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Abstract: This study assessed the associations between host genetic variants and subgingival microbiota in 
patients with metabolic syndrome (MetS); 103 patients with MetS underwent medical and periodontal 
examinations and had blood and subgingival plaque samples taken. DNA was extracted and processed 
(assessing a panel of selected single nucleotide polymorphisms (SNPs) first (hypothesis-testing), and then 
expanding to a discovery phase. The subgingival plaque microbiome from these patients was profiled. Analysis 
of associations between host genetic and microbial factors was performed, stratified for periodontal diagnosis. 
Specific SNPs within RUNX2, CAMTA1 and VDR genes were associated with diversity metrics, with no genome-
wide associations detected for periodontitis severity or Mets components at p<10-7. Severe periodontitis was 
associated with pathogenetic genera and species. Some SNPs correlated with specific bacterial genera, as well as 
with microbial taxa, notably VDR (rs12717991) with Streptococcus mutans and RUNX2 (rs3749863) with 
Porphyromonas gingivalis. This is the first study exploring the role of host genotype variation in subgingival 
microbial dysbiosis in patients with MetS and periodontitis. In conclusion, variation in host genotypes may play 
a role in the dysregulated immune responses  characterizing periodontitis and thus the oral microbiome, 
suggesting that systemic health-associated host traits further interact with oral health and microbiome. 

Keywords: metabolic syndrome; periodontitis; periodontal medicine; cardiovascular disease 
 

1. Introduction 
“Infectogenomics” was introduced to define the effect of host genetic variants in influencing 

microbial colonization in a given echological niche[1]. Applying this concept to human diseases 
characterized by dysbiotic biofilms, “genetic dysbiosis” implies a host genome-driven imbalance 
between the integrity of barrier organs and their colonizing microorganisms[2,3]. 

In periodontitis, inflammation is thought to drive a progressive increase in the microbial 
diversity, leading in turn to perturbations in the microenvironment, such as increased availability of 
substrates favouring growth of Gram-negative bacteria[4]. The resulting dysbiosis predisposes to the 
activation of a host response cascade, causing periodontal tissue damage and, eventually, tooth loss. 
Data collected over the last 20 years provided evidence about the associations between host genetic 
variants and the presence and counts of specific bacteria in the subgingival niche. In this reggard,  
evidence was  mainly based on analysis of a few specific candidate host genetic variants and a few 
specific candidate periodontopathogenic bacteria, analysed by checkerboard, culture or polymerase 
chain reaction PCR[5-8]. Only a handful of studies have employed a wider genome-wide approach[9] 
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or a metagenomic analysis approach[10], so leaving us with a rather “restricted” view of potential 
associations between host genetic variants and subgingival dysbiosis. 

The importance of integrating host genetic data for a beĴer understanding of subgingival 
dysbiosis has been recently suggested[11]. In previous studies from our group[12,13] biomarkers of 
gingival crevicular fluid were shown to be associated with Mets, as well as left ventricular geometry 
with periodontitis. This laĴer finding further underscored the concept linking the burden of 
microinflammation on cardiovascular system[14]. Given the association between periodontitis and 
metabolic syndrome[15] and the potential effects of oral bacteria on gut microbiota[16,17] studying 
the effect of host genetic variants on the subgingival microbiota may also be particularly relevant to 
our understanding of connections between periodontitis and systemic health. Therefore, this study 
aimed to perform detailed analyses of associations between host genetic variants and subgingival 
microbiota in patients with Mets with or without periodontitis. 

2. Results 
Demographic and clinical characteristics of the 103 included subjects are reported in Table 1.  

Table 1. Demographics and dental history of included cases. BMI= body mass index. 

 Average 
Age 58.12 ± 9.89 
BMI 31.88 ± 4.37 

 Frequency 
Gender Male 65 (63.1%) 

Female 48 (36.9%) 
Smoking status Non smoker 67 (65.0%) 

Current smoker 28 (27.2%) 
Former smoker 8 (7.8%) 

Frequency of dental visits Never been 2 (1.9%) 
 Only in case of problems 79 (76.7%) 
 1/year 12 (11.7%) 
 >1/year 10 (9.7%) 

Previous periodontal treatment Yes 3 (2.9%) 
 No 100 (97.1%) 

Last dental visit Never been 2 (1.9%) 
 >10 years ago 7 (6.8%) 
 1-10 years ago 60 (58.3%) 
 <1 year ago 34 (33.0%) 

Tooth brushing frequency <1/day 6 (5.9%) 
 1/day 34 (33.0%) 
 At least 2/day 63 (61.1%) 

Type of toothbrush None 1 (1.0%) 
 Manual 92 (89.3%) 
 Electric 10 (9.7%) 
 

Use of interdental cleaning tools 
Daily-weekly 14 (13.6%) 

 Never 89 (86.4%) 
Patients were on average 58 years old, with a majority of males, and had an average BMI of 

nearly 32. The majority of patients (77%) were not regular dental aĴenders and oral hygiene habits 
(tooth brushing frequency, use of interdental cleaning tools) were not up to the standard required in 
patients at high risk of periodontal disease. Ten patients were classified as having no-mild 
periodontitis, 38 as moderate periodontitis and 55 as severe periodontitis[18]. Furthermore, 38 
patients were diagnosed with caries (Table 2, Supplemental material). 

Table 2. Dental clinical parameters in all included subjects. DMFT= Decayed Missing Filled Teeth; FMPS= 
Full Mouth Plaque Score; FMBS= Full Mouth Bleeding Score; PPD= Probing Pocket Depth; CAL= Clinical 
AĴachment Level. 
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 Average Number 
Number of teeth (excluding 

third molars) 
22.77 ± 4.19 2345 

DMFT 12.58 ± 6.07 - 
Decayed teeth 0.63 ± 0.96 65 

Patients with caries detected - 38 (36.89%) 
FMPS 72.11 ± 22.51 - 
FMBS 23.92 ± 19.62 - 

Average PPD 2.44 ± 0.73 - 
Average CAL 3.05 ± 1.12 - 

% PPDs 1-4mm 93.17 ± 0.88% - 
% PPDs 5-6mm 5.92 ± 0.75% - 

% of PPDs >6mm 0.94 ± 0.23% - 
No-Mild periodontitis - 10 (9.7%) 
Moderate periodontitis - 38 (36.9%) 

Severe periodontitis - 55 (53.3%) 

2.1. Microbial diversity and metabolic syndrome 
The MED pipeline analyzed 3,439,061 sequences after quality filtering and partitioned the 

sequences into 1264 nodes, which mapped to 301 human microbial taxa (HMT) at ≥ 98.5% identity. 
Severe periodontitis patients had a higher alpha diversity in the subgingival plaque microbiome as 
measured by Shannon, Simpson, Evenness and Chao1 indices compared to no/mild or moderate 
periodontitis with the differences not statistically significant (Figure 1A). 

 
Figure 1. A) Box and jiĴer plots of alpha diversity indices of the subgingival microbiota of mild-moderate 
and severe periodontitis MetS patients (no significant differences detected) B) Box and jiĴer plot of alpha 
diversity indices that showed associations with SNPs within RUNX2, CAMTA and the VDR genes. C) A 
ManhaĴan plot to compare associations between the subgingival microbiota alpha diversity measures and 
periodontitis severity after correcting for age, sex, smoking frequency, BMI and population structure. 
Suggestive associations highlighted in green. 

Among SNPs from the selected gene panel, 4 SNPs within 2 genes were significant at p<0.01 for 
alpha diversity: RUNX2 (rs1321081, rs3749863) and CAMTA1 (rs1193247, rs12407666). In addition, 
Evenness and Simpson indices were associated with SNPs in TRPS1 (rs1012478), GLT6D1 
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(rs57670611), KCNK1 (rs701223), VAMP3 (rs111692854) and VDR (rs731236) genes at the nominal 
p<0.05 significance (but none at the p<0.01 level). Supplemental material (Figure S1) shows the 
difference between patients with different Mets components. 

No genome-wide associations at p <10-7 could be detected for alpha diversity metrics and 
periodontitis severity. The strongest genome-wide signals detected for periodontitis severity were at 
6 closely associated loci within chromosome 15, downstream of the lincRNA RP11-209E8.1 and 
upstream of the WDR72 gene (p<0.0001; Figure 1C). The genome-wide variants associated with 
Shannon diversity were in genes CTD-3037G24.3 (rs62029200) and a SNP downstream of the lincRNA 
RP11-570K4.1 (rs4714409) at p<0.0001 (Figure 1C). Higher numbers of variants were associated with 
Simpson diversity than other alpha diversity metrics at p<0.0001: PGLYRP3, PGLYRP4, VAMP4, 
CEP135, CDH12, ZNF804B, RNU2-54P, FAM189A2, TACC2, MGMT, HBG2, TMEM132B, KIFC3 and 
ZNF701 (Figure 1C). Although no genome-wide signals for the different components of the metabolic 
syndrome were detected, variants in the following genes were associated with the components of 
metabolic syndrome at p<0.00001: (i) Waist circumference: PARD3B, CTD-2269F5.1, CSMD1, 
ADAMTSL3 (ii) Low HDL cholesterol: PPIL6, SMPD2, MICAL1, BAALC, ESRP1, DPY19L4 (iii) 
Hypertension: ANKS1B (iv) High fasting glucose: CNNM2, NT5C2, TEX2 and lincRNA RP3-390M24.1 
(Supplemental Figure S2). 

2.2. Genotype associations with microbial taxa 
Phyla distributions in patients with different periodontal diagnosis showed predominance of 

Firmicutes in all three groups and phyla Fusobacteria, Spirochaetes and Synergistetes at a higher 
abundance in severe periodontitis compared to no-mild or moderate periodontitis (Supplemental 
Figure S3). No clear differences were observed when phyla distribution was studied across different 
genotypes (data not shown). 

2.2.1. Genotype associations at the Genus level 
Differences were observed at the genus level between severe and mild or moderate periodontitis 

(Aitchison; F=2.562; p=0.0015). Principal component analysis loadings revealed that no-mild or 
moderate periodontitis were associated with genera such as Actinomyces, Rothia, Corynebacterium, 
Granulicatella and Leptotrichia, whereas severe periodontitis was associated with Filifactor, 
Peptostreptococcus, Bacterioidetes, Fretibacterium, Treponema, Mogibacterium and Dialister (Fig. 2). 
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Figure 2. A) Score plot of the first 2 principal components of CLR transformed 16S microbial genus 
abundance data from the MetS periodontitis patients. B) Loading plot from the principal components 
analysis showing microbial variables that most strongly influenced the first 2 principal components in plot 
A. C) Box and jiĴer plots of SNP variants from the selected gene panel that showed significant associations 
with relative abundance of different subgingival genera. Please note that each SNP was filtered for all alleles 
present at 10% MAF for the analysis, so for SNPs below this threshold the model was run for only two of 
the genotypes. 

From the selected gene-SNP panel, IL6 was associated with Campylobacter, KCNK1 with 
Saccharibacteria, VAMP3 with Treponema, and several variants within CAMTA1 with Bergeyella, 
Fretibacterium, Actinomyces and Corynebacterium at p<0.001 (Figure 2). Associations were also observed 
with IL1B and Aggregatibacter, TRPS1 (Desulfobulbus), IL10 (Prevotella), UHRF2 (Tannerella), VDR 
(Bifidobacterium) and RUNX2 (Leptotrichia) at p<0.005 (Figure 2). In the genome-wide analysis, genera 
such as Filifactor, Gracilibacteria, Fretibacterium, Leptotrichia, Megasphaera and Treponema showed 
associations with several loci at p<10-5, however no significant associations could be detected at p<10-

7. The gene-genus pairs that showed associations at p<10-5 included: NUBPL (Filifactor), FAT3 
(Gracilibacteria), CAMTA1 and AKAP3 (Fretibacterium), FCRL5 (Leptotrichia), MPST, GPR176 
(Megasphaera), SEC16B (Peptoniphilaceae) and TMEM51 (Treponema) (Fig. 3). 
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Figure 3. Circular ManhaĴan plot showing subgingival genera in the MetS patients that showed the 
strongest signals with genetic markers in the genome-wide analysis, after correcting for age, sex, smoking 
frequency, BMI and population structure. Variants at p<10-3 for at least one trait are ploĴed, with signals at 
p<10-5 highlighted in red and markers at p<10-4 in green. Highlighted markers are annotated in the outer 
circle: SNPs within gene coding regions are in black, genes adjacent to exon SNPs are in blue, non-coding 
RNAs and other regulatory elements are annotated in green. 

2.2.2. Genotype associations at the Species level 
Consistent with the genus-level analysis, severe periodontitis was significantly different to no-

mild or moderate periodontitis, when the microbial taxa were considered at the species-level 
(Aitchison; F: 2.136, p=0.0015). Taxa including classical ‘red complex’ species such as Porphyromonas 
gingivalis, Treponema denticola, Tannerella forsythia and others such as Filifactor alocis, Fretibacterium 
fastidiosum, Fusobacterium nucleatum ssp nucleatum, Peptoniphilaceae [G-1] HMT 113, Lachnospiraceae [G-
8] HMT 500, Peptostreptococcus stomatis and Dialister pneumosintes were associated with severe 
periodontitis (Figure 4). Taxa such as Granulicatella elegans, Gemella haemolysans, Neisseria flavescens, 
Rothia aeria, Streptococcus parasangunis clade 411 were associated with no-mild or moderate 
periodontitis (Fig. 4). 
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Figure 4. A) Score plot of the first 2 principal components of CLR transformed 16S microbial species 
abundance data from the MetS periodontitis patients. B) Loading plot from the principal components 
analysis showing microbial variables that most strongly influenced the first 2 principal components in plot 
A. C) Box and jiĴer plots of SNP variants from the selected gene panel that showed significant associations 
with relative abundance of different microbial species in the subgingival plaque. Please note that each SNP 
was filtered for all alleles present at 10% MAF for the analysis, so for SNPs below this threshold the model 
was run for only two of the genotypes. 

Among SNPs from the selected gene panel, associations were noted at p<0.0001 between VDR 
and rs12717991 and Streptococcus mutans (p<0.0001) and at p<0.001 between  CAMTA1 and Bergeyella 
sp. HMT 332 and Leptotrichia sp., UHRF2 (Prevotella melaninogenica, Leptotrichia hofstadii), IL6 
(Actinomyces sp. HMT 897), TRPS1 (Desulfobulbus sp. HMT 041). At p<0.005 further associations were 
noted between VDR and Veillonella parvula, UHRF2 (Fusobacterium nucleatum), IL6 (Campylobacter 
gracilis), ANRIL (Capnocytophaga leadbeĴeri), IL10 (Ruminococcaceae [G1] HMT 075), IL1B 
(Saccharibacteria TM7 [G1] HMT 349), RUNX2 (Porphyromonas gingivalis) (Figure 4). Although no 
genome-wide associations were detected (p<10-7), at p<10-6 the following gene-taxa associations were 
detected: Bifidobacterium longum (AC106900.6, CDH23, PSAP), Gracilibacteria [G-2] HMT 873 (FAT3), 
Lactobacillus casei (HEATR5B, IQCA1) and Selenomonas sp. HMT 442 (PPAPDC1A) (Fig. 5). 
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Figure 5. Circular ManhaĴan plot showing subgingival microbial species in the MetS patients that showed 
the strongest signals with genetic markers in the genome-wide analysis, after correcting for age, sex, 
smoking frequency, BMI and population structure. Variants at p<10-4 for at least one trait are ploĴed, with 
signals at p<10-6 highlighted in red and suggestive associations at p<10-5 in green. Highlighted markers are 
annotated in the outer circle: SNPs within gene coding regions are in black, genes adjacent to exon SNPs are 
in blue, non-coding RNAs and other regulatory elements are annotated in green. 

3. Discussion 
This is the first study, to the best of our knowledge, reporting host genome-wide analysis and 

16s subgingival microbiota in patients with MetS. This study broadly confirms that host genetic 
variants play a role in shaping the subgingival biofilm in periodontitis. Among target-studied SNPs, 
some showed associations with microbial diversity and with microbial species subgingivally. 
Measures of microbial diversity were associated with 7 of the 20 target genes. In particular, RUNX2 
(rs1321081, rs3749863) and CAMTA1 (rs1193247, rs12407666) were associated with alpha-diversity, 
while SNPs in TRPS1 (rs1012478), GLT6D1 (rs57670611), KCNK1 (rs701223), VAMP3 (rs111692854) 
and VDR (rs631236) genes were associated with Evenness and Simpson indices, although only at the 
nominal p<0.05 significance. A different VDR SNP (rs12717991) showed a strong association with S. 
mutans and a slightly weaker association with Veillonella parvula. For incidence, S.mutans is 
notoriously a caries-associated bacterium, which appears to compete with periodontopathogenic 
bacteria, such as P.gingivalis[19]. Intriguingly, it has been shown that co-culture with V.parvula alters 
the physiology of S. mutans, giving it an advantage in surviving antimicrobial treatment[20,21]. These 
data suggest that a host genetic variant (such as this VDR SNP) may alter the physiology of the 
subgingival biofilm, potentially favoring the growth of bacteria, which in turn influences the biofilm 
differentiation and growth, along the lines of the keystone pathogen and IMPEDE theories[22]. 
Findings relative to the potential effect of the VDR gene variants in the subgingival microbiota are 
also in agreement with an association with alpha diversity in a recent study on twins[23] and, 
previously, with subgingival detection of P. gingivalis[24]. 

The associations between IL6 SNP (rs1800795) and genera Campylobacter and Actinomyces sp. 
HMT 897 confirm its possible involvement in shaping the subgingival microbiota. This has been 
previously described and suspected to be mediated by an increased production of IL-6, leading to an 
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increased inflammatory cascade, favoring in turn the growth of specific microbes[6,25]. IL10 SNP 
(rs6667202) was associated with genera Prevotella and with species Ruminococcaceae [G1] HMT 075. 
This is interesting, as variants in this gene have recently emerged as potentially affecting the 
composition of the subgingival biofilm[3,23]. Other interesting associations emerging from this study 
are those between UHRF2 and both the genera Tannerella and species Prevotella melaninogenica, 
Leptotrichia hofstadii and F. nucleatum, between TRPS1 and Desulfobulbus, between RUNX2 and 
P.gingivalis and between CAMTA1 and several genera and species. Some of these bacteria are well-
known periodontal pathogens, while others are oral health-associated. It is hard to speculate on 
specific mechanisms of associations at this stage, especially for genes whose involvement in 
periodontal pathogenesis is still somewhat unclear. A conserved noncoding element 
within CAMTA1 upstream of VAMP3 (rs10864294) seems to emerge as a potentially important locus 
in the association with the subgingival microbiome, given associations with alpha diversity, as well 
as with specific genera and species. Interestingly, gene variants in CAMTA1/VAMP3 have been 
suspected to be responsible for shared predisposition to both periodontitis and cardiovascular 
disease[26,27] which is relevant considering the nature of the present sample (MetS). 

A second part of the analysis consisted of a discovery genome-wide analysis where no 
statistically significant signals emerged at p<10-7, consistent with other periodontal GWAS with no 
reported associations at this statistical level. This may in part be due to the small sample size of the 
present study. The closest associations with Shannon diversity data were found for CTD-3037G24.3 
(rs62029200) and a SNP downstream of the lincRNA RP11-570K4.1 (rs4714409). Although other genes 
showed nominal associations with subgingival genera and species, such as genera Filifactor (gene 
NUBPL), Gracilibacteria (FAT3), Fretibacterium (CAMTA1, AKAP3), Leptotrichia (FCRL5), Megasphaera 
(MPST, GPR176), Peptoniphilaceae (SEC16B), Treponema (TMEM51), it is difficult to speculate as to 
what these putative associations mean. NUBPL is involved in assembly of mitochondrial Complex I 
and its expression in salivary glands is reported to be associated gamma delta T cell infiltration in 
primary Sjogren Syndrome[28]. A number of these genes, such as FCLR5, FAT3, AKAP3, RUNX2, 
CAMTA1, are also involved in immune response pathways, so it is plausible that these variants or 
identified genes could be involved in a dysfunctional host-microbial response in periodontitis, as the 
genera identified in this study to be associated with these genes previously recognized as being 
associated with periodontitis. Further, associations for the CSMD1 gene were found in the species-
level GWAS and waist circumference (Figure 5, Supplemental Figure 2). For incidence, this gene is a 
regulator of the complement cascade highlighting potential interactions between Mets and 
periodontitis.  

The robustness of the 16s microbial analysis is confirmed by the associations detected between 
periodontal status and subgingival genera and species. Genera such as Filifactor, Peptostreptococcus, 
Bacterioidetes, Fretibacterium, Treponema, Mogibacterium and Dialister were increased in severe 
periodontitis. Furthermore, taxa including classical ‘red complex’ species such as Porphyromonas 
gingivalis, Treponema denticola, Tannerella forsythia and others with well-known associations with 
periodontitis, such as Filifactor alocis, Fretibacterium fastidiosum, Fusobacterium nucleatum ssp nucleatum, 
Peptoniphilaceae [G-1] HMT 113, Lachnospiraceae [G-8] HMT 500, Peptostreptococcus stomatis and Dialister 
pneumosintes, were associated with severe periodontitis (Fig. 4), while taxa such as Granulicatella 
elegans, Gemella haemolysans, Neisseria flavescens, Rothia aeria, Streptococcus parasangunis clade 411 were 
associated with no-mild or moderate periodontitis. This is in line with previous literature, as 
streptococci are well-known commensal bacteria, competing against periodontopathogenic bacteria, 
and usually highly abundant in healthy sites[29,30]. The role of Granulicatella in the periodontal 
biofilm is less clear, while G. adiacens has shown ability to co-aggregate with F. nucleatum[31]. Along 
with the classical periodontal pathogens described by Socransky and co-workers[32-34], the list of 
taxa associated with periodontitis in the present study includes some bacteria recently associated 
with periodontitis such as Fretibacterium[35], Dialister pneumosintes[36] and Filifactor alocis[37-39]. 
These associations are confirmatory, although novel in relation to this specific population of patients 
with minimal dental care, and all affected by Mets. The effect of the number of MetS components on 
subgingival microbiota was investigated, but only a tendency for association with microbial diversity 
was detected. A limitation of this analysis was the absence of diagnosis based on the 2018 
classification of periodontal disease, which was not possible retrospectively in this population. The 
per-protocol AAP classification was instead used[18]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2023                   doi:10.20944/preprints202310.0037.v1

https://doi.org/10.20944/preprints202310.0037.v1


 10 

 

Some gene variants found in our periodontitis patients to link with components of Mets have 
recently been described as determinants in different metabolic disorders. In particular, PARD3 has 
been associated with signaling pathway related to diabetes[40]; CSMD1 affected BMI and blood lipid 
levels[41]; ADAMTSL3 was linked to metabolic impairment, especially for incipient diabetes, defined 
on the basis of both fasting and non-fasting blood glucose, and the distribution of lean body mass[42-
44]; TEX2 was associated with diabetes and impaired lipid metabolism[45]. 

Periodontitis and MetS are clearly associated, possibly mediated by genetic, environmental and 
behavioural factors, as well as by bi-directional effects of dyslipidemia, reduced glucose tolerance, 
oxidative stress, molecular mimicry and dysbiosis[15]. This study shows that, even in MetS patients, 
host genetic variants are likely to influence the composition of the subgingival biofilm. Among tested 
SNPs (hypothesis-testing analysis), those in RUNX2, CAMTA1, VDR, IL6 and TRPS1 genes emerged 
as possibly the most likely to influence the subgingival microbiota in this patient sample, while no 
new SNPs clearly emerged as associated with the microbial outcomes at genome-wide analysis 
(hypothesis-generating). This adds to our understanding of infectogenomics but calls for further 
studies to elucidate pathogenic pathways leading to periodontal breakdown. 

Strengths of this study are the ethnic homogeneity of the included subjects, the consistency of 
full mouth periodontal examinations carried out by a single calibrated examiner and the novelty of 
combining genome-wide host data with 16s microbial analysis, which should be considered the next 
step for the field of infectogenomics . The main limitation of the study is the absence of controls 
without the metabolic syndrome (with presence only of internal controls with MetS and no 
periodontitis). 

Overall, some strenghts should be highlighted: 1) this is the first study to report analysis of 
GWAS and 16s subgingival plaque in patients with different degrees of periodontal disease, 
providing further evidence for infectogenomics effects on the subgingival biofilm; 2) this study 
suggests that systemic health-associated host traits may further interact with oral health and 
microbiome. 

4. Materials and Methods 
4.1. Study population 

The study population has been reported before, including the finding that periodontitis may be 
associated with concentric left ventricular remodeling [13] and analysis of gingival crevicular 
fluid[46]. The analysis described in this paper investigated associations between host genetic variants 
and subgingival microbiota. The STROBE checklist was followed during the conduct and reporting 
of the study. In brief, 103 MetS patients aĴending the Department of Internal Medicine (Ospedale 
Cannizzaro and Ospedale Garibaldi), University of Catania, for outpatient examination signed 
informed consent to take part in the study and were included from July 2015 to July 2017. Ethics 
approval was obtained by the sponsor institution, University College London (reference 4242/01), 
and separately by the clinical centre in Catania (reference 1497/Cs, Comitato Etico Catania 1). The 
study was registered on clinicaltrials.gov (identifier NCT03297749). 

Inclusion criteria: 
 Caucasian ethnicity; 
 Age 25- 75; 
 Diagnosis of metabolic syndrome as defined by the revised NCEP ATP III (e.g. the presence of 

at least 3 of the following factors)[47]: 
1. Waist circumference > 102 cm for men and > 88 cm for women; 
2. High triglycerides: ≥ 150 mg/dL (1.7 mmol/L), or specific treatment for this lipid abnormality; 
3. Low HDL cholesterol: < 40 mg/dL (1.03 mmol/L) in males, < 50 mg/dL (1.29 mmol/L) in females, 

or specific treatment for this lipid abnormality; 
4. High blood pressure: systolic BP ≥ 130 or diastolic BP ≥85 mm Hg, or treatment of previously 

diagnosed hypertension; 
5. High fasting plasma glucose: FPG ≥100 mg/dL (5.6 mmol/L), or previously diagnosed type 2 

diabetes. 
 Presence of at least 12 teeth. 

Exclusion criteria: 
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 Pregnancy; 
 Presence of infectious diseases such as hepatitis and HIV; 
 Antibiotic pre-medication required for the performance of periodontal examination; 
 Previous periodontal therapy within 6 months of the study visit. 

4.2. Medical assessment and sampling 
As described before[13], medical and smoking histories were recorded, body mass index (BMI), 

waist circumference and office blood pressure were taken and blood sampling was carried out for 
DNA extraction. Furthermore, intima-media thickness by B-mode real-time ultrasound, pulse wave 
velocity and echocardiographic data were collected. Patients’ dental history was investigated, 
including family history of periodontal disease, frequency of dental appointments, date of last 
appointment and previous treatment, reasons for tooth loss and frequency and type of tooth brushing. 
A six sites/tooth periodontal examination was carried out by a single calibrated examiner including 
full mouth plaque scores (FMPS)[48], full mouth probing pocket depth (PPD), clinical aĴachment 
level (CAL) bleeding on probing (FMBS) [48], tooth mobility and furcation involvement. Patients were 
classified as having periodontitis according to the criteria below[18]: 
 healthy/mild periodontitis: < 2 sites on different teeth with CAL ≥ 4 mm or no sites with PPD ≥ 

4 mm; 
 moderate periodontitis: ≥ 2 sites on different teeth with CAL ≥ 4 mm or one site with PPD ≥ 4 

mm; 
 severe periodontitis: ≥ 2 sites on different teeth with CAL ≥ 6 mm and ≥ 1 site with PPD ≥ 4 mm. 

Blood samples were taken by venipuncture in the antecubital vein of patients siĴing in a semi-
reclined position and were stored at -70° C until analysis. 

Four subgingival plaque samples were taken from the disto-buccal surfaces of first molars. In 
the absence of these teeth, neighbouring teeth were chosen (second premolars, second molars, first 
premolars, canines in this order). The supragingival portion of the root surface of the site was 
carefully cleaned and the area was isolated from saliva before insertion of a sterile cureĴe to the 
boĴom of the pocket. After a single stroke each microbiological sample was extracted from the pocket 
and then pooled and placed into 1 ml of reduced transport fluid, which was then be placed in the 
laboratory freezer at –70°C for storage and analysis at the end of the study. 

4.3. Genotyping, Imputation and Genome-wide association analysis 
Study participants were genotyped from their peripheral blood cell DNA (Nucleon BACC2 kit, 

Nucleon Bioscience, Coatbridge, UK) using the Illumina Infinium Global Screening Array, which 
measures approximately 640,000 genetic markers. The genotyping was performed at the Queen Mary 
University of London (QMUL) Genome Centre. The genotype files were checked for sex assignment 
and filtered for >10% missing genotypes using the call rate calculations. A relatedness analysis was 
performed using PLINK v1.9 and the dataset trimmed at 0.1 relatedness cutoff[49]. The Sanger 
Imputation Server (hĴps://imputation.sanger.ac.uk/) was used to impute the genotype files 
employing EAGLE2 for phasing, Positional Burrows-Wheeler Transform for imputation, and the 
Haplotype Reference Consortium version 1.1 as the reference panel[50-52]. Genotyped and imputed 
SNPs underwent quality control with PLINK: Multi-allelic variants, SNPs with an imputation INFO 
score below 0.3, genotype calls with a posterior probability <0.9, Minor Allele Frequency (MAF) <5%, 
a genotyping rate <90%, or a deviation from the Hardy-Weinberg equilibrium (P < 5.7 × 10−7) were 
removed. Participants with ≥10% missing genotypes were excluded. Genome-wide association tests 
were performed using the mixed linear model as implemented in the R package rMVP[53] on the 
imputed SNP dataset consisting of 3,919,976 markers that passed quality control. Factors such as sex, 
age, BMI, smoking status and three principal components of the population structure were 
incorporated as covariates. Significant SNPs were annotated, and their functions explored using 
SNPNexus[54]. 

4.4. Microbiome Profiling 
The DNA from subgingival plaque samples were extracted using the MasterPure Gram-positive 

DNA purification kit (Epicentre, Madison, USA) with a lysozyme incubation step prior to extraction 
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(ReadyLyse, Epicentre, Madison, USA). After screening for quality, the bacterial 16S rRNA gene 
region V3-V4 in the samples were amplified using Nextera primers (Forward – 5’ – 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; Reverse – 5’ - 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC). The 
libraries were then multiplexed, barcoded and sequenced using the Miseq V3 600 cycle kit in the 300 
bp paired-end read method on the Illumina Miseq platform (Illumina, USA) at the Genome Centre, 
Queen Marry University of London. The raw Illumina reads were quality filtered, trimmed, and 
merged with minimum overlap of 70 bases, Q30 check, a Q-score >20 for ambiguous bases recovered 
in the overlapping region and up to 2 ambiguous bases allowed in the overlap[55]. The sequences 
were aligned using Mothur (v.1.36.1) to the Silva 16S reference alignment (release 119)[56]. Minimum 
entropy decomposition (MED, v2.1) was used to partition the aligned sequences into nodes at 1-nt 
resolution with the minimum substantive abundance parameter at 200[57]. A BLAST search of the 
HOMD (v14.5) and NCBI bacterial 16S databases classified representative sequences of all MED 
nodes, which was used to map the nodes to the human microbial taxa (HMT) by per cent 
identities[58]. Nodes that mapped to multiple HMT with identical percent identities were assigned 
as separate taxa. The raw fastq files are deposited in the European Nucleotide Archive (Accession: 
PRJEB66327 & ERP151391). 

Alpha diversity and multivariate statistical analyses were performed in the PAST software 
package (v3.22) on the HMT mapped abundance data. Interaction between periodontitis, components 
of Mets, and the subgingival microbiota were explored using permutational multivariate analysis of 
variance (PERMANOVA). Dissimilarities and distances used in the testing for differences included 
beta diversity indices such as Bray-Curtis, Horn, Jaccard, Kulczynski and Simpson[59]. 

4.5. Statistical analysis/power calculation 
The sample size calculation was based on the pulse-wave velocity outcome resulting in a 

required sample size of 102 patients[13]. No sample size estimation was conducted for the host 
genome-microbial analysis. Data was entered in an MS Excel file and proofed for entry errors. The 
resulting database was locked and loaded in SPSS Version 23.0. Continuous, normally distributed 
variables are reported as means ± standard deviations (SD). Comparisons of continuous and 
categorical data between groups were analysed with ANOVA and Chi-square test, respectively. As 
previously reported, a dichotomous variable ‘severe periodontitis’ was given according to the criteria 
described above: no/mild/moderate periodontitis vs. severe periodontitis[18]. Data relative to all 3 
groups (healthy-mild, moderate and severe) are also reported. Single nucleotide polymorphism 
(SNPs) calls from a panel of 20 available SNPs (Supplemental table S1) were extracted from the 
Infinium assay raw data using Illumina GenomeStudio Software (v2.0.5). The gene panel was selected 
based on previous associations with periodontitis or with subgingival microbes, previous systematic 
reviews of genes associated with periodontitis and with subgingival microbiota[60,61] 
complemented by GWAS and periodontal infectogenomics studies[9,62-68]. 

The initial analysis was hypothesis-testing, involving the associations between the selected gene 
panel SNPs and microbial outcomes. Due to multiple testing, a p value of <0.01 was considered 
statistically significant for these comparisons. Alpha diversity metrics and center log ratio 
transformed HMT mapped abundance data at the genus and species levels were tested against 
extracted loci filtered for MAF at 10%, using Generalized Linear Models as implemented in the MASS 
package in R (v4.3.1) and RStudio (v2022.07.1).  A discovery analysis was then carried out on 
imputed genetic markers, using a p value of 5 x 10-7 as threshold for statistical significance. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Table listing gene panel and their corresponding HG19 co-ordinates 
used to extract SNPs from the genotyping raw data. Figure S1: Box plots showing different alpha diversity 
metrics for patients that had 3,4 or 5 metabolic syndrome components. Majority of patients with 3 components 
had normal triglycerides and cholesterol levels.; Figure S2: ManhaĴan plots of gene variants against each 
component of the metabolic syndrome in the genome-wide analysis, after correcting for age, sex, smoking 
frequency, BMI and population structure. Variants at p<10-5 are annotated and highlighted in orange.; Figure S3: 
Stacked chart of the observed phyla distributions for all patients in this study, with the periodontitis diagnosis 
indicated in the x-axis. 
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