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A B S T R A C T   

Recently, it has been demonstrated that dysbiosis, an alteration in commensal microflora composition, is inti-
mately involved in the onset of a variety of diseases. It is becoming increasingly evident that the composition of 
commensal microflora in the oral cavity is closely connected to oral diseases, such as periodontal disease, and 
systemic diseases, such as inflammatory bowel disease. Next-generation sequencing techniques are used as a 
method to examine changes in bacterial flora, but additional analytical methods to assess bacterial flora are 
needed to understand bacterial activity in more detail. In addition, the oral environment is unique because of the 
role of secretory antibodies contained in saliva in the formation of bacterial flora. The present study aimed to 
develop a new method for evaluating the compositional change of microbiota using flow cytometry (FCM) with 
specific antibodies against the bacterial surface antigen, as well as salivary antibodies. Using specific antibodies 
against Streptococcus mutans, a causative agent of dental caries, and human IgA, bacterial samples from human 
saliva were analyzed via FCM. The results showed that different profiles could be obtained depending on the oral 
hygiene status of the subjects. These results suggest that changes in the amount and type of antibodies that bind 
to oral bacteria may be an indicator for evaluating abnormalities in the oral flora. Therefore, the protocol 
established in this report could be applied as an evaluation method for alterations in the oral microbiota.   

1. Introduction 

Numerous recent studies on bacterial flora have revealed that dys-
biosis, a compositional abnormality in commensal bacterial flora, is 
closely related to health maintenance and disease pathogenesis [1,2]. It 
has become increasingly evident that dysbiosis in the oral region, as well 
as in the intestinal tract and skin, is involved in oral and systemic dis-
eases [3,4]. Therefore, the importance of assessing the compositional 
change of oral microbiota is increasing. Meta-analysis of the 16S rRNA 
gene using next-generation sequencers is now a standard method to 
evaluate dysbiosis. This method is considered effective for understand-
ing the general profile and large-scale variation of the bacterial flora in a 
test sample, since it can identify the bacteria comprising the microflora 
at the genus and species levels from a large amount of data. More 

recently, to obtain a more detailed description of the behavior of each 
bacterium in the bacterial flora, methods such as meta-transcriptomic 
analysis have been developed [5]. In addition, host factors, such as 
the sub-mucosal immune system, are involved in microflora composi-
tional changes, but data on these factors cannot be acquired through 
meta-analysis of the 16S rRNA gene. Solving the abovementioned 
problem, flow cytometry (FCM) can simultaneously analyze changes in 
bacterial flora composition and host factors [6]. FCM is widely used to 
identify cells by their size, internal structure, and surface molecules and 
to quantitatively analyze the ratio of specific cell types present in a cell 
population [7]. The ability of FCM to readily collect a multitude of in-
formation is useful for analyzing dysbiosis and has been applied to 
clinical and basic research [8–10]. Various immune components in the 
mucosal membrane play an important role in mucosal flora formation. 

Abbreviations: FCM, flow cytometry; BHI, brain heart infusion. 
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In particular, it has been reported that secretory IgA (sIgA) binds to 
antigens on the surface of bacteria and eliminates them by agglutination, 
or that it binds to mucin on the mucosal surface and mediates bacterial 
colonization of the mucosal surface by binding to bacterial surface an-
tigens [11,12]. Therefore, examining the binding state of bacteria to IgA 
when analyzing changes in bacterial flora is crucial to accurately un-
derstand the state of bacteria-host interactions in the mucosa. In this 
study, we focused on dental caries as an example of oral dysbiosis [13] 
and developed a method to evaluate bacterial flora using FCM by 
combining antibodies to detect Streptococcus mutans the causative agent 
of dental caries, and sIgA from saliva glands. 

2. Materials and methods 

2.1. Sample collection 

Five dentally-healthy volunteers provided approximately 1 ml of 
unstimulated saliva immediately after awaking without cleaning their 
mouths on the previous night. Then, they cleaned their mouths in the 
usual manner and saliva was collected again. The saliva samples were 
kept on ice until analysis. Informed consent was obtained from all par-
ticipants. The study was approved by the Showa University Research 
Ethics Review Board (#2021-003). 

2.2. Bacterial culture 

Escherichia coli cells were grown aerobically in Luria-Bertani medium 
(BD, MA, USA) at 37 ◦C. When appropriate, 50 μg/ml of ampicillin was 
added to the culture. Streptococcus mutans ATCC25175, Streptococcus 
sobrinus ATCC33478, Streptococcus gordonii ATCC10558, and Strepto-
coccus oralis ATCC35037 were grown in brain heart infusion (BHI, BD) 
broth at 37 ◦C in an anaerobic chamber supplemented with 80% N2, 
10% H2, and 10% CO2. If necessary, 1% sucrose was added to the BHI 
medium. 

2.3. DNA manipulations 

The wapA gene (SMU_987), except for the region that encodes the N- 
terminal signal peptide sequence, was amplified from the genomic DNA 
of S. mutans ATCC25175. The DNA fragment was amplified using LA- 
Taq DNA polymerase (Takara, Shiga, Japan) with the primers wapA-F 
(5′-TATCCCGGGGACCAAGTCACAAATTATACAAATACG-3′) and 
wapA-R (5′-TATCTCGAGTTAACGACGTGTTCTATAGAAATAGAC-3′). 
The PCR product was cloned into the SmaI/XhoI cloning site of the pGEX 
4T-2 expression vector, and the obtained plasmid was transformed into 
E. coli BL21. 

2.4. Purification of the recombinant WapA protein and polyclonal 
antibody production 

Recombinant GST-tagged WapA was expressed in E. coli BL21 and 
purified using glutathione sepharose 4B (Cytiva, MA, USA), and the N- 
terminal GST tag was cleaved using thrombin protease. After separation 
on SDS-PAGE, the recombinant WapA band was excised from the SDS- 
PAGE gel. An antiserum against the purified recombinant WapA was 
raised in a rabbit by Eurofins Genomics (Tokyo, Japan). IgG was purified 
from the anti-WapA antiserum using a protein G column (Cytiva) ac-
cording to the manufacturer’s instructions. 

2.5. Fluorescent labeling of antibodies 

The purified anti-WapA antibody was labeled using a HiLyte Fluor 
488 labeling kit (Dojindo, Kumamoto, Japan). Anti-human IgA anti-
bodies (A80-102P) were purchased from Bethyl Laboratories (TX, USA) 
and labeled using a HiLyte Fluor 647 labeling kit (Dojindo). 

2.6. Immunostaining 

Streptococcus cells cultured in BHI broth or human saliva samples 
were pelleted via centrifugation, and the pellets were sonicated for 30 s 
at 20 W using a sonicator (Otake Works, Tokyo Japan). The samples 
were then washed with PBS and resuspended in PBS containing 0.25% 
BSA. The bacterial cell suspensions were incubated for 1 h with HiLyte 
Fluor 488-conjugated anti-WapA antibody (1:200) and/or HiLyte Fluor 
647-conjugated anti-human IgA antibody (1:200) on ice. 

2.7. Immunofluorescence microscopy 

Immunostained bacterial cells were mounted on glass slides in Per-
maFluor (Beckmann Coulter, CA, USA), and the slides were viewed with 
a Carl Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss, Oberko-
chen, Germany) 

2.8. FCM analysis 

FACSVerse (BD) was used for FCM analysis. Sample analysis was 
carried out with a flow rate of around 500–2000 events per second, and 
the total number of recorded particles was 50000 events. Data analysis 
and gating were performed using the FlowJo software (FlowJo LLC, OR, 
USA). To eliminate background noise, the highly positive signal at 405 
nm (e-fluorescein), which is far from the target laser wavelengths of 488 
nm and 647 nm, was removed by gating (Supplementary Fig. 1A and B). 

2.9. Statistical analysis 

The Student’s t-test was used to compare the differences between the 
samples. The differences were considered statistically significant if p <
0.05. 

3. Results and discussion 

Different bacterial species possess unique surface structures, and the 
use of specific antibodies against them will enable the identification of 
bacterial species via FCM. In Gram-positive bacteria, including strep-
tococci, many bacterial surface proteins have a characteristic peptide 
sequence known as the LPxTG motif, covalently anchored to the bac-
terial cell wall by the enzyme Sortase [14]. In S. mutans, one of the 
LPxTG proteins, WapA, is a major surface protein [15,16] that plays an 
important role in maintaining bacterial structure [17]. To specifically 
detect S. mutans using FCM, we generated anti-WapA rabbit polyclonal 
antibodies using the recombinant WapA protein as an antigen. The an-
tibodies were fluorescently labeled. Using these antibodies, cultured 
S. mutans cells were stained and observed under a fluorescence micro-
scope. As shown in Supplementary Fig. 2, binding of the fluorescently 
labeled antibody to the surface of S. mutans was confirmed by fluores-
cence microscopy. Next, we performed FCM analysis using pure 
S. mutans cultures stained with anti-WapA antibodies to determine 
whether the antibodies could be used in FCM. As shown in Fig. 1A, a 
significant shift was observed in S. mutans stained with anti-WapA an-
tibodies, compared with unstained S. mutans. Next, to investigate 
anti-WapA antibody specificity, FCM analysis was performed on pure 
S. mutans cultures, as well as the closely related bacteria S. oralis, 
S. gordonii, and S. sobrinus treated with anti-WapA antibodies. In the case 
of S. mutans, a peak shift in the histogram was observed, compared with 
the control, but in the cases of S. oralis, S. gordonii, and S. sobrinus, almost 
no shift in the histogram was observed, compared with the control 
(Fig. 1B). These results indicate that anti-WapA antibodies can specif-
ically detect S. mutans in FCM analysis, at least for the oral streptococci 
examined. Therefore, we examined whether anti-WapA antibodies 
detect S. mutans using FCM for saliva samples collected from the actual 
human oral cavity. Resting saliva was collected from healthy volunteers, 
and bacteria in the saliva collected through centrifugation were stained 
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with anti-WapA antibodies and analyzed via FCM. An increase in posi-
tively stained bacteria was clearly observed in the anti-WapA anti-
body-stained samples, compared with the unstained samples 
(Supplementary Fig. 3). This indicates that anti-WapA antibodies are 
applicable in FCM analysis of oral samples. Next, we performed FCM 
bacterial analysis using saliva collected from humans before and after 
oral cleaning practices to determine whether anti-WapA antibodies 
could be used to assess human oral microbial environment. Bacteria 
collected from the saliva samples were stained with anti-WapA anti-
bodies and analyzed via FCM. A density plot of typical FCM results 
before and after oral cleaning is shown in Fig. 2A. The proportion of 
WapA-positive bacteria increased significantly after oral cleaning, 
compared with the levels before oral cleaning (Fig. 2B). The time course 
before and after oral cleaning was about 1 h, and S. mutans was not 
considered to increase during this time. Therefore, it was thought that 
antibodies specific to the bacterial surface proteins recognized the 
bacteria more efficiently after oral cleansing. The reason for this could 
be that antibody binding to the bacterial surface protein is decreased in 
mature oral flora. In the process of biofilm formation on the tooth sur-
face, various polysaccharide components accumulate in the bacterial 
flora and form a matrix during the growth of late-colonizing bacteria 
after the growth of early-colonizing bacteria. This biofilm matrix is 
known to inhibit the entry of antibodies and antimicrobial components 
[18]. Since biofilm formation by S. mutans prior to oral cleaning was 
thought to be an inhibitory factor for antibody binding, the biofilm ef-
fect on FCM analysis was investigated to simulate the characteristics of 
S. mutans in biofilms. S. mutans was cultured in BHI medium with or 
without sucrose, and the binding ability of the anti-WapA antibody was 
compared through FCM analysis. As a result, the binding of anti-WapA 
antibodies to S. mutans cultured in sucrose-containing medium was 

significantly decreased, compared with the sucrose-free medium (Sup-
plementary Fig. 4A and B). 

In general, mature plaque-derived bacteria, which are covered with 
an extracellular polysaccharide matrix, are abundant in saliva from 
subjects with poor oral hygiene. Therefore, it is possible that detergent 
cleaning removes the biofilm from the tooth surface, releasing bacteria 
not covered by extracellular polysaccharides into the saliva and facili-
tating antibody detection due to the exposure of the bacteria to WapA. 
Next, we examined the binding of IgA to bacteria in saliva samples. 
Collected saliva samples were stained with anti-human IgA antibodies 
and subjected to FCM analysis. A density plot of typical FCM results 
before and after oral cleansing is shown in Fig. 3A. The mean percentage 
of IgA-bound bacteria in the saliva before oral cleaning was about 75% 
(Fig. 3B). This result was similar to the mean value (73.6%) of the 
percentage of IgA-binding bacteria in saliva 24 h after tooth brushing 
reported in a previous study [19]. On the other hand, the ratio of 
IgA-bound bacteria decreased significantly after oral cleaning (Fig. 3B). 
It has been reported that binding to IgA is important for intestinal 
bacteria colonizing mucosal surfaces [12], and that salivary IgA binds to 
mucin on the oral mucosa surface [11]. Thus, IgA may be involved in the 
colonization of oral mucosal surfaces by bacteria that have resided in the 
oral cavity for a considerable period before oral cleaning. Next, FCM 
analysis was used to determine whether the simultaneous staining of 
saliva samples with anti-WapA and anti-IgA antibodies would provide a 
comprehensive assessment of qualitative oral flora alteration. A sche-
matic diagram of FCM analysis results of double staining is shown in 
Fig. 4A. The FCM analysis results showed that the proportion of 
IgA-positive and WapA-negative bacteria (upper left) was higher before 
oral cleaning (Fig. 4B). In addition, the ratio of IgA-negative and 
WapA-positive bacteria (lower right) tended to be lower before oral 

Fig. 1. FCM detection of cultured S. mutans cells with 
anti-WapA antibodies. Overnight cultures of 
S. mutans, S. gordonii, S. oralis, and S. sobrinus were 
incubated with HiLyte Fluor 488-conjugated anti- 
WapA antibodies and analyzed using FCM (A). FCM 
density plots of unstained (left panel) and anti-WapA- 
stained (right panel) S. mutans cells. (B) Representa-
tive FCM histograms of the streptococcal cultures 
stained with anti-WapA antibodies. The percentage of 
WapA-positive bacteria (intensity greater than un-
stained S. mutans) is indicated in each panel.   

Fig. 2. Detection of WapA-positive bacteria from 
saliva samples before and after oral cleaning. Unsti-
mulated saliva was collected before and after the 
subjects cleaned their mouths. The saliva samples 
were stained with anti-WapA antibodies and analyzed 
using FCM. (A) Representative FCM density plots of 
the saliva samples before (left panel) and after (right 
panel) cleaning. The percentage of WapA-positive 
bacteria is indicated in each panel. (B) Comparison 
of the amount of WapA-positive bacteria before and 
after oral cleaning. The data are mean ± SD from five 
subjects. *; P < 0.05.   
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cleaning (Fig. 4B). It was considered that each antibody could be applied 
for double staining, as well as individually. In addition, the proportion of 
IgA-positive and WapA-positive bacteria (upper right) increased after 
oral cleaning (Fig. 4B). These results suggest that this method can be 
used to evaluate changes in the oral microflora and present a profile 
before and after oral cleaning. It has been reported that salivary IgA 
antibodies increase in diabetic patients [20] and in food allergy model 
mice [21], suggesting that IgA is involved in the pathogenesis of these 
systemic diseases. Therefore, the FCM method which combines salivary 
IgA antibodies and bacteria-specific antibodies to evaluate microflora 
alteration would be a useful tool to evaluate the relationship between 
systemic diseases and oral microbial environment. 

In this study, we have shown that changes in bacterial flora 
composition can be analyzed through FCM analysis. Our method has 
several advantages, such as salivary antibody binding and poly-
saccharide capsular coating, which can reveal the status of bacteria in 
the biofilm. These characteristics cannot be examined using next- 
generation sequencing. On the other hand, several problems were 
considered. For example, there are many closely related streptococcal 
species in the oral cavity, such as Lactococcus, as well as unknown 
bacterial species, and the reliability of antibody specificity is uncertain. 
Specificity could be improved by selecting target surface proteins. 
Recognizing the species that comprise the oral bacterial flora is essential 
for a better understanding of the state of oral health. Understanding 
compositional alteration in the bacterial flora using our method would 
be of great benefit in medical applications, including dental medicine. In 
the future, this technique is expected to improve by increasing the 
number of bacteria-detecting antibodies, which will lead to a more 
detailed method of evaluating dysbiosis. 
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