquely noted in Table S3
(Supplementary File S2). Similarly, the genera Pseudomonas, Veillonella, Stenotrophomonas,
Achromobacter, Serratia, Brevundimonas, Klebsiella, Agrobacterium, Lactobacillus, and Treponema
were completely rooted out in the post-treated samples of G2, as can be observed in Table 54
(Supplementary File S2).

Citrobacter, like other Enterobacteriaceae, may cause a variety of infections in hu-
mans, including urethritis, upper airways, sores, bone, peritoneal, endocardium, meninges,
and bloodstream infections. The urinary system is the most frequent source of infection,
preceded by the gut, skin/soft tissues (including surgical site infection), and influenza.
Citrobacter spp. infection can be transmitted internally from the mother or laterally from
carriers or other hospital sources [69-72]. Oral enterococcal colonies have the appropri-
ate virulence characteristics, particularly antimicrobial resistance, to make them suitable
candidates that might cause oral or systemic infections [57,73]. In addition, the genus
Actinobacillus has been identified as a significant contender in the development of peri-
odontitis [74-76]. Psychrobacter has been identified from blood, cerebrospinal fluid, and
other internal organs in individuals and is thought to be an uncommon opportunistic
infection [42,77]. However, Psychrobacter may be transmitted from periodontal blood, as it
has existed in healthy subjects before using a mouthwash, which may enter the bloodstream
and cause infectious disease in humans. Fortunately, the mouthwash formulation curtailed
the growth of species from the genera Citrobacter, Actinobacillus, and Psychrobacter in G1
post-treated samples (Table S54) (Supplementary File S2).

Pseudomonas spp. are significant bacteria linked to periodontal disorders in hospital-
ized and institutionalized patients. The mouth cavity might be a key reservoir for these
infections, especially in the case of inadequate dental hygiene and periodontitis [78]. Veil-
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lonella species were found mainly in subjects who had poor oral hygiene compared to
those with good or moderate oral hygiene. Additionally, Mashima et al. reported the
distribution and high frequency of V. rogosae in tongue biofilms of Thai children, and the
biofilms were resistant to penicillin and ampicillin [79,80]. Achromobacter species cause
periodontal-related disease and impact immunocompromised individuals with high-risk
malignancies followed by circulation and respiratory infections [81-84]. Brevundimonas
diminuta was detected in the refractory periodontitis patients and plays a vital role in
advancing periodontitis [85,86].

Similarly, B. diminuta was amplified and sequenced in patients with hematological
malignancies, severely obstructed uropathy, and angiosarcoma of the heart [87]. Lacto-
bacilli were the first microbes linked to the development of dental caries [88]. It is also
depicted as an opportunistic bacterium that has adapted to a specialized niche produced
by the instability of a healthy oral microbiome and has led to the development of dental
caries and the formation of a significant reservoir in the gastrointestinal (GI) tract [26].
According to Zeng et al., Treponema species and their lineages are primarily found in the
oral cavities of those suffering from periodontitis and gingivitis [89]. Likewise, the DNMW
completely extirpated the growth of Veillonella, Achromobacter, Brevundimonas, Lactobacillus,
and Treponema in G2 post-treated volunteers. In addition, the bacterial species B. diminuta
was found in our healthy volunteers and was eradicated following the use of DNMW
(Table S4, Supplementary File S2).

Prates et al., 2020 reported that S. maltophilia belongs to the genus Stenotrophomonas,
an emerging multidrug-resistant opportunistic pathogen that leads to oral infections, ma-
lignancy, and respiratory tract infections [90]. Serratia marcescens is associated with uri-
nary and respiratory infections, endocarditis, osteomyelitis, septicemia, wound infections,
eye infections, meningitis, dental caries, and plaque [91]. Oral Klebsiella spp. was re-
cently demonstrated to promote inflammatory response and dysbiosis in the gut upon
aberrant colonization. It was postulated that the oral cavity serves as a storehouse for
promising intestinal pathogens such as Kiebsiella. However, the genera Serratia, Kleb-
siella, and Stenotrophomona were completely reduced by the mouthwash formulations.
(Tables S3 and S4, Supplementary File S2).

Finally, the results showed that the DNMW reduces the growth of oral pathogens
better than the DMW in healthy subjects, possibly due to the presence of nisin. The results
exposed that the DMW and DNMW notably increased the growth of Firmicutes, Bacteroidetes,
Actinobacteria, Fusobacteria, and TM7 phylum (Figure 4).

Nonetheless, in the ongoing investigation, we were able to connect genome sequencing
findings with other fundamental indices of oral health, allowing us to further examine the
influence of DMW and DNMW on oral and systemic health. However, it is questionable
whether these microbial alterations indicate a move toward a healthier oral environment or
whether they may raise the risk of oral disorders, as both elevations and reductions in the
bacteria linked with caries and periodontal disease have indeed been documented.

The current study also has some limitations. Both DMW and DNMW support the
growth of some oral pathogenic species Veillonella dispar Veillonella parvula, Selenomonas
noxia, Neisseria subflava, and Prevotella intermedia, shown in Tables S3 and 5S4 (Supplementary
File 52). The PCoA plots explain that DMW supports the new species divergence (67.80%)
more than DNMW (Figure 6g,h). The saccharolytic bacteria, including Streptococcus, Acti-
nomyces, and some species in the genus Veillonella, metabolize carbohydrates through the
Embden-Meyerhof-Parnas metabolic pathway, which yield acidic by-products, including
lactate, acetate, ethanol, and formate, which cause the demineralization of dental enamel
and the development of carious lesions with increased microbial diversity [92]. Further-
more, this study may be expanded to examine the effect of DNMW in individuals with oral
health issues such as gingivitis and periodontitis.
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5. Conclusions

The study has limitations. There was a limited number of participants, it was a
short-term intervention, there was a difference in the group size, etc. Nonetheless, the
results indicated that the DMW and DNMW reduced the PI without affecting the PBD,
GI, and BOP scores in healthy subjects. Notably, the use of DNMW for thirty days could
significantly reduce the oral pathogenic microbial load in healthy subjects. In detail,
DNMW has a more significant impact on reducing oral pathogenic genus Pseudormonas,
Veillonella, Stenotrophomonas, Achromobacter, Serratia, Brevundimonas, Klebsiella, Agrobacterium,
Lactobacillus, and Treponema, which may cause oral diseases. Likewise, the DMW and
DNMW showed a significant reduction in the biofilm of S. mutans. The current study
proposed that the DMW and DNMW mouthwashes could be an adjuvant to treat and
manage oral diseases. However, some of the pathogens’ loads also increased after the use
of mouthwashes. Thus, the results need further confirmation by experimenting with more
study subjects.
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