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Abstract 
Background: Peptidoglycan recognition protein 3 (PGRP3), a pattern recognition receptor 
(PRR) is known to promote a homeostatic environment by maintaining a symbiotic microbiome. 
These secreted PRRs act by binding to different microbial-associated molecular patterns and 
presumably coat microbes. However, the specificity of binding/coating at the microbial species 
level is unknown. We have used the coating ability of PGPR3 to isolate in vivo PGRP3 coated 
microbes from subgingival dental plaque of stage III/IV periodontitis subjects. We have further 
identified PGRP3 highly coated species versus non-coated species in the isolated samples using 
16S rRNA sequencing. 
Methods:12 participants including 8 periodontitis subjects and 4 non-periodontitis subjects 
participated in the study. Clinical periodontal data was collected for all subjects and microbial 
dental plaque samples were collected from the subgingival pockets prior to periodontal therapy. 
PGRP3 highly coated bacteria were separated from non-coated bacteria using two steps of 
antibody assisted separation; magnetic activated flow cell sorting (MACS) followed by 
fluorescence activated cell sorting (FACS). Sorted samples were analyzed via 16S sequencing to 
characterize the microbiome of each sorted fraction.  
Results: All clinical parameters were significantly different between the periodontitis and non-
periodontitis groups including probing depth (PD), bleeding on probing (BOP), plaque index, 
and radiographic bone loss. There were significantly higher numbers of PGRP3 coated bacteria 
in periodontitis subjects compared to minimal to no PGRP3 coated bacteria in non-periodontitis 
subjects. Sorted fractions had significant beta diversity. Top PGRP3 coated bacteria identified 
include Porphyromonas gingivalis, Corynebacterium durum, Streptococcus mutans, and 
Neisseria. Sp.  
Conclusion: PGRP3 coated bacteria are abundant during periodontitis. PGRP3 coated bacteria 
include putative periodontal pathogens, opportunistic pathogens, and commensals, suggesting 
context specific functions for PGRP3 coating. PGRP3 coating may also be species specific as 
evidenced by differential coating with three different species of Treponema.  
Keywords  
Periodontitis; cross sectional; dental plaque/dental microbial biofilm; peptidoglycan 
recognition protein; pattern recognition protein; innate immunity; host response 
 
 

 

 

 

 

 

 

 



   
 

 
 

Plain text summary: PGRP3 is a protein that helps the body recognize and respond to bacteria 
based on the essential structures of the bacteria. They are believed to act by helping to maintain a 
beneficial microbial community. These proteins can attach to bacteria and coat them. However, it 
is unknown which bacteria they bind to. Here we separated the PGRP3 coated bacteria from 
dental plaque samples collected from individuals with severe periodontitis and individuals who 
did not have a diagnosis of periodontitis (non-periodontitis). We used an antibody-based 
separation technique to purify PGRP3 coated bacteria to a high level of purity. We then 
sequenced the DNA of the separated bacteria to identify species. We found that samples obtained 
from non-periodontitis subjects did not have enough PGRP3 coated bacteria to allow for 
purification. However, the periodontitis samples had significant numbers of PGRP3 coated 
bacteria. We also identified the following species as PGRP3 highly coated, i.e., Porphyromonas 
gingivalis, Corynebacterium durum, Streptococcus mutans, and Neisseria. Sp. Species that are 
not coated with PGRP3 include the following, Leptotrichia wadei, Selenomonas artemidis, 
Prevotella salivae, and Leptotrichia shahii. While it appears that PGRP3 coats putative oral 
pathogens including Porphyromonas gingivalis and Streptococcus mutans, PGRP3 coating 
specificity is noted in only one of the three Treponema species, suggesting a species-level 
specificity of PGRP3 binding. 

  



   
 

 
 

Introduction 

Periodontitis is a dysbiotic inflammatory disease that is initiated by dental plaque and results in 
the inflammatory destruction of the periodontium. The inflammatory destruction in turn disrupts 
the homeostatic balance between resident microbiota and the host, which further promotes 
progression of inflammation and destruction of the periodontal apparatus 1 2 3 4. Innate immunity 
serves as the first line of defense in host immune response and has long been investigated in the 
context of periodontitis. Pattern recognition receptors like Peptidoglycan recognition proteins 
(PGRPs) are key components of the innate immune system and play an important role in 
maintaining the homeostatic balance between the host and tissue residing microbes.  

PGRPs are highly conserved through the evolutionary tree5. The four known human isoforms of 
PGRP, namely PGRP1 through PGRP4, are secreted proteins. PGRP3 and PGRP4 are chiefly 
expressed by epithelial cells at mucosal surfaces, presumably to facilitate host-microbe 
interactions. While all four PGRP isoforms have been implicated in chronic inflammatory 
diseases in knock out mice models, PGRP3 in particular is the least studied 6 7 8 9.  PGRP3 has 
been proposed to be a critical player in chronic inflammatory diseases including atopic 
dermatitis, ulcerative colitis, and other dysbiotic inflammatory diseases.  PGRP3 has been 
characterized as both antimicrobial and anti-inflammatory 6.   
 
PGRP3 and PGPR4 genes are located in close proximity to the PSORS4 gene, a susceptibility 
gene for psoriasis located within the epidermal-differentiation-complex gene cluster on 
chromosome 1q21, a region containing a susceptibility gene(s) (PSORS4) for psoriasis9. 
Tonsillar epithelial cells release PGRP3 and PGRP4 in response to recognition of peptidoglycan 
via another PRR group namely, toll like receptors (TLR)9. In an in vivo mouse experimental 
dermatitis model, the absence of PGRP3 expression has been shown to cause to more severe 
oxazolone induced dermatitis 10. Higher serum levels of PGRP3 are also associated with greater 
reduction of pro-inflammatory cytokines including interleukin-4, interferon gamma, and tumor 
necrotic factor-alpha11. Furthermore, a deficiency of PGRP3 can induce colitis in mice, leading 
to ulcerations, hyperplasia, and loss of epithelium in colonic mucosa12. A PGRP3 knock out also 
displays a dysbiotic gut microflora. In summary, in mouse models it has been established that 
PGRP3 is crucial for maintaining microbial homeostasis on mucosal surfaces and its absence or 
reduction results in dysbiosis of the tissue microbiome. 
 
In contrast to the anti-inflammatory effect of PGRP3 in mouse models, in vitro experiments with 
mammalian cells show that this protein elicits a pro-inflammatory response by selectively 
binding to microbes and enhancing macrophage phagocytosis of S. aureus and peptidoglycan 13. 
This suggests that PGRP3 might have a cell or stimuli dependent dual function. PGRP3 
regulation in carcinomas further supports this concept of a divalent and contextual function of 
PGRP3 14. We have previously reported that PGRP3 is increased in saliva and the gingiva of 
periodontitis subjects compared to healthy controls.  However, the consequence of upregulation 
remains poorly understood. Through in vitro experiments we have also demonstrated that 
PGRP3 selectively binds putative periodontal pathogens. Based on these observations we 
hypothesized that PGRP3 may specifically target certain microbial strains through binding 
or ’coating’ of these microbes in subgingival dental biofilm in periodontitis.  Here, we take 
advantage of the ability of PGRP3 to coat bacteria to isolate PGRP3 coated microbes to a high 
level of purity by adapting a previously described two step antibody aided microbial sorting 



   
 

 
 

technique; magnetic activated cell sorting (MACS) 15  followed by fluorescence activated cell 
sorting (FACS) 16.  The sorted microbial plaque fractions were analyzed with 16S rRNA 
microbial sequencing and the microbial species that were overrepresented in the different sorted 
fraction were identified.   
 
Material and Methods 
Study Population 
The Institutional Review Board of the Oregon Health and Science University (OHSU IRB) 
approved the study (STUDY00023024). The study was conducted in accordance with the 
standards outlined in the Declaration of Helsinki. Subjects between the ages of 18 and 80 were 
recruited from the OHSU School of Dentistry (SOD). Inclusion criteria included, subjects 
categorized as ASA I or II. Exclusion criteria included subjects who actively use tobacco or 
recreational drugs, who were pregnant, currently breastfeeding, who had periodontal therapy in 
the past 6 months, and have active infectious disease or any mental disability that would affect 
compliance/consent. Complete clinical and radiographic examinations were performed by two 
investigators (S.P and J.Y.) Complete periodontal charting data was recorded including probing 
depth, clinical attachment level, modified O’ Leary plaque index 17, bleeding on probing, 
mobility 18, furcation involvement 19. Radiographic bone loss was evaluated through a complete 
mouth series of radiographs. The periodontitis group (PD) included generalized periodontitis 
stage III or stage IV, grade B or grade C, as per the 2017 World Workshop Classification  20. The 
non-periodontitis group (HG) served as controls and include subjects diagnosed with periodontal 
health or dental plaque induced gingivitis on an intact periodontium21.  
 
Plaque sample collection  
Plaque collection was done in strict accordance with the NIH Human Microbiome project’s Core 
Microbiome Sampling Protocol A (HMP-A)22. After evaluation, subjects from both groups were 
instructed to not perform oral hygiene on the morning of the sample collection appointment. 
Subjects rinsed their mouth with water prior to sample collection. After isolation of the area with 
cotton rolls, supra and marginal plaque was removed, and the plaque sample was collected from 
the mesio-buccal surface of the selected teeth from sites with probing depth 6	mm using a sterile 
mini Gracey curette.  The curette tip was immersed in phosphate buffered saline (PBS), for 4-5 
seconds with gentle shaking. The face of the curette was then wiped on the inside edge of the 
collection tube. Samples collected from all teeth were pooled. Samples were transported 
immediately in ice to the lab for further processing. 
 
Separation of highly coated PGRP3 microbes via two-step sorting Magnetic Activated cell 
Sorting (MACS) followed by Fluorescence activated Cell Sorting (FACS):  
Samples were homogenized and centrifuged (50g, 15 min, 4°C) to remove large particle debris. 
The bacteria-containing supernatants were removed (100μl/sample), washed with 1 ml of PBS 
containing 1% (w/v) bovine serum albumin (staining buffer, SB) and centrifuged for 5 min 
(8,000g, 4°C) before resuspension in 0.5ml SB. 20μl of this suspension was saved as the pre-sort 
sample for 16S sequencing. After an additional wash, pellets were resuspended in 100μl blocking 
buffer (SB containing 20% normal mouse serum), incubated for 20 m on ice, and then stained 
with 100 μl SB containing FITC-conjugated anti-human PGRP3 antibody (10μg/μl) 23 for 30 min 
on ice. Samples then were washed thrice with 1ml SB before flow analysis or cell separation. 
Anti-human PGRP3 stained plaque bacteria were incubated in 1ml SB containing 50μl anti-FITC 



   
 

 
 

MACS beads (15 min at 4°C) 15, washed twice with 1ml SB (10,000xg, 5 min, 4°C), and then 
sorted by MACS. After MACS separation, 50 μl of the negative flow-through fraction was 
collected for later 16S sequencing. The positive fraction was then further purified via FACS and 
collected, quantified, pelleted (10,000g, 5 min, 4°C), and then stored at −80°C with the pre-sort 
and PGRP3- bacteria samples.  
 
16S rRNA Sequencing and Microbiome Analysis  
Frozen Pellets collected from the presorted fraction, magnetic negative fraction, magnetic 
positive fluorescence negative fraction, and fluorescence positive fraction, were thawed and 
transferred to PCR tubes in preparation for DNA extraction. PCR tubes were centrifuged at 8,000 
RPM for one minute. 180 μl of ATL and 40 μl of proteinase K were allotted to each sample24-26. 
Samples were vortexed for 15 seconds and then incubated in a dry water bath at 56°C 
overnight.  The second day, 200 μl of Buffer AL25 was allocated to each tube and then mixed for 
15 seconds. Samples were placed in a dry water bath again at 70°C for 10 minutes. 200 μl of 
100% EtOH was placed in each sample, then vortexed for 15 seconds. This solution was 
transferred to a combined spin column/collection tube and centrifuged at 8,000 RPM for one 
minute. The spin column was transferred to a new 2 ml collection tube, and 500 μl of buffer 
AW125,26 was added, and centrifuged at 8,000 RPM for one minute. 500 μl of buffer AW2 
25,26was added and centrifuged at 14,000 RPM for 3 minutes. The collection tube was emptied of 
the solution and placed back in the centrifuge this time at 14,000 RPM for one minute. The 
solution in the collection tube was discarded and 50 μl of AE buffer25 (preheated to 70°C) was 
added in each tube and incubated at room temperature for 5 minutes26. The tubes were placed for 
a final time in the centrifuge at 8,000 RPM for 1 minute and the spin columns with solution were 
stored in a freezer at -20°C until they were sent for further analysis26.   
 
Bioinformatics and statistical analysis. 
Bioinformatics analysis was done by a biostatistician (S.D). Extracted bacterial DNA samples 
were quantified using Qubit and the quality was verified using gel electrophoresis. After 
normalization, the V3-V4 regions of the 16S rRNA gene were amplified in the Illumina MiSeq 
(2*300bp PE) platform according to the Illumina protocol 27 28 at the University of Iowa 
Microbiome Core. 16S rRNA data analysis was conducted using R-based Divisive Amplicon 
Denoising Algorithm-2 (DADA2) 29, and Quantitative Insights into Microbial Ecology 
(QIIME2) 30. DADA2 utilizes amplicon sequence variant (ASV)- based analysis instead of 
operational taxonomic unit (OTU) assignments based on the commonly used 97% 
similarity. ASVs were assigned a taxonomic identity using the naïve-Bays algorithm 
implemented in QIIME2 31 and trained on the Human Oral Microbiome Database (HOMD) 
v9.15 32. Alpha diversity (within groups) was assessed with the Abundance Coverage Estimator 
(ACE). Beta diversity (between groups) was estimated using partial least squares-discriminant 
analysis (PLS-DA) 33. Principal Coordinate Analysis (PCoA) and Linear Discriminant Analysis 
were performed on variance-stabilized relative abundances of species-level ASVs. The 
significance of clustering was determined using the PERMANOVA test of the difference in 
clustering centroids. Significantly different species between the four groups were determined 
using MaAslin2 of R package 34. Results were visualized using PhyloToAST 35. For each 
environment, species identified in at least 80% of the subjects were identified using QIIME’s 
core_microbiome.py script.  
 



   
 

 
 

Results 
Study population  
Twelve subjects were recruited from the OHSU SOD after screening. Characteristics of the 
periodontitis group (PD, n=8) and non-periodontitis group (HG, n=4) are listed in Table 1. The 
average age of the study population was 50 years old, (HG = 50 and PD = 50; P=0.49, NS). 
Among the subjects, 58% were male and 42% were female (P=0.14). Most of the subjects self-
reported as Caucasians (77%). Asian and Hispanic constituted the “other” ethnicity groups 
(Table 1), 8% and 15%, respectively. All subjects fell under the category of ASA I or ASA II. 
The periodontal status of the subjects, including clinical findings and diagnosis are summarized 
in Table 1. In the HG group, 25% of patients demonstrated periodontal health, with 75% of them 
presenting gingivitis; in PD group, all patients (100%) had periodontitis. In the PD group, all the 
subjects presented with gingival inflammation (100%); 6 subjects were diagnosed with 
periodontitis stage III grade B (75%), and 2 subjects were diagnosed with stage IV grade C 
(25%). In the HG group, the range of probing depths was 1 to 6mm), with an average probing 
depth of 2.4mm; in PD group, the range of probing depths was 1 to 12mm, with the average 
probing depth of 3.9mm. The difference between the average probing depth between HG and PD 
group was statistically significant (difference= 1.5mm, P<0.05). The average radiographic bone 
loss at the most severe site was averaged 2.5% and 35% respectively for the HG and PD groups 
(P<0.05, Table 1). In the HG group, bleeding on probing index was 6%; whereas in PD group, 
the bleeding index was 61%, and the difference between two groups was significant (P<0.05). 
The plaque index in the HG group was 34%, and in PD group it is 94% (P<0.05).  
 
Flow Cytometry Results  
Of the 12 subjects, six PD plaque samples and three HG samples were successfully processed 
and analyzed via flow cytometry. All the samples acquired and processed showed significant 
differences between the HG and PD groups regarding the total number and percentage of 
microbes that are PGRP3 coated (Figure 1-4).  FACS purification was done on the MACS 
positive flow fraction. FACS purification gating was set stringently to ensure high levels of 
coating as shown in Figure 1 for the HG and Figure 2 for the PD group. Unstained samples and 
isotype labelled samples were used to help set the appropriate gating. Gating was done at the 
highest FITC fluorescence intensity range to collect the PGRP3+ fraction. Lower ranges were 
used to collect the PGRP3-ve fraction. Midrange fluorescence intensities that overlapped with 
isotype staining were discarded (Figures 1c and 2c, selection area of FITC- and FITC+ area).  
 
FACS analysis revealed a significantly higher proportion of PGRP3 coated microbes in the PD 
group. The HG group, after MACS sorting, had virtually no PGRP3 coated microbes based on 
the stringent gating strategy used (Figure 2, purple, 0.1% FITC positive). Most of the microbes 
in this fraction were PGRP3 negative (Figure 1, red, FITC negative, 97.6%). The PD samples 
showed a significantly higher composition of PGRP3 coated microbes (Figure 2, purple, FITC 
positive, 94.9%).  
 
The abundance of cells sorted by fluorescence intensity was compared between the positive and 
negative controls in the HG and PD groups (Figures 3 and 4). In the HG MACS positive FITC 
positive fraction, most cells had low fluorescence intensity, suggesting that the microbes in the 
fraction were coated with PGRP3 (Figure 3a). However, in PD group, this double positive 
fraction had a higher abundance of cells with high fluorescence intensity (Figure 4a).  



   
 

 
 

 
MACS negative sort fractions tested under FACS had an absence of PGRP3 coated bacteria in 
both the HG and PD groups (Figure 3b, 4b). MACS positive and FITC negative sort fractions 
had low mean fluorescent intensity (Figure 3c, 4c). IgG isotype controls were used to test the 
non-specific binding of FITC to the microbes, which also showed low mean fluorescent intensity 
in FACS (Figure 3d, 4d). The unstained pre-sort fraction served as a negative control (Figure 3e, 
4e). The unstained and isotype control samples were used to set gating for sorting by FACS.  
Table 2 summarizes the flow cytometry data for all nine subject samples. The PD group (Table 
2, P1-P6) showed a significantly higher abundance of PGRP3 positive single cells (FITC+) than 
the HG group (Table 2, H1-3). In addition, the percentage of PGRP3 positive microbes was 
significantly higher across the panel in the PD group than HG group (FITC+ % parent).  
 
Microbial Analysis  
DNA and genome study results were successfully obtained from eight PD samples. Taxonomic 
information was compared between the four groups, the presort fraction, MACS negative 
fraction, MACS positive and fluorescent negative fraction, and MACS positive fluorescence 
positive fraction. The alpha diversity in the samples was determined using the Abundance 
Coverage Estimator (ACE) metric 36 (Figure 5). ACE accounts for both species richness and 
abundance values. There is no significant difference between the four groups in terms of alpha 
diversity (Figure 5, x-axis).  
 
Beta-diversity was determined by the partial least squares-discriminant analysis (PLS-DA) 
(Figure 6). This estimated and maximized the dissimilarity of the species composition between 
all four groups. Each dot on the graph signified the cluster of one plaque sample with two 
metrics on PLS-DA. The distance between the two dots on the map indicated the relevant 
difference in species composition and diversity between the two groups. Principal Coordinate 
Analysis (PCoA) and Linear Discriminant Analysis were performed on variance-stabilized 
relative abundances of species-level ASVs (Figure 6). The Presort group (Figure 6, green) and 
fluorescence negative group (Figure 6, gray) showed distinct clustering patterns compared to 
either magnetic negative (Figure 6, gray) or fluorescence positive group (Figure 6, orange) with 
strong separation on the graph (PERMANOVA, P=0.001). The fluorescence positive group 
(Figure 6, orange) showed very limited overlap between the presort group (Figure 6, green) or 
fluorescence negative group (Figure 6, gray). This distinction marked the difference in species 
composition between fluorescence positive and other groups, suggesting that the PGRP3 highly 
coated microbial group was significantly different in species diversity.  
 
The relative abundance of different species was compared between the presort group and other 
groups, including magnetic positive, fluorescence positive, and fluorescence negative groups 
(Figure 7). Results are shown as a heat map listing the top 50 microbial species in dental biofilm, 
using QIIME’s core_microbiome.py script. Relative abundance differences were mapped as 
either positive (Figure 7, red) or negative (blue), on the gradient scale. Porphyromonas. 
gingivalis, for instance, had a significantly increased relative abundance in the fluorescence 
positive group (red) and fluorescence negative group (red), but also a significantly decreased 
relative abundance in the magnetic negative group (blue). Similar color patterns were also noted 
in the microbial species Corynebacterium. durum, Neisseria. Sp., Actinomycetes. Sp., 
Bacteroidetes, Gracillibacteria. On the other hand, select microbial species have higher 



   
 

 
 

abundance in magnetic negative and presort, compared to fluorescence positive group. This 
group includes Leptotrichia. shahii, Saccharibacteria Sp., Prevotella Sp., and Treponema. Sp 
(Figure 7).  
 
The relative abundances of selected microbial species are shown in Figures 8 to 14. Relative 
abundance is shown as four column bars for four groups: presort, fluorescence positive, 
fluorescence negative, and magnetic negative group. In Figure 8, six microbial species are shown 
as selected examples of PGRP3 highly coated microbes, including P. gingivalis, 
Corynebacterium durum, Neisseria sp., Streptococcus mutans, Lawsonella clevelandenesis, and 
unknown Enterobacteriaces. Those microbial species all showed higher abundance in the MACS 
fluorescence double positive group than the presort fraction and MACS negative group (Figure 
8). P. gingivalis showed the highest relative quantity of cell counts among all other species 
(Figure 8, 5000-10000).   
 
In contrast, four microbial species are shown in Figure 9 as examples of bacteria that are not 
coated with PGRP3. Those were Leptotrichia wadei, Selenomonas. Artemidis, Prevotella 
salivae, Leptotrichia. Shahii. Those species all showed lower abundance in the fluorescence 
positive group than the presort and magnetic negative group (Figure 9).  To illustrate that PGRP3 
coating differences can occur at species level we have shown the data from three different strains 
of Treponema. sp in Figure 10. Two strains, Treponema.sp._HMT_262 (Figure 10, top left) and 
Treponema.sp._HMT_927 (Figure 10, top right) showed higher relative abundance in presort 
(Figure 10, blue) and magnetic negative group (Figure 10, green) than fluorescence groups 
suggesting these species are not coated with PGRP3. However, Treponema.sp._HMT_257 
(Figure 10, bottom left), appears to be highly coated with PGRP3 with higher relative abundance 
compared to the other sort fractions. 
 
Discussion 
Human PGRP3, part of the PGRP family of pattern recognition receptors, extends the innate 
immune defense as a secreted and soluble protein 37 38. In addition, PGRPs are unique host-
microbiome mediators as they may be antimicrobial and have host modulatory functions 37 38. 
PGRP3 is thus emerging as one of the crucial mediators of mucosal homeostasis39. For example 
in mice PGRP3 knockout results in a dysbiotic microbiome and dysregulation of T cell mediated 
immunity39. However, the role of PGRP3 in periodontitis remains poorly understood. 
 
We have previously reported that elevated levels of PGRP3 can be detected in the supernatant of 
unstimulated whole saliva of individuals with periodontitis compared to healthy subjects 40. 
Interestingly, in these individuals we also detected PGRP3 bound to bacteria that are in the 
pelleted fraction (data not shown). Through in vitro binding assays we observed that PGRP3 
shows higher affinity to test oral putative pathogen, P. gingivalis (Data not shown). Here we 
show that similar to saliva, PGRP3 coated bacteria can be detected in subgingival dental biofilm. 
However, PGRP3 coated bacteria are detected only in subgingival plaque of periodontitis 
subjects and not in health or gingivitis subgingival plaque samples.  
 
In our study, PGRP3 expression is much lower in health and gingivitis compared to periodontitis. 
This combined with the fact that there are much lower amounts of subgingival/crevicular plaque 
in health/gingivitis could explain the absence of detectable PGRP3 coated bacteria in non-



   
 

 
 

periodontitis samples. The percentage of PGRP3 coated bacteria in the periodontitis samples is 
also much lower compared to percentages detected in saliva 37,40. This can be attributed to the 
fact that PGRP3 is secreted from all epithelial surfaces and hence availability is much higher in 
saliva to coat the planktonic bacteria in saliva 37.  
 
In contrast, the PGRP3 source in subgingival plaque is the epithelial cells lining the pocket and 
possibly other immune cells that are infiltrating the inflamed pocket 37.  PGRP3 coating will 
depend on the temporal expression of PGRP3 during the biofilm formation. The complexity of 
the biofilm may limit the diffusion and coating of PGRP3 once the biofilm is established. 
Conversely, the coating could aid in biofilm formation. An additional potential explanation for 
the lower levels of detection of PGRP3 coated bacteria could be due to the two-step purification 
protocol used in this study. The MACS purification step presumably would isolate all PGRP3 
coated bacteria, which could be an aggregate of bacteria that are bound to each other but are 
subsequently disaggregated at the end of the collection cycle. Loss of antibody binding of 
PGRP3, or PGRP3 binding to bacteria presumably could explain the loss of PGRP3 positivity 
after magnetic activated separation step. Finally, the stringent gating strategy set to eliminate any 
ambiguity in PGRP3 coated vs. non-coated bacteria amplifies the low detection rate of PGRP3 
coated bacteria. 
 
With our yield of PGRP3 coated bacteria (MACS and FITC double positive), due to the double 
purification and stringent gating strategy, we were able to isolate the bacteria that are highly 
coated with PGRP3. The isolation strategy is validated by the significant differences in beta 
diversity that were noted between the the16S rRNA identified bacteria that constituted different 
sorted fractions. We were thus able to identify the bacteria that are overrepresented in the PGRP3 
coated sort fraction compared to the presort fraction and MACS negative fraction. The PGRP3 
coated fraction includes putative pathogens like Porphyromonas gingivalis & Streptococcus 
mutans commensals like Corynebacterium durum, Actinomycetes sp., Bacterioidetes, 
Gracillibacteria and opportunistic species like Neisseria. Sp. The sort fraction that didn’t have 
any PGRP3 coating included mostly commensal species like Leptotrichia wadei, Selenomonas 
artemidis, Prevotella salivae, Leptotrichia shahii. 
  
A significant finding is the identification of Porphyromonas gingivalis in the PGRP3 coated 
sorted fraction. This validates our in vitro finding of recombinant PGRP3 coating 
Porphyromonas gingivalis through unbiased in vivo sampling from diseased sites. 
Porphyromonas gingivalis is part of the red complex bacteria described by Socransky, that are 
known to be associated with the development of periodontitis41 1 42. Other studies confirmed that 
P. gingivalis appears in much higher prevalence in periodontitis, as it accounts for 86% of 
subgingival plaque samples from subjects with chronic periodontitis 43. Further exploring 
whether PGRP3 binding is to present this bacterium to the immune system or alternatively to 
remove it from the mucosal surface would be interesting. The detection of the PGRP3 coated P. 
gingivalis in subgingival plaque illustrates at the minimum the stochastic trapping of these 
bacteria in the subgingival pocket instead of being flushed out of the diseased area. This 
presumably could contribute to the chronicity of the disease process. The detection of other 
species, for example, Neisseria. Sp., and Corynebacterium durum, has several likely 
explanations that need to be explored further.  
 



   
 

 
 

Another intriguing observation from our results is the selectivity of PGRP3 binding at a species 
level. For example, three different species of Treponema.sp. are overrepresented in the different 
sorted fractions. Treponema.sp._HMT_262, and Treponema.sp._HMT_927, are overrepresented 
in the MACS-ve fraction, suggesting that these species are not coated by PGRP3. However, 
Treponema.sp._HMT_257 is overrepresented in the PGRP3 coated fraction. 
 
Therefore, we propose two possible explanations to interpret our findings related to PGRP3 
coated species in subgingival microbiome. First, our findings could imply that PGRP3 has a 
dichotomic role in maintaining the homeostasis between microbiota and the host. On one hand, 
PGRP3 coats periodontitis pathogens including P. gingivalis that could elicit a pro-inflammatory 
response in the host. This finding is consistent with previous literature on PGRP3 induced 
hyperinflammatory response through Toll Like Receptor-2 mediated pathways9. On the other 
hand, PGRP3 also binds to commensal microbes such as Neisseria. sp and Corynebacterium.sp 
that potentially aid in restoring the homeostasis of the microbial ecosystem within the host 44 45. 
Previous research showed that in induced metabolic syndrome, PGRP3 improves the survival of 
commensal microbiota including Actinobacteria, and Epsilonproteobacteria in gut environment 
46. It suggests that PGRP3 provides host resistance to microbial dysbiosis through improved 
survival of commensal bacteria and reduced pathogenic strains.  
 
The second hypothesis is that the PGRP3 highly coated species might only exist in higher 
abundance in periodontitis plaque. Only one out of three Treponema subspecies was identified as 
PGRP3 highly coated. Treponoma is believed to have multiple lineages that few Treponoma 
species could be attributed to periodontitis or gingivitis47, while most of the Treponema are 
considered as commensal in gingival health. In addition, certain microbes might be shifted to be 
from commensal to pathogenic at hyper-inflammatory status. For instance, Neisseria sp. could be 
an “opportunistic pathogen” that provides transitory contaminant in subgingival biofilm during 
the dysbiosis process in periodontitis48 49 50. Data reported that Neisseria sp. in subgingival 
biofilm is associated with chronic and generalized aggressive periodontitis 49 50. This result was 
coined by the previous idea of “non-specific theory” in periodontitis pathogenesis 51, as the 
change of composition of the microbiota, rather than single or few “pathogenic” species, is the 
etiology of periodontitis 51. Therefore, the higher prevalence of virulent species including few 
Treponoma and opportunistic microbes at diseased status could contribute to specific PGRP3 
affinity to those microbes that are not pathogenic at health. 
 
The results we report should be interpreted within the following limitations. The study is of a 
pilot nature as our sample size is limited. Secondly, our inability to isolate or the non-availability 
of PGRP3 coated in the non-periodontitis samples limits our ability to compare the PGRP3 
coated between disease versus healthy state. As we discussed earlier subgingival plaque 
availability in the non-periodontitis group is limited (Non periodontitis group average PI= 
33.79%). Due to the demographic nature of the study site, the participants of the study 
constituted a predominantly homogeneous ethnic group (77% of the Caucasians) and may not be 
representative of the general periodontitis population52. According to NHANES data from 2009 
to 2014, Caucasians have the lowest periodontitis prevalence compared to other Hispanic and 
non-Hispanic black groups52. 
 



   
 

 
 

Overall, this study was the first to identify and characterize the PGRP3 highly coated microbial 
taxa in human periodontitis. It provides valuable insights into understanding the differential 
affinity of PGRP3 to microbial species. Additionally, the techniques in the study can be useful 
for understanding in vivo specificity of various PRR to microbial species. 

 
Conclusion 
Peptidoglycan recognition protein 3 (PGRP3) highly coated microbes are in higher abundance in 
periodontitis subgingival dental plaque compared to non-periodontitis plaque samples. Through 
16S RNA sequencing we report the distinctive taxonomic composition and diversity of microbial 
species between the PGRP3 coated microbial group and the PGRP3 uncoated/negative group. 
The relative abundance of PGRP3 coated microbial species was calculated and the top PGRP3 
coated microbial species include Porphyromonas. gingivalis, Corynbacterium.dunrum, 
Streptococcus mutans, Neisseria.sp, Actinomycetes.sp, Bacterioidetes, and Gracillibacteria. The 
characterization of PGRP3 highly coated microbial species demonstrates the differential affinity 
of PGRP3 in subgingival microbial biofilm and it provides a theoretical foundation for the 
understanding of the role of PGRP3 in microbial dysbiosis and host response in periodontitis.  
 

  



   
 

 
 

 
Figure 1: Representative example of Fluorescence activated cell sorting (FACS) of PGRP3 
coated microbes isolated from sub-gingival plaque HG group via MACS.  
Purple: FITC positive. Green: all singlet cells selected. 5a (upper left): all stained single cells 
florescence topography sorted by SSC-A (y axis) and florescence intensity (x axis). Red: FITC 
negative. 5b (upper right): all stained single cells florescence topography sorted by FSC width (y 
axis) and florescence intensity (x axis). 5c (middle): all stained single cells sorted by PGRP-3 
antibody. FITC- selected area: single cells with none or limited florescence intensity (PGRP-3 
antibody negative cells). FITC+ selected area: single cells with high florescence intensity 
(PGRP-3 antibody positive cells). 5d: (bottom) table listing number of cells and percentage of 
singlets on total cells, gated by florescence intensity. FITC+ cells: 8 cells, 0.1% of total cells. 
FITC- cells: 7,644 cells, 97.6% of total cells.  

  



   
 

 
 

Figure 2: Representative example of Fluorescence activated cell sorting (FACS) of PGRP3 
coated microbes isolated from sub-gingival plaque PD group via MACS.  
Purple/pink: FITC positive. Green: all single cells discarded to maintain stringency. Red: FITC 
negative.6a (upper left): all stained single cells florescence topography sorted by cell complexity 
SSC-A (y axis) and florescence intensity (x axis). 6b (upper right): cell florescence topography 
sorted by size -FSC width (y axis) and florescence intensity (x axis). 6c (middle): all cells sorted 
by PGRP-3 antibody. FITC- selected area (red): single cells with no FICS florescence intensity 
(PGRP-3 antibody negative cells). FITC+ selected area: single cells with high florescence 
intensity (PGRP-3 antibody positive cells). 6d: (bottom) table listing percentage of PGRP+ 
versus PGRP- using gating strategy. FITC+ cells: 6057 cells, 0.5% of total selected cells. FITC- 
cells: 1234803 cells, 94.9% of total selected cells.  

 
 
  



   
 

 
 

Figure 3: FACS analysis of different sort fractions from a non-periodontitis subject (HG).  
X axis: FACS fluorescence intensity. Y axis: number of cells counts. From left to right: 7a) 
PGRP3 positive fraction through MACS positive, PGRP3 antibody stained (FITCs) cell sample. 
7b) MACS negative flow through portion, stained with FITC antibody. c) MACS positive FITC 
negative fraction. d) IgG isotype negative control. e) unstained negative control (presort 
fraction). 
 

 
  



   
 

 
 

 
Figure 4: FACS analysis of different sort fractions from a periodontitis subject (PD).  
From left to right: 1) PGRP3 positive fraction through MACS positive, PGRP3 antibody stained 
(FITCs) cell sample. 2) MACS negative flow through portion, stained with FITC antibody. 3) 
MACS positive FITC negative fraction. 4) IgG isotype negative control 5) (presort fraction). 
 

 
  



   
 

 
 

 

Figure 5: Alpha diversity determined by Abundance Coverage Estimator (ACE) metric 

From top to bottom: Gray: presort fraction; Pink: PGRP3 fluorescence negative fraction; Purple: 
magnetic negative fraction control; Red: PGRP3 fluorescence positive fraction  

X axis: species richness by ACE. All groups showed similar species richness in the range of 60-
120, with slight difference in fluorescence negative fraction (pink). Y axis: Species density. 
Similar species densities were shown with peaks overlap between all groups.  

 

 
 
 
  



   
 

 
 

 
Figure 6. Beta diversity was determined by partial least squares-discriminant analysis 
(PLS-DA).  
Four groups include presort group (green cross), magnetic negative fraction (gray plus), 
fluorescence positive fraction (orange triangle), and fluorescence negative fraction (blue circle). 
Significant clustering based on species composition (PERMANOVA, P=0.001) is evident 
between fluorescence positive and presort or fluorescence negative fraction, which suggests 
strong clustering of fluorescence group in relation to other groups. 
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Figure 7 Heat map of top 50 microbial species featuring with significant differences 
compared to presort group in dental biofilm.  
Row from left to right: fluorescence negative group, fluorescence positive group, magnetic 
negative group. Red: relative positive abundance of bacteria species compared to presort up to 
+20 times. Blue: relative negative abundance of bacteria species compared to presort up to -20 
times.  

 
  



   
 

 
 

Figure 8 Relative abundance of representative PGRP3 highly coated bacteria in the 
different sort factions.  
From left to right columns: presort group (blue), fluorescence negative fraction (red), 
fluorescence positive fraction (yellow), and magnetic negative fraction (green). This group of 
microbial species are selected as cell counts of fluorescence positive fraction (yellow) is 
significantly higher than presort (blue) and magnetic negative group (green) 
 

 
 
 
  



   
 

 
 

 
Figure 9 Relative abundance of representative bacteria that are not coated with PGRP3 in 
the different sort factions. 
From left to right columns: presort group (blue), fluorescence negative fraction (red), 
fluorescence positive fraction (yellow), and magnetic negative fraction (green). This group of 
microbial species are selected as cell counts of fluorescence positive fraction (yellow) is 
significantly lower or minimal comparing to presort (blue) and magnetic negative group (green).  
 

 
 
 
 
 
 
  



   
 

 
 

 
Figure 10: Relative abundance of three different unknown species of Treponema. sp in the 
different sort fractions. 
From left to right columns: presort group (blue), fluorescence negative fraction (red), 
fluorescence positive fraction (yellow), and magnetic negative fraction (green). Top left: 
Treponema.sp._HMT_262; top right: Treponema.sp._HMT_927. Bottom left: 
Treponema.sp._HMT_257,   
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  



   
 

 
 

Table 1 Characteristics of the study population, comparing non periodontitis group (HG) 
and periodontitis group (PD) 
 

  



   
 

 
 

 
Table 2 Summarized flow cytometry microbe counts and their percentages in total cell 
counts of magnetic positive fractions (PGRP3 coated microbes) for all subjects. 
P1-P6: Periodontitis subjects; HG1, 4, 5: non periodontitis controls  
FSC singles: isolated singlet cells 
FITC+: cell counts of fluorescence positive fraction  
FITC-: cell counts of fluorescence negative fraction  
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