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ABSTRACT 

 

Associations of Human Vaginal and  

Oral Microbiota with Metabolic Syndrome 

 

 

Jiyeon Si 

Department of Public Health 

Graduate School of Public Health 

Seoul National University 

 

 

Human microbiome is the catalog of microbial taxa associated with 

humans and their genes. Scientific and clinical investigations of 

microbes were significantly advanced in appreciation of high-

throughput sequencing techniques, which enabled discoveries of new 

taxa and their dynamics on the human body. The first phase of the 

human microbiome project (HMP), a systematic analysis to investigate 

the microbiome on major body sites, revealed vast microbial diversity 

on the mouth, gut, vagina, and skin. Recognizing the varied 

composition in individuals, an enormous research effort has been 

undertaken to connect the microbiome with human health and disease. 

First of all, host genetic variation is one vital factor that differentiates 
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each individual and contributes to disease susceptibility. Recently, it 

was reported that host genetics interact with the gut microbiome and 

determine the host BMI proving its role in shaping the host phenotype. 

In the context, heritability estimates can be used to quantify the genetic 

influences on the microbial community using monozygotic (MZ) and 

dizygotic (DZ) twin pairs. Knowing the microbiome heritability, it is 

expected to understand the host control of and susceptibility to the 

microbiome. Obesity is an additional factor clearly associated with 

microbial ecology. It is now commonly accepted that large-scale 

alterations of the gut microbiota are associated with obesity, which in 

turn cause inflammation and insulin resistance. Metabolic syndrome 

(MetS) is closely linked medical conditions to obesity where the 

conditions include abdominal obesity, elevated blood pressure, 

hyperglyacemia, hypertension, and dyslipidemia. It is reported that the 

metabolic disorder increases the risk of cardiovascular disease and 

diabetes. Hence, association of periodontitis with pathogenic oral 

bacteria and cardiovascular disease suggests potential link between the 

obesity and the microbiome from other body sites. An increased ratio of 

Lactobacillus iners to L. crispatus in obese women adds supports to the 

notion. In this thesis, the effects of host health and obesity on the non-

gut human microbiome from the vagina and the mouth were 

investigated. 

   First, the vaginal microbiome from 542 female subjects including 

222 monozygotic and 56 dizygotic twins aged 29-58 years were 

analyzed to investigate the host health and genetic contributions on the 

microbiome. As expected, vaginal microbiota significantly varied by 

the presence of menopause and bacterial vaginosis (BV) where 

Lactobacillus and Prevotella were dominant among the vaginal 

microbiota in terms of levels of microbial abundance and association 
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with the two health conditions. Both UniFrac distance and intraclass 

correlation coefficients strongly suggested the genetic effects on the 

vaginal microbiota. With adjustment of key factors affecting the vaginal 

microbiota, heritability analysis indicated that the abundance of 

Prevotella in vaginal microbiota is strongly influenced by the host 

genetics. Subsequent candidate gene analysis showed that SNPs of 

interleukin 5 (IL-5) in human is strongly associated with both the 

abundance of Prevotella sp. Further investigation on microbial 

interactions showed the strongest anticorrelated relationship of 

Prevotella with Lactobacillus regardless of menopause status. The 

results provide insights into the interaction between the host genetics 

and health-associated vaginal bacteria and guides to personalized 

therapeutic targets to promote female health.  

   Second, the effects of host obesity on the vaginal microbiome were 

analyzed. An epidemiological observation on a Korean twin cohort 

revealed a significant increase of microbial diversity in obese subjects 

regardless of their menopausal state. Subsequent correlation analysis of 

obese parameters with vaginal bacteria showed that underappreciated 

and pathogenic vaginal bacteria such as Prevotella, Actinomyces, and 

Enhydrobacter were positively correlated with waist-hip ratio in pre-

menopausal women and systolic blood pressure (SBP) in post-

menopausal women. To assess the direct interactions between the 

vaginal microbiome and obesity, mice were fed a control diet (CTD) or 

a high fat diet (HFD). Akin to the human, high-fat diet-induced obesity 

was associated with a significant increase in the level of diversity as 

well as pathogenic bacteria in female mice. Transplants of the vaginal 

microbiota across the diet significantly increased metabolic 

endotoxemia in CTD/HFD groups implying contribution of vaginal 

microbiota on systemic inflammation.  
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   Third, an association of the oral microbiome with metabolic 

syndrome (MetS) was analyzed using 228 subgingival plaque and fecal 

samples. Significant alterations of microbial diversity were observed in 

both oral and gut microbiome between individuals with MetS and 

healthy controls. Network analysis showed clear clusters of 

microbiome depending on the host health status, and further 

comprehensive analysis on the oral microbiome identified 

Granulicatella and Neisseria as enriched bacteria in individuals with 

MetS and Peptococcus as enriched bacteria in healthy controls. 

Subsequent validation of the oral bacteria by real-time quantitative 

PCR (qPCR) showed the healthy controls possessed significantly lower 

levels of Granulicatella (p = 0.023) and greater ratio of Peptococcus 

and Granulicatella (p < 0.05).  

   In conclusion, this thesis revealed an intimate association of the 

non-gut human microbiome and systemic disorders such as obesity and 

metabolic syndrome. The results suggest that metabolic dysfunction 

can exert significant effects on the vaginal and the oral microbiome. 

Targeting specific vaginal or oral bacteria could alleviate the risks of 

the systemic disorder and improve the quality of public health. 
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Human microbiome  

Traditionally, investigation of microbial ecology and functions has been 

limited by culture-based methods under artificial laboratory conditions. As 

approximately 20-60% of the human microbiota does not grow by pure 

culture, their roles in human body were only observed from readily 

cultivable bacteria [1, 2]. Recent advances in high-throughput sequencing 

techniques using bacterial 16S rRNA genes broadened the knowledge on the 

microbial composition in each anatomical niche, and further development of 

the metagenomic studies are unveiling functional roles of the complicated 

society within the human body. Human Microbiome Project (HMP), 

launched by United States National Institutes of Health in 2008, 

systematically investigated microbial colonization from four major body 

sites: mouth, gut, vagina, and skin [3]. The project revealed distinct 

microbial community in each habitat and larger inter-individual variation 

than intra-individual variation among the participants. For example, the oral 

microbiota from saliva samples showed the highest alpha diversities and 

low beta diversities. High alpha diversity indicates increased species 

richness in the ecology while low beta diversity means the population in the 

ecology shares similar members. In contrast, the skin microbiota had 

intermediate alpha diversity and the highest beta diversity implying reduced 

microbial richness on the skin compared to the mouth and various 

ecological members in the population. The vagina, a habitat dominated by 

Lactobacilli, had the lowest alpha diversity and fairly low beta diversity. 

Inter-individual variations in human microbiome is derived from host 

factors such as age, gender, genotype, health status as well as environmental 

factors including diet, medication, and life style [4]. Host physiology, thus, 

inevitably affects the bacterial communities providing various conditions in 

different ecological niche. On the other hand, the total number of human 
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microbiota is estimated to be 10 times greater than the number of human 

cells creating a “superorganism” along with human beings [5, 6]. The 

symbiont promotes optimal fitness of the superorganism by performing 

metabolic functions humans are not capable of, for instance, nutrients 

processing, detoxification of xenobiotics, protection from potential 

pathogens, and regulation of epithelial homeostasis [7-10]. Recognizing 

such indispensible roles of microbes in human body, the second phase of 

HMP has started in 2014 under the goal of understanding the interaction 

between human diseases and microbes [11].  

 

Host genetics and microbiome 

Heritability is a measure of the genetic influences on specific traits in a 

population [12]. A wide range of researches has investigated the portion of 

genetic effects on host traits by estimating the heritability for personality, 

outer appearance (i.e. height, eye color), diseases (inflammatory bowel 

disease, obesity) and behavior [13-18]. Evidences of genetic association 

with human microbiome have been continuously suggested from the gut 

using animal models and twin subjects [19-25]. A mouse model with eight 

different lines showed significantly greater similarity of the gut microbiota 

within the same mouse lines in comparison of between the lines or between 

the sex [24]. Another genetic analysis on the gut microbiome in chickens 

was performed adopting the heritability estimate [25]. Heritability from a 

herd is quantified using a linear mixed model with an assumption of 

covariance of a trait is proportional to genetic proximity [26]. Regardless of 

the source of the population, the common definition of heritability would be 

the variation in a phenotype explained by the variations of genetic factor and 

can be described as:   

H2 =  
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Heritability estimation using twins is advantageous in a sense that it can 

separately analyze the genetic, common environmental, and individual 

effects [27]. The twin research perceives the MZ twins as a pair sharing 100% 

identical genetic information whereas the DZ twins share only half of it; 

hence the differences between these MZ and DZ twin pairs can explain the 

genetic effects. The shared environmental effects would be determined from 

comparison of within zygosity groups. Fundamentally, the genetic and 

environmental effects are estimated based on the assumption of equal-

environment assumption (EEA) in the traditional twin analysis [28-30]. If 

the EEA is not valid, the genetic effects explained by excess similarity of 

MZ twins over DZ twins would be more attributed to the environmental 

effects. Therefore, studies on twins provide a useful method for estimating 

the genetic and environmental effects that a given factor has on human 

health [19].  

Early twin studies did not show significant differences between MZ 

and DZ twin pairs due to a lack of statistical power [19, 20]. Yet, greater 

similarities of the microbiome in related individuals remained the possibility 

of host genetic effects on the microbial composition. A recent study 

complemented with large twin population proved Christensenellaceae, the 

most heritable taxa in the gut, reduced weight gain. This study successfully 

connected the triangle of the gut microflora, the host genetics, and the host 

physiology [21]. Host genetic impacts on the microbiome can be estimated 

at the level of genes involved in host control. Genome-wide association 

study (GWAS) provides a way to analyze the overview of genetic variations 

associated with host traits. GWASs generally utilize single nucleotide 

polymorphisms (SNPs) and investigate allelic association with a trait. As the 

study covers hundreds of thousands of SNPs, it requires large sample sizes 

to avoid a false positive result [31]. Few studies observed variation of a 

single SNP known to make the host susceptible to specific diseases and 
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found association with gut microbiome [22, 32, 33]. 

 

Obesity and microbiome  

It is now a common concept that obese and lean populations harbor different 

patterns of microbial compositions [19, 34]. First observed in a mouse study 

in 2005, greater proportion of Firmicutes and fewer Bacteroidetes were 

found in ob/ob mice, which later confirmed in a large human study. 

Subsequent metagenomic analysis of the ob/ob mice showed enhanced 

capacity for energy harvest [35]. Interestingly, transplant of the cecum 

contents of ob/ob donors to germ-free recipients increased relative 

abundance of Firmicutes as well as weight gain. Diet restriction of 

carbohydrate or fat intake in obese participants improved the relative 

abundance of Bacteroidetes regardless of the diet type [36]. These results 

are not only supportive of microbial alteration but also causative roles of 

microbiome in obesity.  

   The etiology of obesity includes both genetic and environmental 

components and progress of the physiological condition results in 

cardiovascular disease and type 2 diabetes, which have low-grade chronic 

inflammation in common [37]. In 2007, an intriguing study reported that an 

increased level of plasma lipopolysaccharide (LPS), defined as metabolic 

endotoxemia, can trigger weight gain as well as insulinemia [38]. The same 

research group additionally revealed that altered gut microbiota is associated 

with an increased intestinal permeability and decreased gene expression 

related to the tight junctions [39]. The leaky gut allows translocation of LPS 

into the systemic circulation and induces metabolic disorders via 

inflammation (Figure 1.1). Another possible pathway of LPS into circulation 

involves chylomicrons, lipoproteins that transport lipids from the intestine 

to the blood [40]. It is hypothesized that LPS within the enterocytes are 
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attached to chylomicrons and transported into the blood stream. 

   Obesity was the first host pathology clearly associated with microbial 

ecology [36]. Additional parts of the body were found to have the 

community alteration due to the obesity. Analysis of oral microbiota showed 

different abundances of microbes in salivary samples from overweight and 

healthy weight subjects [41]. In a study of cervical microflora, specific 

Lactobacillus species were associated with body mass index (BMI) [42]. 

These results imply the obesity may alter microbiota of other anatomical 

niches as well and raise a question how the alteration in microbial 

community would influence the host in return. 

 

 
Figure 1.1 Two LPS pathways into the blood stream [43]. 
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Periodontitis and cardiovascular disease 

Periodontitis is defined as destruction of supporting and surrounding tissue 

of the teeth [44]. It is an inflammatory disease caused by pathogenic 

bacteria in the biofilm or dental plaques. Whole-genomic hybridization 

study identified oral bacteria (Porphyromonas gingivalis, Treponema 

denticola and Tannerella forsythia) having a strong association with 

periodontal disease, which was later confirmed with 16S pyrosequencing 

[45, 46]. Several studies have suggested oral bacteria as a source for 

atherosclerotic plaques, which implicate oral infections as a risk factor for 

cardiovascular disease (CVD) [47-49]. CVD includes coronary artery 

disease, stroke, heart arrhythmia, thrombosis, and peripheral artery disease, 

which involve atherosclerosis [50]. Significant epidemiologic evidence 

showed the periodontitis as an independent risk factor together with age and 

gender [51-53]. Periodontitis and CVD have inflammation as common 

etiology. As oral pathogenic bacteria cause the oral inflammation, vascular 

inflammation can also occur as a result of infection [54]. The possible 

mechanisms of the oral infection leading to CVD are divided into direct and 

indirect actions of the oral bacteria (Figure 1.2). Mastication, tooth brushing, 

and dental procedure such as scaling provide the oral bacteria direct 

pathways into systemic circulation, resulting in bacteremia [55-57]. In 

particular, intravenous inoculation and oral infection of P. gingivalis in 

apolipoprotein E-deficient murine model accelerated atherosclerotic 

development [58, 59]. Indirect connection of oral infection and CVD is an 

induction of inflammatory cascade by the bacterial colonization. Indeed, 

periodontitis increased levels of C-reactive protein, a systemic inflammatory 

marker, and treatment of the disease improved systemic inflammation levels 

[60-63]. Hence, association of periodontal disease with atherosclerosis 

implies a possible link between oral bacteria and cardiovascular disease, 
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which is one of the complications caused by obesity and the metabolic 

syndrome [64, 65]. 

 

 

 
Figure 1.2 Mechanisms of cardiovascular disease induced by pathogenic oral bacteria 

[50] 
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Objectives and Hypothesis 

 

Objectives: 

The objectives of this thesis were 1) to assess genetic associations and host 

health effects on the vaginal microbiome, 2) to address the interaction of the 

vaginal microbiome and host adiposity, and 3) to determine the impact of 

the metabolic syndrome on the oral microbiome and identify specific oral 

bacteria associated with the metabolic disorder. 

 

Hypothesis 1 

The vaginal microbiota will be influenced not only by the host health 

conditions but also by the host genetics. 

 

Hypothesis 2 

Composition and abundances of the vaginal microbiota will be altered by 

obesity, and the changes will cause systemic disorder. 

 

Hypothesis 3 

Metabolic syndrome will change the composition of the oral microbiota, and 

specific oral bacteria will be associated with the metabolic disorder.  
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PREVOTELLA AS HUB FOR VAGINAL HEALTH 

UNDER THE INFLUENCE OF HOST GENETICS 
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Introduction 

 

Human vagina is a unique ecosystem where it affects female health on the 

base of bacterial metabolism. Lactobacilli, as commonly known, is 

predominant genera of the human vagina, which protect the host by 

producing lactic acid and bactericidal compounds to outcompete other 

pathogenic microbes [66-68]. However, a recent study demonstrated another 

strong link between female health and vaginal bacteria in asymptomatic 

African women whose major vaginal bacteria were not Lactobacillus [69]. 

The study revealed that female subjects harboring Prevotella as dominant 

bacteria and high diversity communities have elevated genital inflammation 

and pro-inflammatory cytokines, which proves a direct effect of specific 

vaginal microbiota on host immune function. While the vaginal ecosystem 

is maintained through such mutualistic relationship between the host and the 

vaginal bacteria, the extent of influence from each other and how they 

interact in responds to different environmental stresses are not fully 

investigated.  

   Previous studies have shown that the normal flora in human vagina is 

differed by ethnicity harboring four different Lactobacilli subtypes [70-72]. 

These ethnic differences imply possible genetic effects in determination of 

the vaginal microbiome, thus arouse a question of specific bacteria strongly 

influenced by the host genetics. Additional evidences of genetic association 

for vaginal bacteria have been found from polymorphisms in immune-

related genes [73-76]. Polymorphism in a toll-like receptor-4 induced 

increased colonization of Gardnerella, Prevotella, Bacteroides, and 

Porphyromonas in pregnant women. As well, IL-1RN variants modulated 

susceptibility of Ureaplasma infection with elevated concentration of IL-1ra 

in the vagina. 
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   Here, the vaginal microbiome in Korean twin cohort was characterized 

under various vaginal health conditions such as menopause, BV, HPV, 

cervicitis, and hormone therapy to compare the degree of impacts on 

microbial shift in each health condition. Additionally, the host genetic 

impacts on the vaginal microbiome were quantitatively evaluated by 

performing heritability analysis as well as SNP association test using 

candidate gene approach. It was found that menopause and BV most 

significantly alters the community structure of the vaginal microbiome 

where Prevotella works as key indicative bacteria in such microbial shift. 

Genetic analysis revealed nondominant vaginal bacteria in Korean twin 

cohort are highly heritable and the most heritable bacteria, Prevotella, are 

potentially associated with host immune gene as well as leukocyte 

concentrations. The data provide insights into different vagina conditions 

associated with the microbiome and interaction among the host genetics, 

vaginal bacteria, and host immune response.  
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Materials and Methods 

 

Study population and sample collection. Study subjects were recruited 

from Healthy Twin Study as part of the Korean Genome Epidemiology 

Study [77] between November 2005 and January 2009. Zygosity of twins 

was confirmed using either 16 short tandem repeat (STR) markers (15 

autosomal markers and 1 sex-determining marker) (67%) or a self-

administered zygosity questionnaire (33%), which showed >90% accuracy. 

A total of 542 subjects were selected including 222 MZ twins, 56 DZ twins, 

42 twin mothers, 60 twin’s sisters, 38 sisters, mother and daughter pairs (17 

mothers and 25 daughters), 82 unrelated females. Age of mothers ranged 

from 52–79 years and twin children ranged from 29–58. Demographic 

characteristics of the study subjects are shown in Table 2.1. Vaginal samples 

were collected using endocervical brush in liquid buffer according to the 

manufacturer’s instructions (SurepathTM). WBC count was measured using 

ADVIA 2120i Hematology System with Autoslide (Siemens, Erlangen, 

Germany) in one centralized laboratory which is certified by governmental 

quality control program. The participants provided their written informed 

consent to participate in this study. All experiments involving human 

subjects were approved by the Korea Centers for Disease Control and the 

Institutional Review Board of the Seoul National University (IRB No. 144-

2011-07-11). Among the study subjects, 25, 105, and 30 women were 

experiencing BV and cervicitis diagnosed by PAP smear test and HPV 

diagnosed by PCR amplification, respectively [78]. In addition, seven 

subjects were undergoing hormone replacement therapy after menopause.  
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Table 2.1 Summary of the study population (N = 542) 

Twin's 
Mother 

MZ twin DZ twin 
Twin's 
sister 

Sisters 
Mother and Daughter 

Unrelated 
Su
m Mother Daughter 

No. a 42  222 56 60 38 17 25 82 542  

Age, mean (SD), 
y 

63.88 (6.38) 
39.76 
(6.75) 

40.11 
(6.59) 

45.2 (8.53) 
47.68 
(8.83) 

65.06 
(4.64) 

41.68 
(7.56) 

52.63 
(10.50)  

Menopause 

Pre-menopause a - 185 40 41 24 - 20 31 341  

Post-menopuase a 41 35 13 19 12 16 3 51 190  

Hormone therapy 3 1 - 1 1 - 1 - 7  

Vaginal Health 

HPV (+) - 14 4 2 3 - 1 6 30  

Bacterial 
Vaginosis 

- 10 3 1 5 - 1 5 25  

Cervicitis 9 26 8 8 12 5 10 27 105  
a Sum mismatch is due to missing metadata. 
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DNA extraction and sequence analysis of 16S rRNA. Total genomic 

DNA was extracted from the cytobrush following the manufacturer’s 

protocol (Chemagen, Baesweiler, Germany). The nucleic acid solutions 

were stored at -70°C until use. The V4 region of the 16S rRNA genes 

was amplified using the Illumina-adapted universal primers 515F/806R 

and purified by the MO BIO UltraClean PCR Clean-Up Kit (MO BIO 

Laboratories, CA, USA). Quantity of the PCR amplicons were double-

checked, first by KAPA Library Quantification Kit (KAPA Biosystems, 

MA, USA) and next by Quant-iT PicoGreen dsDNA Assay Kit (Life 

Technologies, CA, USA). Then, the samples were pooled and 

sequenced on the MiSeq platform using 2 × 300 bp reagent kit 

(Illumina, CA, USA). Sequence data were analyzed using the QIIME 

software package (version 1.7.0) [79]. Open-referenced OTU 

(Operational Taxonomic Unit) picking was performed at 97% sequence 

similarity level against gg_12_10 Greengens database. Representative 

sequence sets were chosen using UCLUST and processed sequences 

were aligned using PyNAST [80]. Taxonomy was assigned using the 

ribosomal database project (RDP) classifier [81] where the minimum 

confidence score for the taxonomy assignment to sequences was 0.8. 

Chimera sequences (2.37%) were excluded from downstream analyses 

prior to the generation of phylogenic trees or OTU tables using 

ChimeraSlayer algorithm [82]. Bacterial diversity in respect of host 

menopause, BV, cervicitis, HPV infection, and hormone therapy was 

assessed using Chao1 measure [83]. Vaginal microbiome at all 

taxonomic levels were analyzed by nonparametric multi-dimensional 

scaling (NMDS) plot based on the Bray–Curtis measure of dissimilarity 

using the R package, ‘Vegan.’ Association of the vaginal microbiome 

with host menopause, BV, cervicitis, HPV infection, and hormone 
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therapy was analyzed in stepwise procedure by LEfSe (linear 

discriminant analysis [LDA] coupled with effect size measurements) 

for univariate contrasts [84] and MaAsLin [85] as multivariate analysis 

accounting for twin pairs and family members as random variables as 

well as host –factors (age, BMI, waist-hip ratio, twin pairs, families). 

 

Host genetic effects on the vaginal microbiome. Bacterial diversity 

between twin pairs and other family members was determined by 

weighted and unweighted UniFrac distances [86] using phylogenetic 

tree generated by the FastTree method [87]. Next, host genetic effects 

on the vaginal microbiome were estimated by intraclass correlation 

using the R package, ‘irr’. Subsequently, the heritability estimates of 

each vaginal microbe were calculated by variance component methods 

using Sequential Oligogenic Linkage Analysis Routines (SOLAR, 

version 6.6.2; Southwest Foundation for Biomedical Research, San 

Antonio, TX, USA) [88]. Vaginal bacterial abundances at all taxonomic 

levels and the OTU counts were used as quantitative traits. Bacterial 

taxa and OTUs were filtered out when they were found in less than 15% 

and 50% of the individuals, respectively. As the bacterial abundances 

were not normally distributed, they were adjusted for host-specific 

factors (age, menopause, hormone therapy, bacterial vaginosis, HPV, 

BMI, and waist-hip ratio) and experimental factors (OTU counts per 

sample and sequencing run) by fitting to a linear regression model in R 

version 3.1.2 [89], and inverse normal transformation was applied to 

the traits prior to the heritability analysis. Additionally, confirmation of 

the heritability estimates of the vaginal microbiome was performed 

using the structural equation modeling (SEM) software OpenMx [90]. 
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Effect of host genotype on the vaginal bacteria and host immune 

status. Association analysis of immune-related SNPs and the vaginal 

microbiota was performed using Plink 1.07 

(http://pngu.mgh.harvard.edu/purcell/plink/) [91] and QFAM (family-

based test of association for quantitative traits) model. QFAM method 

performs a simple linear regression and adaptive permutation to correct 

for family structure; 1 × 105 permutations were used in this study. 

Candidate SNPs were selected to target cytokines and toll-like 

receptors. Bacterial abundances adjusted and transformed as in the 

heritability analysis were used as phenotype as QFAM does not allow 

for covariates. Association of rs2069812 with WBC was further 

evaluated by the Kruskal-Wallis (KW) test followed by post hoc 

analysis by Wilcoxon rank-sum test.  

 

Functional analysis of the vaginal microbiome. Functional traits for 

subjects with each genotype were determined from 16S-rRNA-based 

sequences using PICRUSt-1.0.0 (http://picrust.github.com) [92]. As the 

program adapts OTUs with Greengene IDs, OTUs were picked with 

closed reference against May 2013 Greengenes database. The 

metabolic pathways were compared according to the host genotypes 

(CC, CT, TT) using the Kruskal-Wallis test and by the Student’s t test 

for the comparison between hosts with allele CC and allele TT. The 

Benjamini-Hochberg FDR correction was applied where the vaginal 

microbiota and pathways with a q-value < 0.2 were considered to be 

significant. KEGG pathways found in less than 90% of the subjects 

were excluded and the remainders were adjusted and transformed as in 

heritability analysis prior to the statistics. 
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Co-occurrence of vaginal bacteria. Co-occurrence analysis of vaginal 

bacteria was performed using Sparse Correlations for Compositional 

data (SparCC) with 500 bootstraps to estimate p value. 97% OTUs 

rarefied at 10,000 sequences were collapsed up to the genus level and 

filtered to exclude OTUs present in less than 15% of individuals in this 

study. Non-significant correlations (p <0.002) were excluded and the 

rests were plotted using Cytoscape [93]. Subjects in normal vaginal 

condition were analyzed separate according to their menopause state.  
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Results 

 

Diversity of the human vaginal microbiome under the various host 

health conditions 

A total of 26,975,300 sequencing reads were generated from 542 

vaginal swab samples, for an average of 49,769 reads per sample. In 

Korean twin cohort, five major taxa at genus level were observed in 

premenopausal women: Lactobacillus (64.4%), Gardnerella (6.9%), 

Sneathia (5.6%), Prevotella (5.4%), and Bacillus (4.3%; Figure 2.1 and 

Table A2.1a). In postmenopausal women, similar composition of major 

vaginal bacteria was observed, but with altered proportions in 

replacement of Lactobacillus (24.4%) by Prevotella (11.4%), 

Gardnerella (9.1%), Bacillus (8.8%), and Streptococcus (5.1%; Table 

A2.1b). Postmenopausal women after receiving hormone therapy 

excessively restored the reduced abundance of Lactobacilli up to 96.8%.  
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Figure 2.1 Transition of the vaginal bacteria dependent upon host states. (A) Proportion of top 15 genera in different vagina conditions. 
(B) Heatmap of the relative abundance of the Top 50 most abundant vaginal bacteria in premenopausal women and (C) postmenopausal 
women. X-axis: individuals in each group. Y-axis: vaginal bacteria. 
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Along with the menopause states, significant alteration of the vaginal 

microbiota was observed in subjects with BV: the proportions of the top five 

bacterial were Prevotella (25.3%), Sneathia (18.5%), Gardnerella (11.9%), 

Megasphaera (6.9%), and Lactobacillus (6.9%; Table A2.1c and A2.1d). In 

contrast, cervicitis did not change the patterns of microbial compositions 

harboring Lactobacillus (51.5%) as dominant vaginal bacteria (Figure 2.1A 

and Table A2.1e and A2.1f). Subjects infected with HPV showed different 

patterns depending on the menopausal state. In premenopausal women, 

Lactobacillus (55.4%) was dominant followed by Sneathia (11.6%; Table 

A2.1g) whereas postmenopausal women infected with HPV harbored 

Prevotella (22.7%) most abundantly (Table A2.1h).  

 

To compare the degree of impacts from different vaginal health conditions, 

the effect of the four conditions were quantified by plotting NMDS scores of 

BV, HPV, cervicitis, menopause, and hormone therapy and the vaginal 

microbiome at all taxonomic levels (Figure 2.2). NMDS plot is effective in 

investigation of compositional changes between communities. The results 

showed that menopause (r2 = 0.262, p = 0.001) and BV (r2 = 0.077, p = 

0.001) were two strong factors significantly influencing the community 

structure in the vagina.  
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Figure 2.2 Nonparametric multi-dimensional scaling (NMDS) plot of the vaginal 
microbiota. Non-metric multidimensional scaling (NMDS) plot of the vaginal microbiome 
based on the health conditions (vectors). The black arrow denotes the strong correlation and 
the dotted arrow denotes non-significant correlation. Points are vaginal microbiome at all 
taxonomic levels; colors indicate menopause state. NA: menopause information not 
available. 
 

 

Evaluation of host genetic impacts on the vaginal microbiome 

Prior to determination of heritability components of the vaginal microbiota, 

comparison of the vaginal microbiota between twins and their mothers was 

performed using weighted and unweighted UniFrac distances (Figure 2.3A 

and B). UniFrac metrics provides a method to compare microbial 

communities in different environment based on phylogenetic distances [86]. 

The difference between unweighted and weighted UniFrac metrics is in the 

inclusion of OTU abundances in calculation of the distances between 

communities. Under the unweighted UniFrac metric, MZ twin pairs were 

more closely related than DZ twin pairs (p = 0.04) whereas the significance 

disappeared under the weighted UniFrac distances. Overall, twin pairs had 
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higher similarity in comparison with other family members or unrelated 

individuals. The subsequent analysis of the vaginal microbiota focused on 

the correlation of microbial abundances between twin pairs and heritability 

estimates. Intraclass correlation coefficients were evaluated for each taxon 

and OTU for MZ and DZ twin pairs to investigate if the microbiota from 

MZ twins is more highly correlated. OTU is defined as an operational 

cluster of 16S rRNA sequences with 97% similarity in general. In large-

scale microbial analysis, it is a commonly used diversity units [94]. Results 

indicated significantly greater coefficient values in MZ compared to DZ 

twin pairs (p < 0.001; Wilcoxon rank-sum test; Figure 2.3C and D). 
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Figure 2.3 Comparison of the vaginal microbiota of twins and their families. (A) 
Unweighted and (B) weighted UniFrac distances of twin pairs, twins and sisters, twins and 
mothers, and unrelated inidividuals. *, P < 0.05, ** P < 0.01, *** P < 0.001 based on 
student’s t test. (C) Twin-pair intraclass correlation coefficients for the microbiota at 
taxonomy level. (D) Intraclass correlation of the vaginal microbiota including taxonomy 
and OTUs. Dotted lines indicate group means. 
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As well, heritability estimates were evaluated for taxa and OTUs found in 

more than 85% and 50% of the subjects, respectively. Altogether with taxa 

and OTUs, the results presented Prevotella to be the most heritable taxon, 

followed by Streptococcus, Bifidobacterium, and P. melaninogenica at 

genus level (Figure 2.4A and Table A2.2). Heritability ranged from 

approximately 12.3% to 53.7%. Scatter plot of the most heritable bacteria 

confirmed stronger positive correlation in MZ twins compared to DZ twins 

excluding Bifidobacterium (Figure 2.4B). Therefore, additional analysis 

using OpenMx software was carried out to verify the reliability of the 

results. The results confirmed the most heritable bacteria, Prevotella, with 

strong heritability (72.2%) and Bifidobacterium with weak heritability (< 

0.001%; Table A2.3). 
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Figure 2.4 Heritability of the vagina microbiota. (A) Heritability estimates of the vaginal microbiota. H2r: heritability estimates. (B) 
Scatter plot of the bacterial abundances in MZ and DZ twins. Bacterial abundances and OTU counts were adjusted and transformed prior to 
the analysis.  
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Prevotella as the key vaginal microbial species associated with host   

To identify key vaginal bacteria associated with women’s health, stepwise 

analysis of the vaginal microbiome in association with the above-mentions 

host states was performed using univariate and multivariate test. Using the 

univariate LEfSe test, Linear Discriminant Analysis (LDA) scores were 

estimated, which allow estimating the effect size of the differentially 

abundant features. Prevotella recorded the highest LDA score in subjects 

with menopause (LDA score: 4.45), BV (LDA score: 4.89), and HPV (LDA 

score: 4.36; second to Sneathia) in contrast to Lactobacillus (Figure 2.5 and 

Table A2.4). Results from multivariate analysis accounting for twin pairs 

confirmed the significant influence of host menopause, BV, cervicitis, HPV, 

and hormone therapy on specific vaginal bacteria. (Figure 2.6 and Table 

A2.5). For the two strong factors defined by NMDS plots, Prevotella spp. 

showed significant correlations with premenopause (r-coefficient: -0.178, q-

value: 0.15) and BV (r-coefficient: 0.327, q-value < 0.001). Additionally, the 

bacteria had significant associations with HPV (r-coefficient = 0.1, q-value: 

0.16) as well as hormone therapy (r-coefficient = -0.004, q-value: 0.18) 

supporting its key role in determination of vaginal health in the host. 
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Figure 2.5 Comparison of vaginal microbiota under the various host’s health states 
using LEfSe analysis. BV: bacterial vaginosis, Cer: cervicitis, Hor: hormone therapy, HPV: 
hpv infection, Pre: premenopause, Post: postmenopause. 
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Figure 2.6 Comparison of vaginal microbiota under the various host’s health using multivariate analysis. Significant changes in 
vaginal bacteria analyzed by multivariate association with linear models (MaAsLin) accounting for twin pairs, BMI, hormone therapy, HPV 
infection, cervicitis, and bacterial vaginosis (BV). (A) Menopause. (B) BV. (C) Cervicitis. (D) HPV infection. (E) Hormone therapy. 
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Genetic association of vaginal bacteria with inflammatory markers 

Genetic polymorphisms in genes related to immune regulators such as 

interleukins (ILs) and toll-like receptor (TLR) have been reported to alter 

the quantitative composition of the vaginal bacteria [73-76]. Hence, the 

analysis was focused on specific interactions between genetic variations in 

ILs and TLRs and vaginal microbiome. Using such candidate gene approach, 

marker rs2069812 in gene IL-5 showed the strongest association with 

Prevotella melaninogenica where the carriers of the minor allele (C) 

possessed greater abundances of the bacteria (Figure 2.7A). Given that IL-5 

is involved as a key mediator in eosinophil development, differentiation, and 

activation [95, 96], an additional analysis was carried out to investigate 

whether the host genotype alters the level of white blood cell (WBC). 

Accordingly, the result presented significantly different concentration of 

WBC among the different host genotype groups (Figure 2.7B, Kruskal-

Willis test; p = 0.003). In post hoc analysis after Kruskal-Willis test, the 

significant increment of WBC was observed in homogenous genotype CC 

(Wilcoxon rank-sum test; p < 0.05). 
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Figure 2.7 Association of the inflammatory markers and Prevotella. (A) Association of IL5 with P. melaninogenica and (B) 
concentrations of white blood cell (WBC). Boxes represent the 25th percentile, median, 75th percentile, and mean (diamond). Whiskers 
represent the lowest values and the highest values of host phenotype.  
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In order to determine whether the functional capacity of the vaginal 

microbiome changes according to the host genotype, we additionally 

performed functional profiling of the bacterial community using PICRUSt 

(Figure 2.8 and Table A2.6). PICRUSt uses an algorithm that detects the 

functional capabilities of a community by comparing its metagenome with 

reference genomes using microbial communities identified from all subjects. 

Bacterial pathway involved in lipopolysaccharide biosynthesis proteins was 

shown to be enriched in hosts with the minor allele (C) in marker rs2069812, 

which confirms results of the increased abundance of P. melaninogenica in 

the same host group. 
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Figure 2.8 Functional composition in associaton with marker rs2069812. Metabolic 
functions according to host genotype in rs2069812 (Kruskal wallis test: P < 0.05, TT vs CC: 
P < 0.05, FDR-corrected p-value < 0.2 based on student’s t test). PICRUSt predictions were 
adjusted and transformed prior to the analysis. 

 

 

Unique modules in human vaginal microbiota 

Co-occurrence analysis on the vaginal microbiome in pre- and 

postmenopausal women created analogous patterns of bacterial clustering; 

however, strength of the correlation was dissimilar (Figure 2.9). In analysis 

of 54 bacteria at genus level, there were 186 positive and 91 negative 

correlations in the premenopausal women while the postmenopausal women 

had 166 positive and 118 negative correlations. Prevotella was the most 

strongly anticorrelated bacteria with Lacobacillus in both pre- and 

postmenopausal women (r2 = -0.598 and r2 = -0.519, respectively; Table 
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A2.7). Interestingly, the co-occurrence network relationship of Prevotella 

changed dependent upon the host menopause. The bacteria formed a tight 

cluster with Sneathia, Megasphaera, Clostridium, and Gardnerella with 

correlation coefficients greater than 0.45 in the premenopausal women. For 

the postmenopausal women, Prevotella were strongly correlated with 

Peptoniphilus, Porphyromonas, Campylobacter, and Anaerococcus (r2 ≥ 

0.435). Observation of the co-occurrence network by the heritability 

estimates showed that the module of Prevotella in the premenopausal 

women is composed of vaginal bacteria with heritable components while the 

co-occurring bacteria of Prevotella in the postmenopausal women included 

non-heritable bacteria.  
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Figure 2.9 Network analysis of the vagnial 
microbiome. Co-occruing bacteria at genus level 
in (A) premenopausal and (B) post menopausal 
women in normal vaginal condition. Size and color 
of the nodes represent relative abundance of the 
aginal microbiome and heritability estimates, 
respectively. Solid line in orange and dotted line in 
gray denote positive and negative correlations, 
respectively. The width of the edge reflects the 
strength of the correlation. 
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Discussion 

 

The results show that host genetics have substantial effects on the 

composition of vagina microbiota, and the most heritable bacteria, 

Prevotella, are strongly associated with menopause and BV. Expectedly, 

menopause and BV significantly altered the normal vaginal flora among 

host clinical metadata. Vaginal bacteria enhanced after menopause include 

mostly Gram-positive bacteria: Bacillus, Peptoniphilus, Porphyromonas, 

Campylobacter (Gram-negative), Anaerococcus, and Corynebacterium 

(Figure 2.1C). This is in accordance with previous results reporting the 

increment of Gram-positive cocci in postmenopausal women where those 

bacteria were related with vaginal dryness [97, 98]. Menopause and BV, the 

two strong host factors associated with the vaginal microbiota in this study, 

shares some common characteristics in aspects of vaginal dysbiosis: 

replacement of Lactobacilli by diverse vaginal bacteria, elevation of pH, and 

inflammation as the end results [98]. Vaginal inflammation was recently 

found to be caused by vaginal bacteria [69]. African women with greater 

diversity of the vaginal microbiota had increased levels of pro-inflammatory 

cytokines (e.g., IL-1α, IL-1β, TNF-α) as well as activation of TLR and NF-

κB signaling pathways for immune surveillance. Induction of inflammatory 

cytokine secretion by specific vaginal bacteria such as Prevotella, Sneathia, 

and Mobiluncus supports the important role of vaginal bacteria in women’s 

health. 

In aspect of genetic analysis of specific host traits, heritability 

estimates has been a quantitative measure of the genetic influences in a 

population [99]. Most recently, a twin study revealed Christensenellaceae as 

the most heritable gut bacteria where the bacterial function was relevant to 

host obesity [21, 100]. Evidence of host genetic impacts on the vaginal 
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bacteria were seen in comparisons of different ethnic populations whose 

Lactobacillus composition varied among the population [101]. Indeed, 

higher similarity of the vaginal microbiota between MZ twins than DZ twin 

pairs in Korean twin cohort was found and Prevotella was identified as the 

most heritable vaginal bacteria (Figure 2.4A). Scatter plot comparing the ten 

most heritable vaginal bacteria showed greater correlation between the MZ 

twin pairs with an exception of Bifidobacterium. The results of heritability 

estimates by OpenMx confirmed the weak heritable component of the 

Bifidobacterium (Table A2.3; A < 0.0001) and the strong heritability of 

Prevotella (A = 0.722). The discrepancy between the results of SOLAR and 

OpenMx must be rooted from the different process of family structure. 

SOLAR allows accompanying extended family members whereas OpenMx 

simply takes MZ and DZ twin pairs to estimates heritability of the host 

phenotypes. For example, MZ twins share 100% of their genes while DZ 

twins, siblings, and parent/children pairs share 50% of the genetic 

information [102]. SOLAR distinguishes the MZ twin pairs only and treat 

the DZ twins as the rest of the family members. Therefore, the over-

estimated heritability of Bifidobacterium would be attributed to lower 

correlations of the bacterial abundances among the family members. By 

utilizing two different analytical tools as well as twin correlation plots in 

determination of bacteria with heritable component, we validated our 

finding of Prevotella as the vaginal bacteria under the strong host genetic 

effects was validated. 

Multivariate analysis was performed in order to identify specific 

vaginal bacteria associated with women’s health (Figure 2.6). 

Deconfounding other metadata, the results showed the strongest correlation 

of Prevotella spp. with menopause, BV, and HPV infection. The bacteria 

also had significant associations with hormone therapy. Prevotella spp. has 

been commonly observed to have negative impacts on the women’s health. 
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For example, the bacteria are well known to be associated with BV [103, 

104] and also linked to preterm delivery and HIV [105-107]. Pathogenicity 

of the bacteria is reported to be related with production of sialidase, an 

enzyme involves in mucin degradation, and thus allows pathogenic bacteria 

to invade the host [103]. Multiple associations of Prevotella spp. with 

various host health status and significant heritable component of the bacteria 

implicate host susceptibility to the bacteria colonization under the influence 

of host genetics. 

To further evaluate the impacts of specific human gene on the vaginal 

microbiome, we additionally performed SNP association test focusing on 

inflammatory markers given that polymorphisms of several immune genes 

have been found to alter the vaginal flora [108-111]. Polymorphism in 

TLR4 induced increased colonization of Gardnerella, Prevotella, 

Bacteroides, and Porphyromonas in pregnant women. As well, IL-1RN 

variants modulated susceptibility of Ureaplasma infection along with 

elevated concentration of IL-1ra in the vagina. Accordingly, candidate genes 

were narrowed down to the inflammatory genes such as interleukins and 

toll-like receptors to alleviate the issues involved in statistical power arising 

from limited sample size. The investigation of twenty-five SNPs with the 

vaginal microbiota showed a strong association between marker rs2069812 

(allele C) in IL-5 and P. melaninogenica as well as serum WBC 

concentrations. (Figure 2.7) [96, 112]. Functional profiling of the vaginal 

microbiome by PICLUSt analysis was consistent with the results of genetic 

association between IL-5 and P. melaninogenica as the function of LPS 

biosynthesis proteins was significantly increased in host with the minor 

allele (C) (Figure 2.8).  

An association of IL-5 with eosinophil in the reproductive system was 

reported in IL-5-deficient mice [113]. Mice with a mutation in the IL-5 gene 

showed diminish in eosinophil abundances, extended estrous cycles, and 
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increment of placental growth. Despite of such potential link between IL-5 

and women’s health, there is lack of data and research on the biological 

association between IL5 polymorphism and Prevotella in the vaginal 

environment. Yet, the inflammatory etiology of the gene in allergic diseases 

implies that the polymorphism possibly plays a role in the vaginal 

inflammation involved with the bacteria [114-116]. Another possible 

explanation of the association comes from previous studies reporting that 

human eosinophils together with IL-5 induce mucin production in airway 

epithelial cells and collagen production in esophagus [117, 118]. 

Concerning the following three facts, 1) recovery of P. melaninogenica 

from mouth and vagina, places enriched with mucous membrane, 2) 

sialidase produced by Prevotella in the vagina, 3) diseases induced by IL-5 

mediated eosinophils occurring in the mucin enriched respiratory tract and 

the gut, the genetic association between the bacteria and IL-5 may involve 

mucin metabolism [119-121].  

The effect of host genetics on Prevotella was also confirmed by co-

occurrence analysis. Co-occurrence network of the vaginal microbiota 

showed the strongest anticorrelated relationship between Prevotella and 

Lactobacillus regardless of the host menopause (Figure 2.9). In the 

premenopausal women, Prevotella belonged to a module with other 

heritable vaginal bacteria while interacting with non-heritable bacteria in the 

postmenopausal women. Albeit of the replacement of co-occurring bacteria 

according to the host menopause, Prevotella was remained to be the core 

bacteria among the bacteria with strong co-occurrence. 

In this study, the impacts of host genetics exerted on the vaginal 

microbiota were determined and how the most heritable bacteria, Prevotella, 

are associated with different female health conditions. BV, menopause, and 

BMI were the strongest factors involved in destruction of the normal vaginal 

flora and Prevotella as the key bacteria of the vaginal dysbiosis. Analysis of 
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co-occurring bacteria with Prevotella confirmed its key characteristic in 

women’s health as they maintained the strongest anticorrelated relationship 

with Lactobacillus regardless of host menopause. Although this study has 

limitations in the association study that it only observed selected number of 

genes and statistical significance embracing the numbers of bacteria was not 

satisfied, our results prove the genetic contributions on the vaginal 

microbiota as well as host physiology. Yet, further investigations are 

warranted to investigate specific functional role of Prevotella in both BV 

and menopause and the mechanism underlying the vaginal dysbiosis. This 

way, it would be able to provide indisputable genetic and microbial 

biomarkers in promotion of the women’s health.  
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CHAPTER III. 

 

CHANGES IN VAGINAL MICROBIOTA AND 

INDUCTION OF METABOLIC ENDOTOXEMIA 

IN ASSOCIATION WITH OBESITY 
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Introduction 

 

Obesity is a newly defined chronic disease, which further brings 

complications such as cardiovascular disease (CVD), type 2 diabetes (T2D), 

high blood pressure, and stroke [122, 123]. Association of obesity and 

vaginal health was suggested by studies reporting infertility and irregular 

estrous cycle in obese rats [124-126]. In human, obesity was correlated with 

disturbed menstrual cycle, anovulation, and pregnancy loss in adults and 

induced early menarche in young obese girls [127-130]. On the other hand, 

obesity and vaginal infection are a closely connected issue. Previous studies 

found that diabetic women were more likely get asymptomatic bacteriuria 

and Candida vaginitis [131-133]. Group B streptococcus colonization in the 

genitourinary, which causes perinatal mortality, was enhanced as the 

severity of obesity increased [134]. Dyslipidemia in HIV patients has been 

reported to bring rapid progression of the disease [135-137]. Currently, 

alteration of the gut microbiota by obesity is widely accepted [19, 35, 138]. 

Several studies confirmed increased ratio of Firmicutes to Bacteroidetes in 

ob/ob mouse as well as obese humans [34, 35]. Significantly different 

abundances of specific oral bacteria such as Prevotella and Seleomonas 

implies possible influence of the obesity on the human microbiome 

throughout the body [41]. Indeed, a recent study reported an association of 

high ratio of L. iners to L. crispatus with obesity in young women [42]. Yet, 

the impact of obesity on human vaginal microbiome has not been 

investigated in its entirety.  

Obesity is a complex disease induced by a combination of host genetics 

and their environments [139]. An important component of obesity involves 

low-grade chronic inflammation, which lead to insulin resistance, type 2 

diabetes, fatty liver disease, and cardiovascular disease [140]. Recent studies 
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indicate that dysbiosis of the gut microbiota increases the release of the 

lipopolysaccharide (LPS), endotoxins found in the membrane of Gram-

negative bacteria, into the blood, which induces metabolic inflammation in 

obese mice [38, 39]. The underlying mechanism is that microbial dysbiosis 

in the gut can increase the intestinal permeability leading to increased 

endotoxemia in obese mice [141].   

Here, it was examined whether host obesity affects the vaginal 

microbiome by investigating epidemiologic data of Korean twin cohort 

followed by in vivo analysis of the vaginal microbiome in high-fat diet-

induced obese mouse. The results indicate that obesity increases bacterial 

diversity of the vaginal microbiota as well as abundances of pathogenic 

bacteria. Vaginal bacteria transplants changed the levels of LPS in the blood 

implying possible functions of the vaginal bacteria in systemic inflammation.  
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Materials and Methods 

 

Sequencing analysis of the human vaginal microbiome. Sequencing data 

of the human vaginal microbiome was obtained from the European 

Nucleotide Archive under the study accession number ERP013986. A total 

number of 539 subjects were selected from Healthy Twin Study as part of 

the Korean Genome Epidemiology Study [77]. Demographic characteristics 

of the study subjects are shown in Table 3.1. 

 

 

Table 3.1 Demographic characteristics of the study population 

Pre-menopause Post-menopause Sum 
No. 346 193 539 
BMI 

Low-weight (< 18.5) 10 3 13 
Lean (18.5 - 24.9) 259 104 363 

Over-weight (25 - 29.9) 64 73 137 
Obese (30 ≤) 13 13 26 

Waist-Hip ratio 
Normal (< 0.80 ) 132 25 157 

At risk (0.81 - 0.85) 108 52 160 
Abdominal obesity (0.85 ≤ ) 106 116 222 

Vaginal Health 
aHPV 26 12 38 

Cervicitis 63 40 103 
bASCUS 13 12 25 

cCIN 5 - 5 
aHPV: Human papilloma virus 
bASCUS: Atypical Squamous Cells of Undetermined Significance 
cCIN: Cervical intraepithelial neoplasia 
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Sequence data were analyzed using the QIIME software package (version 

1.8.0) [79]. OTU picking was performed at 97% sequence similarity level 

against gg_12_10 Greengens database using an open-referenced protocol. 

Bacterial diversity in respect of host BMI and waist-hip ratio was assessed 

using Chao1 measure [142]. Statistical significance for the species richness 

was tested by the Wilcoxon rank-sum test and the Student’s t test. 

 

Association of clinical and biochemical metadata with the vaginal 

microbiota. Body weights and height were measured twice using a digital 

balance (Tanita Co., Seoul, Korea) and a stadiometer (Samwha Co., Seoul, 

Korea), respectively. The average value of the measurements was used for 

the analysis. BMI was calculated by dividing the weight (kg) by the height 

squared (m2). To calculate waist-hip ratio (WHratio), waist circumference 

was measured horizontal at the level of navel and hip circumference from 

the most protruding part of the hip. Diastolic and systolic blood pressures 

(DBP and SBP) were measured twice using a standard mercury 

sphygmomanometer. Venous blood was drawn after 12-h overnight fasting. 

Fasting blood sugar (FBS; Hexokinase enzymatic assay), fasting blood 

insulin (FBinsulin; immunoradiometric assay), total cholesterol 

(tCholesterol; enzymatic assay), triglyceride (TG; enzymatic assay), uric 

acid (enzymatic assay), albumin (enzymatic assay), HDL (enzymatic or 

homogeneous assay), and LDL (enzymatic assay) were measured using 

ADIVA 1650 (Siemens, Germany) or HITACHI 7600-210/HITACHI 7180 

(Tokyo, Japan). Serum creatinine was analyzed by Jaffe’s photometric 

method (Roche, Basel, Switzerland), and high-sensitivity C-reactive protein 

(hsCRP) was measured by latex agglutination. These metadata were 

analyzed by nonparametric multi-dimensional scaling (NMDS) plot based 

on the Bray–Curtis measure of dissimilarity using the R package, ‘Vegan.’ 
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PERMANOVA was performed to estimate the statistical significance in the 

NMDS analysis using ‘adonis’ function from the same package.  

 

Experimental design for in vivo analysis. Female C57BL/6J mice (6-

week-old) were obtained from Central Lab Animal Inc. (Korea) and bred 

under specific pathogen–free (SPF) conditions at the Institute for 

Experimental Animals, College of Medicine, SNU. After one week of 

adaptation period, mice were divided into two groups and were fed either of 

a control diet (CTD; Research Diets-D12450K) or a high fat diet (HFD; 

Research Diets-D12492). Food intake and body weight were measured once 

a week. At the week of 0 and 12, 100 ul of vaginal fluids was collected for 

five consecutive days using a plastic pipet filled with phosphate-buffered 

saline (PBS). Samples were collected at the same time each day. Vaginal 

cells contained in the saline samples were viewed at 20× and 40× 

magnifications to determine the stage of estrous. After the sample collection 

at week 12, mice were re-assigned to three groups for each diet: 1) donor 

group, 2) group subjected to transplant, and 3) control of the transplant 

group. Mice for the transplant experiment were given an antibiotic cocktail 

(ampicillin 1 g/L, neomycin 1 g/L, metronidazole 1 g/L, vancomycin 0.5g/L, 

ad libitum) dissolved in 20 mg/mL grape Kool-Aid (Kraft Foods, Northfield, 

IL) for one week. Donor groups were given Kool-Aid alone for the same 

period. To synchronize the estrous cycle, mice were given 0.2mg β-estradiol 

17-valerate (Sigma) dissolved in 0.1ml sterile sesame oil (Sigma) by 

intraperitoneal injection on days -2, +2, and +7 with respect to the 

transplants (day 0). Donor groups received sterile sesame oil as a vector 

control. Two days after the first injection of estradiol, 30 ul of vaginal fluids 

was collected from each mouse of the donor groups and pooled in 1.5ml 

tube. Mice in transplant groups were cross inoculated with 10 ul of the 

pooled vaginal fluids from opposite diet every three days for five times. 
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During the sample collection of vaginal fluids and inoculation, mice were 

sedated by isoflurane, controlled by an anesthesia vaporizer (2.5-3.0%). 

Experimental procedures were reviewed and approved by the Institutional 

Animal Care and Usage Committee of Seoul National University. 

 

Analysis of vaginal microbiota in mouse. Alteration of microbial 

community composition by the experimental scheme was analyzed by 16S 

rRNA isolated from vaginal fluid samples and vaginal tissue. DNA was 

isolated using the MoBio PowerSoil DNA Isolation Kit with a slight 

modification of manufacturer's protocol: vaginal fluids or tissue samples 

were added to 600ul of bead solution, 60ul of C1 solution, and 500 μL of 

glass beads (0.1 mm in diameter). The mixture was homogenized using a 

mixer mill (Retsch, Düsseldorf, Germany) for 10 min at room temperature. 

The V4 region of the 16S rRNA genes was amplified using the Illumina-

adapted barcoded primers (515F/806R) and purified by the MO BIO 

UltraClean PCR Clean-Up Kit (MO BIO Laboratories, CA, USA). Cleaned 

amplicons were quantified by KAPA Library Quantification Kit (KAPA 

Biosystems, MA, USA). Then, the samples were pooled in equal amounts 

and sequenced on the MiSeq platform using 2 × 300 bp reagent kit (Illumina, 

CA, USA). Sequence data were analyzed using the QIIME software package 

(version 1.8.0) [79]. OTUs were picked at 97% sequence similarity level 

against gg_13_5 Greengens database using close-referenced method. 

Representative sequences were selected using UCLUST and was assigned to 

taxonomy using the ribosomal database project (RDP) classifier [81]. 

Chimera sequences were excluded from downstream analyses prior to the 

generation of phylogenic trees or OTU tables using ChimeraSlayer 

algorithm [82]. Each representative sequence was aligned using PyNast for 

tree based analysis: α-diversity and β-diversity [80]. A phylogenetic tree was 

built using FastTree. Bacterial diversity, analyzed by the α-diversity, was 
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assessed using Chao1 measure [83]. Comparison of community clusters in 

different diets and transplant treatments was performed by the β-diversity 

analysis [86]. Identification of vaginal bacteria whose abundances are 

greater in HFD than CTD was performed using  LEfSe (linear discriminant 

analysis [LDA] coupled with effect size measurements) for univariate 

contrasts [84].  

 

Detection of endotoxin in serum. Blood samples were obtained by cardiac 

puncture under isoflurane anaesthesia. Thirty minutes after blood clotting at 

RT, the serum was separated by centrifugation (2000 x g, 10 min., 4˚C). The 

supernatant (serum) was transferred into a 1.5ml tube and stored at -80˚C 

until used. Serum lipopolysaccharide (LPS) was quantitated with the QCL-

1000 Endpoint Chromogenic LAL Assay (Lonza, Basel, Switzerland). 

 

Statistical analysis. Statistical significance between groups was tested by 

the Wilcoxon rank-sum test using the SPSS software, ver. 21 (Armonk, NY, 

US). Difference between percentages in estrous cycle was calculated using 

non-parametric chi-square test. Analysis of similarity (ANOSIM) was 

performed to analyze the group clustering in statistical way using QIIME 

software package (version 1.8.0) [79]. The relation between the obese 

parameters and vaginal bacteria was analyzed by the Spearman correlation 

using R version 3.1.2 [89]. 
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Results 

 

Effect of host adiposity on the human vaginal microbiome 

To identify variables influencing the vaginal microbiome, a NMDS plot was 

drawn including all clinical parameters obtained from the hosts (Figure 3.1). 

The list of the parameters included is as follow: FBS, FBinsulin, albumin, 

creatinine, uric acid, tCholesterol, HDL, LDL, SBP, DBP, BMI, hsCRP, 

WHratio, and TG. Variables with p value lower than 0.01 were plotted 

against the vaginal microbiota. Ordination of HDL and albumin was in the 

opposite direction of other obese parameters.  

 

 

 
Figure 3.1 Effect of host adiposity on the vaginal microbiota. Nonparametric multi-
dimensional scaling (NMDS) plot of the vaginal microbiota dissimilarities with clinical 
parameters. Black arrow indicates the strongest association. 

 

 

 

 



55 

 

To further explore the vaginal microbe-host interaction in regards of obesity, 

species richness according to the increment of host BMI and WHratio was 

assessed. The rarefaction curves, reflective of alpha diversity, showed 

significantly higher levels of bacterial diversity as the obese factors 

increased (Figure 3.2A). Given that the composition of vaginal microbiota 

considerably changes after the host menopause, an additionally analysis of 

the species richness in premenopausal and postmenopausal women was 

performed. Host BMI significantly influenced the bacterial diversity 

regardless of the menopausal state while WHratio showed the significant 

effect in postmenopausal women only (Figure 3.2B). NMDS plots for the 

BMI (Adonis; R2 = 0.005, P = 0.015) and WHratio (Adonis; R2 = 0.015, P = 

0.005) did not show distinct microbial clusters according to the host 

phenotypes (Figure 3.3). 
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Figure 3.2 Microbial diversity in association of host obesity. (A) Differences in vaginal microbial diversity analyzed using rarefaction 
curves. Premenopausal and postmenopausal women were included: BMI and (B) waist-hip ratio. Boxes represent the 25th percentile, median, 
and 75th percentile. Whiskers represent the lowest values and the highest values of number of OTUs. Diamonds indicate mean values. *, 
Significance is based on the Wilcoxon rank-sum test (P < 0.05). 
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Figure 3.3 Differences in vaginal microbial diversity in obese. NMDS plots represent the 
vaginal microbiota in (A) obesity and (B) WH ratio. 

 

 

Correlations between obese markers and vaginal bacteria 

To obtain further insight into the effect of host obesity on specific vaginal 

bacteria, the obese-related variables with vaginal bacteria at genus level 

were observed. When the taxa from entire subjects were analyzed, obese 

parameters clearly defined Lactobacillus against non-dominant vaginal 

bacteria (Figure 3.4A; p < 0.05, q < 0.05). Further analysis of the Spearman 

correlation distinguished by menopausal state reduced the statistical power, 

but some bacteria remained to be positively correlated with blood pressure, 

WH ratio, and HDL (Figure 3.4B and C). For example, Porphyromonas, 

Corynebacterium, Staphylococcus, Anaerococcus, and Peptonilphilus were 

positively correlation with WHratio in both pre- and post-menopausal 

women (p < 0.05, q < 0.25). Moreover, Prevotella, Actinomyces, and 

Enhydrobacter were positively correlated with WH ratio in pre-menopausal 

women and SBP in post-menopausal women (p < 0.05, q < 0.25). 
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Figure 3.4 Association of the host obese markers and the vaginal bacteria. (A) Correlation between obese factors and the vaginal bacteria. 
*, q < 0.05 based on the Spearman correlation corrected for multiple testing using the Benjamini-Hochberg method. Correlation analysis in 
(B) pre-menopausal and (C) post-menopausal women. *, q < 0.25. 
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Alteration of vaginal microbiome in HFD-induced obese mouse 

For assessment of the impact of obesity on the vaginal microbiota, female 

mice were maintained on a HFD or a CTD for 12 consecutive weeks. In 

general, mice fed with a HFD gained 150% of body fat compared to mice on 

a CTD (Figure 3.5A). Analysis of phylogenetic diversity in vaginal fluids 

showed a significant increase in obese mice (Figure 3.5B, Wilcoxon rank-

sum test; p = 0.05). Furthermore, discrete clustering of HFD and CTD 

groups using unweighted UniFrac metrics was observed (Figure 3.5C). The 

cluster disappeared under weighted UniFrac metrics (Figure 3.5D). 

 

 

 
Figure 3.5 Characterization of the mouse vaginal microbiome on a HFD. (A) Weekly 
body weight for 12 weeks of HFD or CTD feeding. Error bars indicate 95% confidence 
interval. (B) Microbial diversity in obese and lean mice. *, p < 0.05 for Wilcoxon rank-sum 
test. PCoA plots under (C) unweighted and (D) weighted UniFrac metrics.  
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Univariate analysis of the mouse vaginal microbiota identified a number of 

vaginal bacteria enriched in the group of HFD (Figure 3.6). Of the identified 

vaginal bacteria, Prevotella, Dialister, Sneathia, Megasphaera, and 

Gardnerella are known to have negative health impacts on the human 

vagina [74]. 

 

 

 
Figure 3.6 Shifts in vaginal microbiota after HFD Feeding. Linear discriminant analysis 
(LDA) of vaginal taxa enriched in HFD feeding mice. Asterisks indicate taxa observed in 
the human vaginal microbiome.  
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Estrous cycle irregularities in obese mice 

Samples of vaginal fluids were collected for five consecutive days, and 

estrous cycle was distinguished by cytological observation (Figure 3.7). 

Proestrus predominantly consists of nucleated epithelial cells and some 

cornified epithelial cells. At the stage of estrus, cornified epithelial cells are 

mostly observed. Entering the cycle of metestrus, polymorphonuclear 

leukocytes begin to appear along with the nucleated and cornified epithelial 

cells. Diestrus consists predominantly of the leucocytes.  

 

 
Figure 3.7 Photomicrographs of unstained vaginal fluids. Stages include (A) proestrus, 
(B) estrus, (C) metestrus, and (D) diestrus.  

 

HFD feeding was associated with irregularities of the estrous cycle. In 

comparison of the estrous cycle in mice fed a CTD, there was a greater 

portion of mice at the stage of diestrus (Figure 3.8A). Different estrous 

phase also influenced the microbial diversity and composition. The diversity 

was significantly reduced in estrus phase regardless of the different diet 

groups (Figure 3.8B). Unlike the bacterial diversity, community 

composition was altered both by the diet and the estrous cycle (Figure 3.8C).  
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Figure 3.8 
Influence of estrous 
cycle on vaginal 
microbiota. (A) 
Percent of mice in 
each estrous phase 
in mice on a CTD 
and a HFD. 
Different superscript 
letters represent 
significant 
differences (p < 
0.05) according to 
non-parametric chi-
square test. (B) 
Microbial diversity 
at different estrous 
phase. Top 20 
abundant bacteria. *, 
Significance is based 
on the post hoc 
ANOVA test (p < 
0.05). (C) Bacterial 
composition at each 
estrus phase.  
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Transplants of the vaginal microbiota across the diet 

After having one week of antibiotics treatment, mice were transplanted 

vaginal bacteria from opposite diet as well as three time of β-estradiol 

injection to synchronize the estrous cycle. Schematic diagram of study 

design is drawn in Figure 3.9. To investigate the contribution of the vaginal 

bacteria manipulation, phylogenetic principal coordinate analysis (PCoA) 

analysis was performed. Under the unweighted UniFrac metrics, variations 

among samples were clustered by different diets and transplant treatments 

(Figure 3.10). The weighted UniFrac metrics only showed discrete clusters 

in HFD-fed mice (Figure 3.11). 

  

 

 
Figure 3.9 Schematic diagram of experimental procedure. Mice fed a CTD and HFD 
were used as donor group. CB and HB: ß-estradiol treatment 3 times. CB-R and HB-R: 3 
times of ß-estradiol treatment followed by 5 times of bacterial transplant from opposite diet. 
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Figure 3.10 Principal coordinates plot in the unweighted UniFrac metrics. Beta 
diversity of samples were collected from vaginal tissue. Differential clustering of transplant 
and transplant control groups in (A) CTD-fed mice and (B) HFD-fed mice. CB and HB: ß-
estradiol treatment 3 times. CB-R and HB-R: 3 times of ß-estradiol treatment followed by 5 
times of bacterial transplant from opposite diet. 

 

 

 

Figure 3.11 Principal coordinates plot in the weighted UniFrac metrics. (A) Beta 
diversity of samples collected from vaginal tissue. PCoA plots of transplant and transplant 
control groups in (A) CTD-fed mice and (B) HFD-fed mice. CB and HB: ß-estradiol 
treatment 3 times. CB-R and HB-R: 3 times of ß-estradiol treatment followed by 5 times of 
bacterial transplant from opposite diet. 
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Activity of lipopolysaccharide in vaginal microbiota transplants  

Growing evidence indicates an association of low-grade systemic 

inflammation with obesity [37, 38], hence the effect of the HFD on plasma 

LPS concentration was determined. Although not significant, the mice fed a 

HFD induced two times greater levels of serum LPS compared to the CTD 

group. Transplants of the vaginal microbiota from HFD group significantly 

increased the concentrations of LPS than the control group (Wilcoxon rank-

sum test; p = 0.036; Figure 3.12A). Treatment of ß-estradiol treatment 

tended to reduce the levels of LPS in the blood of mice on a HFD (Wilcoxon 

rank-sum test; p = 0.063; Figure 3.12B) while the same treatment did not 

influence the levels of LPS in mice fed a CTD. Additionally, ß-estradiol 

changed the body weight in the HFD group. Mice fed a HFD and ß-estradiol 

treated lost approximately 15-20% of body weight (Figure 3.12C). Weight 

change in the CTD fed group was within 5%. 
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Figure 3.12 Vaginal microbiota and serum endotoxin. (A) Comparison of plasma 
endotoxin (LPS) concentration (EU/ml) in mice fed a CTD or a HFD and transplants 
groups. (B) Levels of TNF-α and IL-6. *, p < 0.05 for Wilcoxon rank-sum test. CB and HB: 
ß-estradiol treatment 3 times. CB-R and HB-R: 3 times of ß-estradiol treatment followed by 
5 times of bacterial transplant from opposite diet. (C) Weight changes after the treatment of 
ß-estradiol. 0: body weight at week 12, 1: body weight after 1st treatment, 2: body weight 
after 2nd treatment, 3: body weight after 3rd treatment, 4: body weight on the day of sacrifice. 
*, p < 0.05 for Wilcoxon signed rank test. Statistical analysis was performed between time 
point 0 and 4.
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Discussion 

 

In this study, it was demonstrated that there is a strong association between 

the microbial dysbiosis of the vaginal microbiota and host obesity. This is 

the first study connecting the metabolic component with the host obesity 

and vaginal microbiome. Evidences continuously suggested possible 

influence of the obesity on vaginal health and further on vaginal bacteria, 

but relevant studies have not been done on the entire community of the 

bacteria [127-134]. In an observation of epidemiological data from a Korean 

twin cohort, the vaginal microbiome presented that the diversity changes 

following the increment of host BMI and WH ratio (Figure 3.2). Weight 

gain is an expected event as women approach their final menstrual period 

[143, 144], and a longitudinal study confirmed the weight gain results from 

increased fat mass instead of skeletal muscle mass in aging women. Hence, 

repetitive analysis of the microbial diversity in separation of the pre or 

postmenopausal women was performed to avoid confounding by aging 

effect. The result showed that the vaginal microbiota could be altered by the 

host adiposity. Correlation analysis of obese parameters and the vaginal 

bacteria identified underappreciated and pathogenic vaginal bacteria in both 

pre- and post menopausal women linking the association of host obesity and 

the vaginal bacteria [145-148].  

In order to investigate direct interactions between host and microbes 

relevant to obesity, obesity was induced by feeding mice a HFD, which 

showed several changes in their vaginal microbiota. Akin to the human, the 

community diversity in obese mouse vagina was significantly increased 

(Figure 3.5B). Analysis of PCoA plot confirmed the impact of diet on the 

overall community (Figure 3.5C and D). Furthermore, a univariate 

investigation of the metagenomic data at genus level showed increased 
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common pathogenic vaginal bacteria such as Prevotella, Dialister, Sneathia, 

Megasphaera, and Gardnerella in mice fed a HFD implying negative 

impacts of obesity on vaginal health (Figure 3.6). Additionally, disturbances 

in estrous cycle were observed after the mice were exposed to HFD (Figure 

3.8). A greater percent of mice were assigned to be in diestrus phase 

indicating an extension of the pertinent phase by HFD. Regular estrous 

cycle in mice lasts approximately 4-5 days and can be divided into four 

stages: proestrus, estrus, metestrus, and diestrus [149]. Mice at proestrus or 

estrus phase are sexually active, thus the extended diestrus phase indicates 

reproductive malfunctions. Reproductive disorders including irregular 

menstrual cycle, infertility, miscarriage were commonly seen in obese 

women [150]. As well, prolonged estrous cycles were reported in 

genetically and diet-induced obese rat due to a long estrous or diestrous 

phase [151, 152]. 

Interactions of host obesity and the gut microbiota are commonly 

accepted these days. In contrast to the vaginal microbiota, the diversity of 

bacterial community in the gut decreases in obese individuals [19, 36]. It is 

suspected that those bacteria adapted to the environment changed can only 

survive under the energy surplus situation. Lipid-related disorders such as 

obesity, T2D, and CVD are complex and multifaceted diseases having 

inflammation in common [153]. The current model of obesity-induced 

systemic inflammation can be explained by changes in gut microbiota and 

plasma LPS. Cani et al. have shown that microbial dysbiosis induced by 

antibiotic treatment can reduce metabolic endotoxemia in obese mice [39]. 

Accordingly, cross-transplant of the vaginal bacteria from opposite diet was 

performed to investigate if the systemic inflammation can be induced by the 

local bacteria. Prior to the transplants, antibiotic treatment and injection of 

β-estradiol were performed to reduce the intrinsic vaginal bacteria and 

readily accept the bacterial transplants.  Plasma LPS concentration in mice 
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fed a HFD was two times greater than the CTD groups, although statistical 

significance was missing due to the small sample size. Intriguingly, vaginal 

bacteria transplants changed the levels of LPS in the blood (Figure 3.12A). 

When inoculated with the vaginal bacteria from HFD group, mice fed a 

CTD showed significantly higher levels of plasma LPS than the control 

group. In contrast, the effect of vaginal bacteria in reduction of LPS in HFD 

group could not be observed as the effect of β-estradiol was strong (Figure 

3.12B). Beneficial effects of in reduction of body weight and prevention of 

fat accumulation have been reported [154, 155]. In the present study, weight 

loss due to the hormone was also observed in mice fed a HFD while the 

CTD group was not influenced (Figure 3.12C). In the Korean twin cohort, 

we confirmed that hormone therapy on postmenopausal women can restore 

the abundances of Lactobacilli up to 96.8%. The results of β-estradiol 

treatment in this study indicate that the hormone is also effective in 

improvement of systemic disorder.  

Collectively, the results demonstrated that host obesity alters the 

bacteria community in the vagina by increasing underappreciated and 

pathogenic vaginal bacteria and such alteration may lead to systemic 

inflammation. 
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CHAPTER IV. 

 

ALTERATIONS OF ORAL MICROBIOTA 

ASSOCIATED WITH METABOLIC SYNDROME 
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Introduction 

 

Obesity is a medical condition in which excess body fat is caused by dietary 

patterns, sedentary lifestyle, and a genetic predisposition linked to negative 

impacts on human health. A wide range of complications accompanied by 

the chronic disease include cardiovascular disease (CVD), type 2 diabetes, 

hypertension, various cancers, arthritis, and reproductive abnormalities 

[156]. Risk factors of such complications and co-morbidities of obesity can 

be largely explained with metabolic syndrome. Metabolic syndrome (MetS) 

is characterized by visceral obesity, dyslipidemia (elevated triglycerides and 

reduced high-density lipoprotein cholesterol), hyperglycaemia, and 

hypertension and considered to be useful in prediction of CVD and diabetes 

[65]. The worldwide prevalence of MetS varies depending on the 

geographical area, population composition, and the diagnostic criteria 

applied, but general estimation reports that one-quarter of the adults carry 

the metabolic disorder [157-159]. Its growing prevalence and economic 

burden emphasizes the understanding of underlying pathogenesis to 

improve public health.  

Oral cavity serves as an initial digestive organ, which breakdown 

carbohydrates and dietary lipids, two major energy sources for host 

physiology as well as for bacterial growth [160]. Hence, it is one of the 

distinct anatomical niches for an active interaction between the host and 

bacteria, which implicates the oral bacteria as indicators of the hosts’ health 

status. Alterations of gut microbiome and their functions in obese 

individuals have been commonly accepted now [19, 35]. Despite oral 

microbiome in human health has not been investigated as much as the gut 

microbiome, an interesting association between periodontitis and 

cardiovascular disease implies potential role of the oral bacteria in systemic 
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diseases [64, 161, 162]. Previous studies constantly suggested direct 

invasion of the oral bacteria or indirect bacterial toxins may induce local 

inflammation in the cardiovascular system. Infective endocarditis caused by 

Granulicatella and Neisseria, pathogenic bacteria originated in the oral 

cavity, also supports the hypothesis of oral ‘gateway’ to the infected sites 

[163-166]. In addition to this scientific evidence, easy accessibility to oral 

samples led researchers to develop and utilize oral bacteria as indicator of 

various systemic diseases such as pancreatic cancer, rheumatoid arthritis, 

and lung cancer [167-169].  

In this study, a comprehensive comparison of the oral microbiota 

between the MetS group and healthy controls was performed with validation 

using the gut microbiome in the same subjects. Furthermore, specific oral 

bacteria were evaluated as potential biomarkers for MetS through stepwise 

metagenomic analysis as well as SYBR qPCR. 
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Materials and Methods 

 

Study subjects and oral samples. A total of 228 study subjects included 

twins and their family members recruited from Healthy Twin Study as part 

of the Korean Genome Epidemiology Study between June 2010 and 

December 2012 [77]. The subjects were consisted of 92 MZ twins, 24 DZ 

twins, and their family members (siblings and parents, n= 71). Additionally, 

there were 34 family members without twins and 7 unrelated subjects. 

Subgingival plaque samples were collected from mesial sulci of the first 

molar using sterilized wooden toothpicks. The toothpicks were stored in 

normal saline (0.9% NaCl) at -70 °C. The study was approved by the Korea 

Centers for Disease Control and the Institutional Review Board (IRB No. 

144-2011-07-11).  

The subjects were diagnosed to have MetS if they meet three or more 

of the following criteria: 1) waist circumference ≥ 90 cm in men or ≥ 85 cm 

in women, 2) triglyceride (TG) level ≥150mg/dL, 3) high-density 

lipoprotein (HDL) cholesterol < 40mg/dL in men or < 50mg/dL in women, 4) 

blood pressure (BP) ≥ 130/85 mmHg, and 5) fasting blood sugar (FBS) 

≥100 mg/dL. Waist circumference was measured horizontal at the level of 

navel. TG , HDL, and FBS were measured by enzymatic assay, homogenous 

assay, and hinexokinase enzymatic assay in that order. Blood pressures were 

measured twice using a standard mercury sphygmomanometer.  

 

DNA extraction and sequencing analysis. Genomic DNA was isolated 

from the tip of the toothpicks following the bead-beating extraction protocol 

[19]. Briefly, the toothpick was added to 500 μL of extraction buffer (200 

mM NaCl, 200 mM Tris, and 20 mM EDTA; pH 8), 500 μL of 

phenol:chloroform:isoamyl-alcohol (25:24:1; pH 7.9) (Sigma, Steinheim, 
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Germany), 210 μL of 20% SDS, and 500 μL of zirconia-silica beads (0.1 

mm in diameter; Biospec Products Inc., Bartlesville, OK). The mixture was 

homogenized using a Vortex Adaptor (MoBio Laboratories, Solana Beach, 

CA) for 2 min at room temperature. DNA extraction was performed with 

500 μL of phenol: chloroform: isoamyl-alcohol (25:24:1; pH 7.9), followed 

by isopropanol precipitation. The nucleic acid solutions were stored at -

70°C until use. The V4 region of the 16S rRNA genes was amplified using 

the Illumina-adapted universal primers 515F/806R. Sequence data were 

analyzed using the QIIME software package (version 1.8.0) [79]. Close-

referenced OTU picking was performed at 97% sequence similarity based 

on gg_13_5 Greengens database. Representative sequence sets were chosen 

using UCLUST and processed sequences were aligned using PyNAST [80]. 

Taxonomy was assigned using the ribosomal database project (RDP) 

classifier [81] where the minimum confidence score for the taxonomy 

assignment to sequences was 0.8. Chimera sequences were excluded from 

downstream analyses prior to the generation of phylogenic trees or OTU 

tables. Bacterial diversity within samples was assessed using Chao1 

measure [83]. Statistical significance for the species richness was tested by 

the Wilcoxon rank-sum test. Sequencing data for the analysis of the gut 

microbiome was obtained from the European Nucleotide Archive under the 

study accession number ERP010289.  

 

Network analysis of the microbiome in healthy controls versus the MetS 

group. Co-occurrence analysis of oral bacteria was performed using Sparse 

Correlations for Compositional data (SparCC) with 500 bootstraps to 

estimate p value. OTUs rarefied at 13,000 sequences for oral microbiome 

and 7,600 sequences for gut microbiome were collapsed up to the genus 

level and filtered to exclude OTUs present in less than 50% of individuals in 

this study. Non-significant correlations (p < 0.002) were excluded and the 
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rests were plotted using Cytoscape (version 3.2.1) [93].  

 

Association of oral bacteria in metabolic syndrome and selection of 

microbial biomarker. Functional traits for subjects with each genotype 

were determined from 16S-rRNA-based sequences using PICRUSt-1.0.0 

(http://picrust.github.com) [92]. KEGG Orthology (KO) generated by 

PICRUSt was used as inputs for HUMAnN (v0.99) [170], which convert 

KO gene abundance inferences into metabolic pathways. Prior to the 

analysis by HUMAnN, KEGG pathways found in less than 90% of the 

subjects were excluded. The metabolic pathways were compared according 

to the MetS status the Student’s t-test, respectively. The Benjamini-

Hochberg FDR correction was applied where the vaginal microbiota and 

pathways with a q-value < 0.25 were considered to be significant. Odds 

ratios were calculated to evaluate the association between the oral bacteria 

and metabolic parameters using logistic regression. Stepwise logistic 

regression model was constructed by a forward conditional method. Bacteria 

selected to be analyzed were significantly different between MetS and 

healthy group using the Student’s t-test. The Benjamini-Hochberg FDR 

correction was applied where the oral microbiota with a q-value < 0.2 were 

considered to be significant. In order to determine the oral biomarkers 

representing the MetS, we performed univariate LEfSe (linear discriminant 

analysis [LDA] coupled with effect size measurements) test [84] and 

multivariate association test using MaAsLin. Differences in bacterial 

abundance between MetS subjects and healthy subjects were analyzed from 

LEfSe software. The analysis using MaAsLin included twin pairs and 

family as random variables.  

Candidate bacteria were quantified by SYBR qPCR using an ABI 7300 

real-time PCR system (Applied Biosystems). Quantification of the oral 

bacteria was performed using a standard curved generated from 10-fold 
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serial dilution of genomic DNA extracted from type strain oral bacteria: P. 

niger (ATCC 27731), G. adiacens (KCTC 15209), and N. mucosa (KCTC 

34839). Primer sets used were described in previous studies [167, 171, 172]. 
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Results 

 

Comparisons of the human oral and gut microbiota in MetS 

To investigate the oral (pick from subgingival plaque) and gut (feces) 

microbiota of individuals with MetS, 16S rRNA gene from the samples of 

186 healthy controls and 42 individuals with MetS was sequenced on the 

Illumina platform. A total number of 9,823,122 (mean: 43,083) and 

9,548,171(mean: 41,877) reads were obtained from the gut and oral 

microbiome, respectively. Reads were classified into species-level OTUs 

generating 686 OTUs from the gut microbiome and 641 OTUs from the oral 

microbiome. In MetS group, 81 OTUs and 82 OTUs from the gut and oral 

microbiome were found in more than 90% of the subjects. 

Comparisons of microbial diversity between the MetS group and 

healthy controls showed inverse relationship in the two body sites (Figure 

4.1). Oral microbiome diversity was significantly greater in the group 

having MetS (Wilcoxon rank-sum test; p = 0.001) whereas the same group 

exhibited lower diversity in the gut microbiome (Wilcoxon rank-sum test; p 

= 0.004). Further investigation on the oral microbiome with each metabolic 

parameter showed significantly increased microbial richness in groups 

achieved the criteria of MetS for FBS and TG (Figure 4.2).  
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Figure 4.1 Comparison of microbial composition of the oral and gut microbiota in 
healthy subjects and individuals with MetS. (A) Boxplot of α-diversity in oral and (B) 
gut microbiome. Boxes represent the 25th percentile, median, and 75th percentile. Whiskers 
represent the lowest values and the highest values of the number of OTUs. *p < 0.005 for 
Wilcoxon (C) Composition of microbial community in the mouth cavity and (D) the gut. Y 
indicates subjects with MetS and N indicates health controls. 
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Figure 4.2 Comparison of oral microbial diversity by metabolic parameters. Y 
indicates the group achieved the criteria of MetS in each parameter. FBS: fasting blood sure, 
HDL: high density lipoprotein, TG: triglyceride, BP: blood pressure. *p < 0.05 for 
Wilcoxon rank-sum test. 

 

 

With regards to HDL, significant increase of the microbial diversity was 

only observed in male subjects. The majority of the gut microbiome was 

composed of Bacteroidetes (51.3%) and Firmicutes (41.0%). In the MetS 

group, the rate of Bacteroidetes and Firmicutes accounted for 46.7% and 

44.3%, respectively. On the contrary, healthy subjects harbored 52.4% of 

Bacteroidetes and 40.2% of Firmicutes. In the oral microbiome, 3 phyla 

represented more than 70% of the total number of reads: Firmicutes (34.2%), 

Proteobacteria (32.3%), and Actinobacteria (16.6%). These rates were 

maintained similarly in the healthy controls: Firmicutes (33.4%), 

Proteobacteria (33.0%), and Actinobacteria (16.4%). In the MetS group, 

there was a slight increase in Firmicutes (37.9%) and decrease in 

Proteobacteria (29.2%). PCoA analysis of the gut and oral microbiome 

using different distance metrics (the weighted, the unweigthed UniFrac 

distances, and Bray-Curtis distance; Figure 4.3) revealed independent 
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clusters by the body site, but each cluster did not distinguish the MetS group 

and healthy controls. 

 

 

 
Figure 4.3 PCoA plots of oral and gut microbiome between healthy subjects and 
individuals with MetS. Analyzed using (a) weighted UniFrac distance, (b) unweighted 
UniFrac distance, and (c) Bray-Curtis distance.  
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Network analysis of oral and gut microbiome and their interaction 

between MetS and healthy subjects 

To address a microbial interaction by MetS status and body site, network 

analysis was performed using 37 oral bacteria and 33 gut bacteria. Total 

numbers of 255 networks were created among the oral bacteria including 

136 positive correlations and 119 negative correlations (Figure 4.4A). 

Among the gut bacteria, less number of networks was identified including 

45 positive correlations and 32 negative correlations (Figure 4.4B). The 

resulting network from SparCC correlation coefficients showed distinct 

clusters of oral and gut bacteria separated by the MetS status. In the network 

of oral bacteria, Lautropia (enriched in MetS), Prevotella (enriched in 

healthy controls), Tannerella (enriched in healthy controls), Granulicatella 

(enriched in MetS), and Dialister (enriched in healthy controls) worked as 

hubs having greater than 20 linkers for each. In the gut bacteria network, 

Bacteroides and Heamophilus, both enriched in healthy controls, played a 

role of hub bacteria with 12 linkers for each. In both the oral and gut 

microbiota, Haemophilus were positively correlated with Streptococcus and 

found enriched in healthy controls (Figure 4.4C).  
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Figure 4.4 Microbial co-
occurrence and co-exclusion 
relationships between healthy 
subjects and MetS patients. (A) 
Co-occurrence networks from 
oral and (B) gut microbiome. (C) 
Interaction of oral and gut 
microbiome in healthy subjects 
and MetS patients. Edges 
represent significant positive 
(solid line) and negative (dotted 
line) relationship. The size of the 
nodes is scaled to the relative 
abundance of each genus. Colors 
reflect the bacteria enriched in 
healthy subjects and MetS 
patients distinguished by 
Student’s t-test (p < 0.05, q < 0.2). 
Bacterial relative abundances are 
adjusted for age, gender, OTU 
counts and transformed by inverse 
normalization. 
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Oral microbiome dynamics in MetS 

In order to determine the oral microbiome dynamics in MetS, functional 

profiling of the oral microbiome was compared between the MetS group and 

healthy controls. The result showed that steroid biosynthesis in lipid 

metabolism was significantly enriched in subjects with the MetS (Figure 4.5; 

p < 0.001, FDR corrected p-value < 0.25).  

 

 

 
Figure 4.5 Microbial metabolic pathway with significant difference between the MetS 
group and healthy controls. PICRUSt prediciton of metabolic pathway in subjects with 
MetS and healthy controls. Pathway contributions are adjusted for age and gender and 
transformed by inverse normalization. *, p < 0.05 based on student’s t test. FDR corrected 
p-value < 0.25. 

 

 

Subsequently, 10 oral bacteria significantly different between the MetS 

group and healthy controls were identified even after adjusted for age, 

gender, and OTU counts (Student’s t-test; p < 0.05, FDR corrected p-value < 

0.2). Peptococcus, Dialister, Porphyromonas, and Lactobacillus were 

enriched in healthy controls while Rothia, Capnocytophaga, Granulicatella, 

Lautropia, Cardiobacterium, and Aggregatibacter were enriched in the 
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MetS group. To assess the impact of metabolic parameters (FBS, waist, 

HDL, TG, and BP) on the oral microbiome, odds ratios were calculated for 

the significant oral bacteria (Figure 4.6A). Individuals who fulfilled the 

criteria of MetS for FBS (FBS ≥ 100 mg/dL) had significantly lower 

abundances of Peptococcus (OR 0.463, 95% CI 0.288 to 0.746, p = 0.002) 

and higher abundances of Dialister (OR 1.702, 95% CI 1.069 to 2.711, p = 

0.025). The abundances of Rothia (OR 1.816, 95% CI 1.186 to 2.780, p = 

0.006) and Cardiobacterium (OR 1.804, 95% CI 1.029 to 3.163, p = 0.039) 

were significantly greater in subjects who meet the criteria of MetS for waist 

circumference. Individuals with HDL levels under the criteria of MetS 

harbored significantly greater abundances of Neisseria (OR 1.428, 95% CI 

1.012 to 2.015, p = 0.043). The abundances of Peptococcus (OR 0.599, 95% 

CI 0.389 to 0.923, p = 0.02) and Lactobacillus (OR 0.646, 95% CI 0.458 to 

0.911, p = 0.013) were found to be significantly low in subjects with TG 

levels greater than 150 mg/dL. Stepwise logistic regression by a forward 

conditional method identified significantly increased levels of 

Granulicatella (OR 1.519, 95% CI 1.045 to 1.519, p = 0.028) and decreased 

level of Peptococcus (OR 0.688, 95% CI 0.473 to 0.688, p = 0.028) and 

Lactobacillus (OR 0.598, 95% CI 0.411 to 0.598, p = 0.007) in the MetS 

group (Table 4.1). 
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Figure 4.6 Association of oral bacteria in 
metabolic syndrome and selection of oral 
biomarkers. (A) Odds ratios for oral bacteria 
with risk factors of MetS. Bacterial relative 
abundances are adjusted for age, gender, OTU 
counts and transformed by inverse 
normalization. FBS: fasting blood sure, HDL: 
high density lipoprotein, TG: triglyceride, BP: 
blood pressure. *p < 0.05. (B) Comparison of 
oral microbiota between in healthy subjects and 
MetS patients using LEfSe analysis. (C) 
Significant changes in oral bacteria analyzed by 
multivariate association with linear models 
(MaAsLin) accounting for twin pairs, family, 
status of MetS.  
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To further narrow down to specific oral bacteria that represent the MetS, 

stepwise analysis from univariate to multivariate comparisons were carried 

out. Simple division of individuals by MetS status identified Neisseria, 

Granulicatella, and Megasphaera in the MetS group and Peptococcus in 

healthy controls (Figure 4.6B). Multivariate analysis after controlling 

microbial similarities in twin pairs and family members and adjusting age 

and gender confirmed that the abundances of Neisseria and Granulicatella 

were significantly different between the MetS group and healthy controls 

(Figure 4.6C). 

 

 

Table 4.1 Odds ratio for the oral bacteria determined by stepwise 
logistic regression  

Phenotype Bacteria Odds Ratio 95% CI p-value 
MetS Peptococcus 0.688 (0.473, 0.688) 0.049 

Granulicatella 1.519 (1.045, 1.519) 0.028 
Lactobacilllus 0.598 (0.411, 0.598) 0.007 

FBS Peptococcus 0.57 (0.412, 0.57) 0.001 
HDL Lactobacilllus 0.711 (0.536, 0.711) 0.018 

TG 
Peptococcus 0.709 (0.521, 0.709) 0.029 
Lactobacilllus 0.616 (0.45, 0.616) 0.002 

Waist 

Dialister 0.694 (0.504, 0.694) 0.026 
Cardiobacterium 1.611 (1.112, 1.611) 0.011 
Aggregatibacter 1.478 (1.03, 1.478) 0.033 

 

Validation of oral metagenomic biomarkers in MetS  

To verify the oral bacteria identified through the multiple analytical steps, 

quantification of Neisseria and Granulicatella representing the MetS group 

and Peptococcus representing the control group was performed using SYBR 

qPCR. The results showed significantly increased levels of G. adiacens in 

individuals with MetS (Wilcoxon rank-sum test; p = 0.023) while no 
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significant differences were observed for Neisseria and Peptococcus (Figure 

4.7A). In analysis of the metabolic parameters associated with the specific 

oral bacteria, individuals whose blood pressure meets the MetS criteria 

harbored significantly greater levels of G. adiacens (Figure 4.7B; Wilcoxon 

rank-sum test; p = 0.048).  

 

 

 
Figure 4.7 Quantification of oral biomarker in association with MetS. (A) Comparisons 
of the oral biomarkers in the MetS group and healthy controls quantified using SYBR 
qPCR. Genome copy numbers were normalized by the amount of DNA. *p < 0.05 for 
Wilcoxon rank-sum test. (B) Quantitative PCR abundance of Granulicatella adiacence by 
metabolic parameters. FBS: fasting blood sure, HDL: high density lipoprotein, TG: 
triglyceride, BP: blood pressure. *p < 0.05 for Wilcoxon rank-sum test.  
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Next, the ratio of P:G was calculated by dividing the copy number of 

Peptococcus by G. adiacens and it was found that the ratio was significantly 

different between the MetS group and healthy controls (Figure 4.8A, 

Student’s t-test; p = 0.023). This confirms the results from the sequencing 

analysis where the ratio calculated by relative abundances of Peptococcus 

and Granulicatella was also significantly different (Figure 4.8B, Student’s t-

test; p = 0.002). 

 

 

 

Figure 4.8 P:G (Peptococcus : Granulicatella) ratios in individuals with MetS and 
healthy controls. The ratio was estimated from (A) relative abundances and (B) 
quantification using SYBR real-time PCR. Error bars, SE. *p < 0.05, **p < 0.005 for 
Wilcoxon rank-sum test.  
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Discussion 

 

Oral infection by pathogenic bacteria has been implicated to be involved in 

atherosclerosis, one of the major outcomes of MetS [47, 64, 173, 174]. To 

investigate dynamics of oral microbiome associated with the metabolic 

disorder and identify oral metagenomic biomarkers, multiple analytical 

steps were carried out. Analysis of microbial diversity showed significant, 

but reverse changes in the oral and the gut microbiome: individuals with the 

MetS harbored reduced gut microbial diversity while it was increased in the 

oral microbiome (Figure 4.1). This corresponds with previous results, which 

analyzed obese and lean twin pairs and found reduced gut microbial 

diversity in the obese twins [19, 36]. Excess amount of nutrients in the 

obese body was suspected to result in over-blooming of specific gut bacteria 

such as Firmicutes and later it was reported that the obese bacteria has 

enhanced capacity of energy harvest from the abnormal energy input [35]. 

In patients with vascular disease, higher diversity and a higher load of the 

oral bacteria was reported [166]. This surplus of bacterial load was 

suspected to work as the oral ‘gateway’ for the pathogenic bacteria to the 

affected site causing the cardiovascular disease. Therefore, the higher 

diversity of the oral microbiome shown in the MetS group may also provide 

a pathway to the systemic disorder through the mouth. Bacterial alliance 

determined by network analysis further supports the possible 

discriminability of the oral bacteria as there was a distinctive separation 

between the bacteria enriched in the MetS group and healthy controls 

(Figure 4.4). With less number of bacteria in the network, the gut 

microbiome also showed clear clusters of bacteria in subjects with MetS and 

healthy controls. Such separation implies functional sharing among the 

microbiota in the same group. In fact, functional profiling of the oral 

microbiome by MetS showed enriched microbial metabolic pathway in 
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steroid biosynthesis, which is a sub- category of lipid metabolism (Figure 

4.5). Consequently, the alteration of the oral microbiota by the MetS status 

indicates that the systemic disorder could be distinguished by local bacteria. 

Metabolic parameters used for the diagnosis of MetS include FBS, 

HDL, TG, BP, and waist circumference and each of the parameters was 

found to independently influence the oral bacteria (Figure 4.6A). With 

regard to FBS, Peptococcus and Dialister showed significant association 

with the parameter. Although they were both enriched in the healthy 

controls, Dialister was positively associated with high level of FBS (FBS ≥ 

100 mg/dL) while Peptocccus showed the reverse relation. Dialister, which 

produces short-chain fatty acid, was correlated with glycemic control in 

prediabetic patients supporting the significant association with FBS [175]. 

The abundances of Rothia and Cardiobacterium, overrepresented in the 

MetS group, were significantly associated with the waist circumference. 

Pathogenic characteristic of Rothia was reported in a mice study, which 

demonstrated inflammation and abscesses when the bacteria were inoculated 

[176]. As well, Cardiobacterium was found to be a causal factor in bacterial 

endocarditis, an infection of the inner layer of the heart with abnormal 

cardiac valves [177]. Hence, it is rational that these two bacteria were 

associated with one of the metabolic parameters, which exert negative 

health impacts. A low level of HDL works as a risk factor for cardiovascular 

disease [178-180], and it was shown to be significantly associated with 

Neisseria. The bacteria has been revealed to be another causal factor in 

various cardiovascular diseases such as acute heart failure and endocarditis 

[181, 182]. The level of TG was inversely associated with Peptococcus and 

Lactobacillus. Probiotic effects of Lactobacillus, including the isolates from 

oral mucosa, in lowering plasma TG validate the significant association seen 

in this study [183-185]. Peptococcus, significantly associated with healthy 

level of FBS and TG in the present study, were shown to reflect healthy 
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dental conditions as the oral bacteria were found at lower abundances in 

subjects with caries, smokers, and esophageal carcinoma [186-188].  

Subsequent univariate and multivariate analysis identified Peptococcus, 

Granulicatella, and Neissearia as potential biomarkers associated with the 

metabolic disorder. Further validation of the oral bacteria performed by 

quantifying Peptococcus (enhanced in healthy controls), Granulicatella, and 

Neisseria (both enhance in MetS) showed significant increase of G. 

adiacens in the MetS group (Figure 4.7). Additionally, the oral bacteria were 

found to be significantly associated with increased level of blood pressure. 

Granulicatella has been reported to cause infective endocarditis [163, 164]. 

Stronger infectivity of G. adiacens compared to other oral bacteria was 

attributed to their fibrinonectin binding to the cardial valvular tissue [189, 

190] and such infection could possibly influence the blood pressure. 

Conventionally, a shift in the ratio of Firmicutes and Bacteroidetes has been 

used as an index of host obesity. Subsequet analysis of the representative 

oral bacteria in healthy controls and the MetS subjects showed that the ratio 

of Peptococcus and Granulicatella was significantly different between the 

MetS group and healthy controls in both sequncing and quantification 

analysis for MetS (Figure 4.8). The results imply possible utilization of the 

oral bacteria in targeting and analysis of the systemic disorder. 

The comprehensive analysis of the oral microbiome in parallel with the 

gut microbiome supports the notion that the metabolic disease can influence 

the non-gut human microbiome, and the specific oral bacteria can represent 

the systemic disorder. Microbial biomarkers hold great potential as 

noninvasive diagnostic measures and potential targets for systemic diseases. 

The results warrant further studies to test the feasibility of the oral microbial 

biomarkers with independent subpopulations and investigations of the 

dwindling bacteria after the disease treatment.  
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Summary and Conclusions 

 

A variety of microbial genome exists throughout the body performing 

indispensible roles human are not capable of. Microbial ecology is 

influenced by two big categorical factors including host genetics and the 

environment. These two factors can be quantified by heritability estimates 

from twin designs. Accordingly, the first aim of this thesis was to assess the 

genetic associations with the skin and the vaginal microbiome of healthy 

Korean twins. Next, obesity is a host pathology clearly associated with the 

microbial ecology where the gut microbiome has been shown to be a 

causative factor in the development of the disease. Evidences of possible 

link between obesity and the microbiome in other anatomical niches have 

been proposed. Here, the second aim of this thesis was to address the 

interaction between obesity and the microbiome in the vagina and the oral 

cavity and further identify specific oral bacteria for prognosis and diagnosis 

of the metabolic disorder. 

 

Prevotella as hub for vagina health under the influence of host genetics 

A recent finding in ethnic differentiations of the major vaginal bacteria, 

Lactobacillus, as well as vaginal pH also suggests potential genetic impacts 

in determination of the vaginal microbiome. Here, we addressed the 

interaction of host genotype and the vaginal microbiome. Heritability 

estimates showed Prevotella as the most heritable bacteria, which were 

strongly anticorrelated with Lactobacillus. Of the number of health 

conditions, bacterial vaginosis and menopause were the two factors 

significantly altering the vaginal microbiota, and Prevotella kept close 

relationship with the bacteria affected by the relevant factors. In the pre-

menopausal women, correlations among Gram-negative anaerobes were 

observed while Gram-positive cocci showed a tight cluster in post-
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menopausal women. Additional genetic analysis confirmed an association 

between marker rs2069812 (allele C) in IL-5 and P. melaninogenica as well 

as plasma WBC concentrations, which is indicative of the effects of host 

genetics on immune modulation and vaginal bacteria.  

 

Obesity and microbial dysbiosis in female vagina 

Growing evidences indicate that obesity may influence the vaginal 

microbiota: obese rats had infertility and irregular estrous cycle where 

human showed similar health outcomes due to obesity. An epidemiological 

observation showed increased diversity of the vaginal microbiota, indicative 

of microbial dysbiosis in the vagina where predominant bacteria are 

Lactobacilli. Correlation analysis with obese parameters confirmed the link 

between underappreciated bacteria such as Porphyromonas, 

Corynebacterium, Staphylococcus, Anaerococcus, and Peptonilphilus and 

increased waist-hip ratio. Obesity induced by a HFD in female mice induced 

a significantly increased microbial diversity as well as pathogenic bacteria 

in the vagina. Vaginal bacteria transplants across the opposite diet (HFD 

and CTD) proved the metabolic endotoxemia could be caused by the vaginal 

microbiota supporting the role of pathogenic vaginal bacteria in systemic 

inflammation.  

 

The human oral microbiota in diagnosis of metabolic syndrome 

Metabolic syndrome (MetS) is a medical condition characterized by 

elevated waist circumference, triglycerides, blood pressure, fasting serum 

glucose, and reduced HDL cholesterol. Association of the gut microbiota 

with such systemic disorder has been widely investigated, but not with non-

gut human microbiome. Accordingly, the impact of the metabolic syndrome 

on the oral microbiome was analyzed in this thesis, and the results identified 

specific oral bacteria associated with the metabolic disorder. MetS 
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significantly increased the community diversity in the oral cavity. Network 

analysis confirmed a discrete cluster of oral bacteria in the MetS group. 

Stepwise investigation of univariate and multivariate analysis identified 

Granulicatella and Neisseria in enriched in MetS and Peptococcus in health 

controls. Validation of the in silico analysis by SYBR qPCR supported the 

increased levels of Granulicatella in individuals with MetS as well as a 

significant association of the bacteria with the elevated blood pressure. 

Additionally, the ratio of Peptococcus to Granulicatella was significantly 

higher in the MetS group, which provides another index reflective of the 

metabolic disorder. 

 

In this thesis, analysis was performed in silico, in vitro, and in vivo analysis 

to determine the role of host health as well as obesity in shaping of the 

microbial ecology on the human body. The results confirmed the potential 

links between the systemic disorder and non-gut human microbiome. Future 

studies would be needed on the application of the biomarker identified in 

this thesis as well as replication studies in confirmation of the genotype 

association.  

 

 

 

 

 

 

 

 

 

 

 



98 

 

References 

 

1. Eckburg, P.B., E.M. Bik, and others. Diversity of the human intestinal 

microbial flora. Science, 2005. 308(5728): p. 1635-1638. 

2. Suau, A., R. Bonnet, and others. Direct analysis of genes encoding 16S 

rRNA from complex communities reveals many novel molecular species 

within the human gut. Appl Environ Microbiol, 1999. 65(11): p. 4799-

4807. 

3. Peterson, J., S. Garges, and others. The NIH Human Microbiome Project. 

Genome Res, 2009. 19(12): p. 2317-2323. 

4. Roth, R.R. and W.D. James. Microbial ecology of the skin. Annu Rev 

Microbiol, 1988. 42(1): p. 441-464. 

5. Sekirov, I., S.L. Russell, and others. Gut microbiota in health and disease. 

Physiol Rev, 2010. 90(3): p. 859-904. 

6. Sleator, R.D. The human superorganism - of microbes and men. Med 

Hypotheses, 2010. 74(2): p. 214-215. 

7. Eberl, G. A new vision of immunity: homeostasis of the superorganism. 

Mucosal Immunol, 2010. 3(5): p. 450-460. 

8. Buchon, N., N.A. Broderick, and others. Invasive and indigenous 

microbiota impact intestinal stem cell activity through multiple pathways 

in Drosophila. Genes Dev, 2009. 23(19): p. 2333-2344. 

9. Duerkop, B.A., S. Vaishnava, and others. Immune responses to the 

microbiota at the intestinal mucosal surface. Immunity, 2009. 31(3): p. 

368-376. 

10. Brandl, K., G. Plitas, and others. Vancomycin-resistant enterococci exploit 

antibiotic-induced innate immune deficits. Nature, 2008. 455(7214): p. 

804-807. 

11. Consortium. The Integrative Human Microbiome Project: dynamic 

analysis of microbiome-host omics profiles during periods of human 

health and disease. Cell Host Microbe, 2014. 16(3): p. 276-289. 

12. Visscher, P.M., W.G. Hill, and others. Heritability in the genomics era--

concepts and misconceptions. Nat Rev Genet, 2008. 9(4): p. 255-266. 

13. Tellegen, A., D.T. Lykken, and others. Personality similarity in twins reared 

apart and together. J Pers Soc Psychol, 1988. 54(6): p. 1031-1039. 



99 

 

14. Yang, J., B. Benyamin, and others. Common SNPs explain a large 

proportion of the heritability for human height. Nat Genet, 2010. 42(7): 

p. 565-569. 

15. Sturm, R.A. and M. Larsson. Genetics of human iris colour and patterns. 

Pigment Cell Melanoma Res, 2009. 22(5): p. 544-562. 

16. Jostins, L., S. Ripke, and others. Host-microbe interactions have shaped 

the genetic architecture of inflammatory bowel disease. Nature, 2012. 

491(7422): p. 119-124. 

17. Thorleifsson, G., G.B. Walters, and others. Genome-wide association 

yields new sequence variants at seven loci that associate with measures 

of obesity. Nat Genet, 2009. 41(1): p. 18-24. 

18. Goodman, S.H. and I.H. Gotlib. Risk for psychopathology in the children 

of depressed mothers: a developmental model for understanding 

mechanisms of transmission. Psychol Rev, 1999. 106(3): p. 458-490. 

19. Turnbaugh, P.J., M. Hamady, and others. A core gut microbiome in obese 

and lean twins. Nature, 2009. 457(7228): p. 480-484. 

20. Yatsunenko, T., F.E. Rey, and others. Human gut microbiome viewed 

across age and geography. Nature, 2012. 486(7402): p. 222-227. 

21. Goodrich, J.K., J.L. Waters, and others. Human genetics shape the gut 

microbiome. Cell, 2014. 159(4): p. 789-799. 

22. Knights, D., M.S. Silverberg, and others. Complex host genetics influence 

the microbiome in inflammatory bowel disease. Genome Med, 2014. 

6(12): p. 107. 

23. Murphy, K., O.S. CA, and others. The gut microbiota composition in 

dichorionic triplet sets suggests a role for host genetic factors. PLoS 

One, 2015. 10(4): p. e0122561. 

24. Kovacs, A., N. Ben-Jacob, and others. Genotype is a stronger 

determinant than sex of the mouse gut microbiota. Microb Ecol, 2011. 

61(2): p. 423-428. 

25. Zhao, L., G. Wang, and others. Quantitative genetic background of the 

host influences gut microbiomes in chickens. Sci Rep, 2013. 3: p. 1163. 

26. Org, E., B.W. Parks, and others. Genetic and environmental control of 

host-gut microbiota interactions. Genome Res, 2015. 25(10): p. 1558-

1569. 



100 

 

27. Gielen, M., P.J. Lindsey, and others. Modeling genetic and environmental 

factors to increase heritability and ease the identification of candidate 

genes for birth weight: a twin study. Behav Genet, 2008. 38(1): p. 44-54. 

28. Kendler, K.S., M.C. Neale, and others. A test of the equal-environment 

assumption in twin studies of psychiatric illness. Behav Genet, 1993. 

23(1): p. 21-27. 

29. Derks, E.M., C.V. Dolan, and others. A test of the equal environment 

assumption (EEA) in multivariate twin studies. Twin Res Hum Genet, 

2006. 9(3): p. 403-411. 

30. LoParo, D. and I. Waldman. Twins' rearing environment similarity and 

childhood externalizing disorders: a test of the equal environments 

assumption. Behav Genet, 2014. 44(6): p. 606-613. 

31. Hong, E.P. and J.W. Park. Sample Size and Statistical Power Calculation in 

Genetic Association Studies. Genomics & Informatics, 2012. 10(2): p. 

117-122. 

32. Khachatryan, Z.A., Z.A. Ktsoyan, and others. Predominant role of host 

genetics in controlling the composition of gut microbiota. PLoS One, 

2008. 3(8): p. e3064. 

33. Tong, M., I. McHardy, and others. Reprograming of gut microbiome 

energy metabolism by the FUT2 Crohn's disease risk polymorphism. 

Isme j, 2014. 8(11): p. 2193-206. 

34. Ley, R.E., F. Backhed, and others. Obesity alters gut microbial ecology. 

Proc Natl Acad Sci U S A, 2005. 102(31): p. 11070-11075. 

35. Turnbaugh, P.J., R.E. Ley, and others. An obesity-associated gut 

microbiome with increased capacity for energy harvest. Nature, 2006. 

444(7122): p. 1027-1031. 

36. Ley, R.E., P.J. Turnbaugh, and others. Microbial ecology: human gut 

microbes associated with obesity. Nature, 2006. 444(7122): p. 1022-1023. 

37. Wellen, K.E. and G.S. Hotamisligil. Inflammation, stress, and diabetes. J 

Clin Invest, 2005. 115(5): p. 1111-1119. 

38. Cani, P.D., J. Amar, and others. Metabolic endotoxemia initiates obesity 

and insulin resistance. Diabetes, 2007. 56(7): p. 1761-1772. 

39. Cani, P.D., R. Bibiloni, and others. Changes in gut microbiota control 

metabolic endotoxemia-induced inflammation in high-fat diet-induced 



101 

 

obesity and diabetes in mice. Diabetes, 2008. 57(6): p. 1470-1481. 

40. Ghoshal, S., J. Witta, and others. Chylomicrons promote intestinal 

absorption of lipopolysaccharides. J Lipid Res, 2009. 50(1): p. 90-97. 

41. Goodson, J.M., D. Groppo, and others. Is obesity an oral bacterial 

disease? J Dent Res, 2009. 88(6): p. 519-523. 

42. Oh, H.Y., S.S. Seo, and others. Association between Obesity and Cervical 

Microflora Dominated by Lactobacillus iners in Korean Women. J Clin 

Microbiol, 2015. 53(10): p. 3304-3309. 

43. Harris, K., A. Kassis, and others. Is the gut microbiota a new factor 

contributing to obesity and its metabolic disorders? J Obes, 2012. 2012: 

p. 879151. 

44. Pihlstrom, B.L., B.S. Michalowicz, and others. Periodontal diseases. Lancet, 

2005. 366(9499): p. 1809-1820. 

45. Socransky, S.S., C. Smith, and others. Subgingival microbial profiles in 

refractory periodontal disease. J Clin Periodontol, 2002. 29(3): p. 260-

268. 

46. Griffen, A.L., C.J. Beall, and others. Distinct and complex bacterial profiles 

in human periodontitis and health revealed by 16S pyrosequencing. 

ISME J, 2012. 6(6): p. 1176-1185. 

47. Haraszthy, V.I., J.J. Zambon, and others. Identification of periodontal 

pathogens in atheromatous plaques. J Periodontol, 2000. 71(10): p. 

1554-1560. 

48. Kozarov, E.V., B.R. Dorn, and others. Human atherosclerotic plaque 

contains viable invasive Actinobacillus actinomycetemcomitans and 

Porphyromonas gingivalis. Arterioscler Thromb Vasc Biol, 2005. 25(3): p. 

e17-18. 

49. Gaetti-Jardim, E., Jr., S.L. Marcelino, and others. Quantitative detection of 

periodontopathic bacteria in atherosclerotic plaques from coronary 

arteries. J Med Microbiol, 2009. 58(Pt 12): p. 1568-1575. 

50. El Kholy, K., R.J. Genco, and others. Oral infections and cardiovascular 

disease. Trends Endocrinol Metab, 2015. 26(6): p. 315-321. 

51. Dietrich, T., P. Sharma, and others. The epidemiological evidence behind 

the association between periodontitis and incident atherosclerotic 

cardiovascular disease. J Periodontol, 2013. 84(4 Suppl): p. S70-84. 



102 

 

52. Tonetti, M.S. and T.E. Van Dyke. Periodontitis and atherosclerotic 

cardiovascular disease: consensus report of the Joint EFP/AAP Workshop 

on Periodontitis and Systemic Diseases. J Periodontol, 2013. 84(4 Suppl): 

p. S24-29. 

53. Reyes, L., D. Herrera, and others. Periodontal bacterial invasion and 

infection: contribution to atherosclerotic pathology. J Clin Periodontol, 

2013. 40 Suppl 14: p. S30-50. 

54. Phillipson, M. and P. Kubes. The neutrophil in vascular inflammation. Nat 

Med, 2011. 17(11): p. 1381-1390. 

55. Geerts, S.O., M. Nys, and others. Systemic release of endotoxins induced 

by gentle mastication: association with periodontitis severity. J 

Periodontol, 2002. 73(1): p. 73-78. 

56. Kinane, D.F., M.P. Riggio, and others. Bacteraemia following periodontal 

procedures. J Clin Periodontol, 2005. 32(7): p. 708-713. 

57. Forner, L., T. Larsen, and others. Incidence of bacteremia after chewing, 

tooth brushing and scaling in individuals with periodontal inflammation. 

J Clin Periodontol, 2006. 33(6): p. 401-407. 

58. Li, L., E. Messas, and others. Porphyromonas gingivalis infection 

accelerates the progression of atherosclerosis in a heterozygous 

apolipoprotein E-deficient murine model. Circulation, 2002. 105(7): p. 

861-867. 

59. Lalla, E., I.B. Lamster, and others. Oral infection with a periodontal 

pathogen accelerates early atherosclerosis in apolipoprotein E-null mice. 

Arterioscler Thromb Vasc Biol, 2003. 23(8): p. 1405-1411. 

60. Libby, P. Coronary artery injury and the biology of atherosclerosis: 

inflammation, thrombosis, and stabilization. Am J Cardiol, 2000. 86(8B): 

p. 3J-8J; discussion 8J-9J. 

61. Slade, G.D., E.M. Ghezzi, and others. Relationship between periodontal 

disease and C-reactive protein among adults in the Atherosclerosis Risk 

in Communities study. Arch Intern Med, 2003. 163(10): p. 1172-1179. 

62. Loos, B.G., J. Craandijk, and others. Elevation of systemic markers related 

to cardiovascular diseases in the peripheral blood of periodontitis 

patients. J Periodontol, 2000. 71(10): p. 1528-1534. 

63. D'Aiuto, F., M. Parkar, and others. Periodontitis and systemic 



103 

 

inflammation: control of the local infection is associated with a 

reduction in serum inflammatory markers. J Dent Res, 2004. 83(2): p. 

156-160. 

64. Koren, O., A. Spor, and others. Human oral, gut, and plaque microbiota 

in patients with atherosclerosis. Proc Natl Acad Sci U S A, 2011. 108 

Suppl 1: p. 4592-4598. 

65. Alberti, K.G., P. Zimmet, and others. The metabolic syndrome--a new 

worldwide definition. Lancet, 2005. 366(9491): p. 1059-1062. 

66. Boskey, E.R., R.A. Cone, and others. Origins of vaginal acidity: high D/L 

lactate ratio is consistent with bacteria being the primary source. Hum 

Reprod, 2001. 16(9): p. 1809-1813. 

67. Klebanoff, S.J., S.L. Hillier, and others. Control of the microbial flora of 

the vagina by H2O2-generating lactobacilli. J Infect Dis, 1991. 164(1): p. 

94-100. 

68. Voravuthikunchai, S.P., S. Bilasoi, and others. Antagonistic activity against 

pathogenic bacteria by human vaginal lactobacilli. Anaerobe, 2006. 12(5-

6): p. 221-226. 

69. Anahtar, M.N., E.H. Byrne, and others. Cervicovaginal bacteria are a 

major modulator of host inflammatory responses in the female genital 

tract. Immunity, 2015. 42(5): p. 965-976. 

70. Ravel, J., P. Gajer, and others. Vaginal microbiome of reproductive-age 

women. Proc Natl Acad Sci U S A, 2010. 15(108): p. 4680-4687. 

71. Zhou, X., C.J. Brown, and others. Differences in the composition of 

vaginal microbial communities found in healthy Caucasian and black 

women. ISME J, 2007. 1(2): p. 121-133. 

72. Zhou, X., M.A. Hansmann, and others. The vaginal bacterial communities 

of Japanese women resemble those of women in other racial groups. 

FEMS Immunol Med Microbiol, 2010. 58(2): p. 169-181. 

73. Barton, P.T., S. Gerber, and others. Interleukin-1 receptor antagonist gene 

polymorphism, vaginal interleukin-1 receptor antagonist concentrations, 

and vaginal Ureaplasma urealyticum colonization in pregnant women. 

Infect Immun, 2003. 71(1): p. 271-274. 

74. Genc, M.R., S. Vardhana, and others. Relationship between a toll-like 

receptor-4 gene polymorphism, bacterial vaginosis-related flora and 



104 

 

vaginal cytokine responses in pregnant women. Eur J Obstet Gynecol 

Reprod Biol, 2004. 116(2): p. 152-156. 

75. Genc, M.R., A.B. Onderdonk, and others. Polymorphism in intron 2 of the 

interleukin-1 receptor antagonist gene, local midtrimester cytokine 

response to vaginal flora, and subsequent preterm birth. Am J Obstet 

Gynecol, 2004. 191(4): p. 1324-1330. 

76. Goepfert, A.R., M. Varner, and others. Differences in inflammatory 

cytokine and Toll-like receptor genes and bacterial vaginosis in 

pregnancy. Am J Obstet Gynecol, 2005. 193(4): p. 1478-1485. 

77. Sung, J., S.I. Cho, and others. Healthy Twin: a twin-family study of Korea-

-protocols and current status. Twin Res Hum Genet, 2006. 9(6): p. 844-

848. 

78. Lee, J.E., S. Lee, and others. Association of the vaginal microbiota with 

human papillomavirus infection in a Korean twin cohort. PLoS One, 2013. 

8(5): p. e63514. 

79. Caporaso, J.G., J. Kuczynski, and others. QIIME allows analysis of high-

throughput community sequencing data. Nat Methods, 2010. 7(5): p. 

335-336. 

80. DeSantis, T.Z., Jr., P. Hugenholtz, and others. NAST: a multiple sequence 

alignment server for comparative analysis of 16S rRNA genes. Nucleic 

Acids Res, 2006. 34(Web Server issue): p. W394-399. 

81. Cole, J.R., Q. Wang, and others. The Ribosomal Database Project: 

improved alignments and new tools for rRNA analysis. Nucleic Acids Res, 

2009. 37(Database issue): p. D141-145. 

82. Haas, B.J., D. Gevers, and others. Chimeric 16S rRNA sequence formation 

and detection in Sanger and 454-pyrosequenced PCR amplicons. 

Genome Res, 2011. 21(3): p. 494-504. 

83. Chao, A. Nonparametric estimation of the number of classes in a 

population. Scan J Stat, 1984. 11(4): p. 265-270. 

84. Segata, N., J. Izard, and others. Metagenomic biomarker discovery and 

explanation. Genome Biol, 2011. 12(6): p. R60. 

85. Morgan, X.C., T.L. Tickle, and others. Dysfunction of the intestinal 

microbiome in inflammatory bowel disease and treatment. Genome Biol, 

2012. 13(9): p. R79. 



105 

 

86. Lozupone, C. and R. Knight. UniFrac: a new phylogenetic method for 

comparing microbial communities. Appl Environ Microbiol, 2005. 71(12): 

p. 8228-8235. 

87. Price, M.N., P.S. Dehal, and others. FastTree 2–approximately maximum-

likelihood trees for large alignments. PLoS One, 2010. 5(3): p. e9490. 

88. Almasy, L. and J. Blangero. Multipoint quantitative-trait linkage analysis 

in general pedigrees. Am J Hum Genet, 1998. 62(5): p. 1198-1211. 

89. Team, R.C. R: A language and environment for statistical computing. 

2014, R foundation for statistical Computing: Vienna, Austria. 

90. Boker, S., M. Neale, and others. OpenMx: An Open Source Extended 

Structural Equation Modeling Framework. Psychometrika, 2011. 76(2): p. 

306-317. 

91. Purcell, S., B. Neale, and others. PLINK: a tool set for whole-genome 

association and population-based linkage analyses. Am J Hum Genet, 

2007. 81(3): p. 559-575. 

92. Langille, M.G., J. Zaneveld, and others. Predictive functional profiling of 

microbial communities using 16S rRNA marker gene sequences. Nat 

Biotechnol, 2013. 31(9): p. 814-821. 

93. Smoot, M.E., K. Ono, and others. Cytoscape 2.8: new features for data 

integration and network visualization. Bioinformatics, 2011. 27(3): p. 

431-432. 

94. Schmidt, T.S., J.F. Matias Rodrigues, and others. Ecological consistency of 

SSU rRNA-based operational taxonomic units at a global scale. PLoS 

Comput Biol, 2014. 10(4): p. e1003594. 

95. O'Byrne, P.M., M.D. Inman, and others. The trials and tribulations of IL-5, 

eosinophils, and allergic asthma. J Allergy Clin Immunol, 2001. 108(4): p. 

503-508. 

96. Clutterbuck, E.J., E.M. Hirst, and others. Human interleukin-5 (IL-5) 

regulates the production of eosinophils in human bone marrow cultures: 

comparison and interaction with IL-1, IL-3, IL-6, and GMCSF. Blood, 1989. 

73(6): p. 1504-1512. 

97. Hillier, S.L. and R.J. Lau. Vaginal microflora in postmenopausal women 

who have not received estrogen replacement therapy. Clin. Infect. Dis., 

1997. 25(Supplement 2): p. S123-S126. 



106 

 

98. Hummelen, R., J.M. Macklaim, and others. Vaginal microbiome and 

epithelial gene array in post-menopausal women with moderate to 

severe dryness. PLoS One, 2011. 6(11): p. e26602. 

99. Visscher, P.M., W.G. Hill, and others. Heritability in the genomics era--

concepts and misconceptions. Nat. Rev. Genet., 2008. 9(4): p. 255-266. 

100. Lim, M.Y., H.J. You, and others. The effect of heritability and host 

genetics on the gut microbiota and metabolic syndrome. Gut, 2016. 

101. Ravel, J., P. Gajer, and others. Vaginal microbiome of reproductive-age 

women. Proc. Natl. Acad. Sci. U. S. A., 2010. 15(108): p. 4680-4687. 

102. Koran, M.E., T.A. Thornton-Wells, and others. Impact of family structure 

and common environment on heritability estimation for neuroimaging 

genetics studies using Sequential Oligogenic Linkage Analysis Routines. 

J. Med. Imaging (Bellingham), 2014. 1(1): p. 014005. 

103. Briselden, A.M., B.J. Moncla, and others. Sialidases (neuraminidases) in 

bacterial vaginosis and bacterial vaginosis-associated microflora. Journal 

of Clinical Microbiology, 1992. 30(3): p. 663-666. 

104. Hill, G.B. The microbiology of bacterial vaginosis. American journal of 

obstetrics and gynecology, 1993. 169(2): p. 450-454. 

105. McDonald, H., J. O'LOUGHLIN, and others. Vaginal infection and preterm 

labour. BJOG: An International Journal of Obstetrics & Gynaecology, 

1991. 98(5): p. 427-435. 

106. Krohn, M.A., S.L. Hillier, and others. Vaginal Bacteroides species are 

associated with an increased rate of preterm delivery among women in 

preterm labor. Journal of Infectious Diseases, 1991. 164(1): p. 88-93. 

107. Hashemi, F.B., M. Ghassemi, and others. Induction of human 

immunodeficiency virus type 1 expression by anaerobes associated with 

bacterial vaginosis. Journal of Infectious Diseases, 2000. 181(5): p. 1574-

1580. 

108. Barton, P.T., S. Gerber, and others. Interleukin-1 receptor antagonist gene 

polymorphism, vaginal interleukin-1 receptor antagonist concentrations, 

and vaginal Ureaplasma urealyticum colonization in pregnant women. 

Infect. Immun., 2003. 71(1): p. 271-274. 

109. Genc, M.R., S. Vardhana, and others. Relationship between a toll-like 

receptor-4 gene polymorphism, bacterial vaginosis-related flora and 



107 

 

vaginal cytokine responses in pregnant women. Eur. J. Obstet. Gynecol. 

Reprod. Biol., 2004. 116(2): p. 152-156. 

110. Genc, M.R., A.B. Onderdonk, and others. Polymorphism in intron 2 of the 

interleukin-1 receptor antagonist gene, local midtrimester cytokine 

response to vaginal flora, and subsequent preterm birth. Am. J. Obstet. 

Gynecol., 2004. 191(4): p. 1324-1330. 

111. Goepfert, A.R., M. Varner, and others. Differences in inflammatory 

cytokine and Toll-like receptor genes and bacterial vaginosis in 

pregnancy. Am. J. Obstet. Gynecol., 2005. 193(4): p. 1478-1485. 

112. O'Byrne, P.M., M.D. Inman, and others. The trials and tribulations of IL-5, 

eosinophils, and allergic asthma. J. Allergy Clin. Immunol., 2001. 108(4): 

p. 503-508. 

113. Robertson, S.A., V.J. Mau, and others. Uterine eosinophils and 

reproductive performance in interleukin 5-deficient mice. J Reprod Fertil, 

2000. 120(2): p. 423-432. 

114. Barnes, P.J. New concepts in the pathogenesis of bronchial 

hyperresponsiveness and asthma. J. Allergy Clin. Immunol., 1989. 83(6): 

p. 1013-1026. 

115. Corren, J. Inhibition of interleukin-5 for the treatment of eosinophilic 

diseases. Discov. Med., 2012. 13(71): p. 305-312. 

116. Jaffe, J.S., S.P. James, and others. Evidence for an abnormal profile of 

interleukin-4 (IL-4), IL-5, and γ-interferon (γ-IFN) in peripheral blood T 

cells from patients with allergic eosinophilic gastroenteritis. Journal of 

clinical immunology, 1994. 14(5): p. 299-309. 

117. Burgel, P.R., S.C. Lazarus, and others. Human eosinophils induce mucin 

production in airway epithelial cells via epidermal growth factor receptor 

activation. J. Immunol., 2001. 167(10): p. 5948-5954. 

118. Mishra, A., M. Wang, and others. Esophageal remodeling develops as a 

consequence of tissue specific IL-5-induced eosinophilia. 

Gastroenterology, 2008. 134(1): p. 204-214. 

119. Shah, H.N. and D.M. Collins. Prevotella, a new genus to include 

Bacteroides melaninogenicus and related species formerly classified in 

the genus Bacteroides. Int. J. Syst. Bacteriol., 1990. 40(2): p. 205-208. 

120. Athanasiou, S., D.K. Matthaiou, and others. Vaginal mesh infection due 



108 

 

to Bacteroides melaninogenicus: a case report of another emerging 

foreign body related infection. Scand. J. Infect. Dis., 2006. 38(11-12): p. 

1108-1110. 

121. Moncla, B.J., P. Braham, and others. Sialidase (neuraminidase) activity 

among gram-negative anaerobic and capnophilic bacteria. J. Clin. 

Microbiol., 1990. 28(3): p. 422-425. 

122. Collaboration, P.S. Body-mass index and cause-specific mortality in 900 

000 adults: collaborative analyses of 57 prospective studies. Lancet, 2009. 

373(9669): p. 1083-1096. 

123. Yanovski, S.Z. and J.A. Yanovski. Obesity. N Engl J Med, 2002. 346(8): p. 

591-602. 

124. Innami, S., M. Yang, and others. The influence of high-fat diets on 

estrous cycles, sperm production and fertility of rats. Exp Biol Med 

(Maywood), 1973. 143(1): p. 63-68. 

125. Bray, G.A. and D.A. York. Hypothalamic and genetic obesity in 

experimental animals: an autonomic and endocrine hypothesis. Physiol 

Rev, 1979. 59(3): p. 719-809. 

126. Bray, G.A., D.A. York, and others. Genetic obesity in rats. I. The effects of 

food restriction on body composition and hypothalamic function. 

Metabolism, 1973. 22(3): p. 435-442. 

127. Hartz, A.J., P.N. Barboriak, and others. The association of obesity with 

infertility and related menstural abnormalities in women. Int J Obes, 

1979. 3(1): p. 57-73. 

128. Hamilton-Fairley, D., D. Kiddy, and others. Association of moderate 

obesity with a poor pregnancy outcome in women with polycystic ovary 

syndrome treated with low dose gonadotrophin. Br J Obstet Gynaecol, 

1992. 99(2): p. 128-131. 

129. Bray, G.A. Obesity and reproduction. Hum Reprod, 1997. 12(suppl 1): p. 

26-32. 

130. Brewer, C.J. and A.H. Balen. The adverse effects of obesity on conception 

and implantation. Reproduction, 2010. 140(3): p. 347-364. 

131. Donders, G.G. Lower Genital Tract Infections in Diabetic Women. Curr 

Infect Dis Rep, 2002. 4(6): p. 536-539. 

132. Benfield, T., J.S. Jensen, and others. Influence of diabetes and 



109 

 

hyperglycaemia on infectious disease hospitalisation and outcome. 

Diabetologia, 2007. 50(3): p. 549-554. 

133. de Leon, E.M., S.J. Jacober, and others. Prevalence and risk factors for 

vaginal Candida colonization in women with type 1 and type 2 diabetes. 

BMC Infect Dis, 2002. 2: p. 1. 

134. Stapleton, R.D., J.M. Kahn, and others. Risk factors for group B 

streptococcal genitourinary tract colonization in pregnant women. 

Obstet Gynecol, 2005. 106(6): p. 1246-1252. 

135. Ogunro, P.S., E.S. Idogun, and others. Serum concentration of acute 

phase protein and lipid profile in HIV-1 seropositive patients and its 

relationship to the progression of the disease. Niger Postgrad Med J, 

2008. 15(4): p. 219-224. 

136. Rose, H., J. Hoy, and others. HIV infection and high density lipoprotein 

metabolism. Atherosclerosis, 2008. 199(1): p. 79-86. 

137. Rovira, E., A. Belda, and others. [The prognostic value of plasma 

triglycerides in human immunodeficiency virus infection]. Rev Clin Esp, 

1995. 195(7): p. 455-458. 

138. Parks, B.W., E. Nam, and others. Genetic control of obesity and gut 

microbiota composition in response to high-fat, high-sucrose diet in 

mice. Cell Metab, 2013. 17(1): p. 141-152. 

139. Saxena, R., B.F. Voight, and others. Genome-wide association analysis 

identifies loci for type 2 diabetes and triglyceride levels. Science, 2007. 

316(5829): p. 1331-1336. 

140. Hotamisligil, G.S. and E. Erbay. Nutrient sensing and inflammation in 

metabolic diseases. Nat Rev Immunol, 2008. 8(12): p. 923. 

141. Brun, P., I. Castagliuolo, and others. Increased intestinal permeability in 

obese mice: new evidence in the pathogenesis of nonalcoholic 

steatohepatitis. Am J Physiol Gastrointest Liver Physiol, 2007. 292(2): p. 

G518-525. 

142. Chao, A. Nonparametric estimation of the number of classes in a 

population. Scandinavian Journal of statistics, 1984: p. 265-270. 

143. Sowers, M., H. Zheng, and others. Changes in body composition in 

women over six years at midlife: ovarian and chronological aging. J Clin 

Endocrinol Metab, 2007. 92(3): p. 895-901. 



110 

 

144. Lobo, R.A. Metabolic syndrome after menopause and the role of 

hormones. Maturitas, 2008. 60(1): p. 10-18. 

145. Summanen, P.H., B. Durmaz, and others. Porphyromonas somerae sp. 

nov., a Pathogen Isolated from Humans and Distinct from 

Porphyromonas levii. J Clin Microbiol, 2005. 43(9): p. 4455-4459. 

146. Veeh, R.H., M.E. Shirtliff, and others. Detection of Staphylococcus aureus 

biofilm on tampons and menses components. J Infect Dis, 2003. 188(4): 

p. 519-530. 

147. Gupta, P.K. and J.D. Woodruff. Actinomyces in vaginal smears. JAMA, 

1982. 247(8): p. 1175-1176. 

148. Ma, B., L.J. Forney, and others. The vaginal microbiome: rethinking health 

and diseases. Annual review of microbiology, 2012. 66: p. 371-389. 

149. Byers, S.L., M.V. Wiles, and others. Mouse estrous cycle identification 

tool and images. PLoS One, 2012. 7(4): p. e35538. 

150. Rogers, J. and G.W. Mitchell, Jr. The relation of obesity to menstrual 

disturbances. N Engl J Med, 1952. 247(2): p. 53-55. 

151. Glick, Z., S. Yamini, and others. Estrous cycle irregularities in overfed rats. 

Physiol Behav, 1990. 47(2): p. 307-310. 

152. Harishankar, N., P. Ravinder, and others. Infertility in WNIN Obese 

Mutant Rats—Causes? ISRN endocrinol, 2011. 2011. 

153. Ley, R.E. Obesity and the human microbiome. Curr Opin Gastroenterol, 

2010. 26(1): p. 5-11. 

154. Asarian, L. and N. Geary. Cyclic estradiol treatment normalizes body 

weight and restores physiological patterns of spontaneous feeding and 

sexual receptivity in ovariectomized rats. Horm Behav, 2002. 42(4): p. 

461-71. 

155. Litwak, S.A., J.L. Wilson, and others. Estradiol prevents fat accumulation 

and overcomes leptin resistance in female high-fat diet mice. 

Endocrinology, 2014. 155(11): p. 4447-4460. 

156. Haslam, D.W. and W.P.T. James. Obesity. Lancet, 2005. 366(9492): p. 

1197-1209. 

157. Desroches, S. and B. Lamarche. The evolving definitions and increasing 

prevalence of the metabolic syndrome. Applied Physiology, Nutrition, 

and Metabolism, 2007. 32(1): p. 23-32. 



111 

 

158. Kolovou, G.D., K.K. Anagnostopoulou, and others. The prevalence of 

metabolic syndrome in various populations. The American journal of the 

medical sciences, 2007. 333(6): p. 362-371. 

159. Kaur, J. A comprehensive review on metabolic syndrome. Cardiology 

research and practice, 2014. 2014. 

160. Yoshizawa, J.M., C.A. Schafer, and others. Salivary biomarkers: toward 

future clinical and diagnostic utilities. Clin Microbiol Rev, 2013. 26(4): p. 

781-791. 

161. Demmer, R.T. and M. Desvarieux. Periodontal infections and 

cardiovascular disease: the heart of the matter. J Am Dent Assoc, 2006. 

137 Suppl: p. 14S-20S; quiz 38S. 

162. Armitage, G.C. Periodontal infections and cardiovascular disease--how 

strong is the association? Oral Dis, 2000. 6(6): p. 335-350. 

163. Ohara-Nemoto, Y., K. Kishi, and others. Infective endocarditis caused by 

Granulicatella elegans originating in the oral cavity. J Clin Microbiol, 

2005. 43(3): p. 1405-1407. 

164. Shailaja, T., K. Sathiavathy, and others. Infective endocarditis caused by 

Granulicatella adiacens. Indian Heart J, 2013. 65(4): p. 447-449. 

165. Valenzuela, G.A., T.D. Davis, and others. Infective endocarditis due to 

Neisseria sicca and associated with intravenous drug abuse. South Med 

J, 1992. 85(9): p. 929. 

166. Armingohar, Z., J.J. Jorgensen, and others. Bacteria and bacterial DNA in 

atherosclerotic plaque and aneurysmal wall biopsies from patients with 

and without periodontitis. J Oral Microbiol, 2014. 6. 

167. Farrell, J.J., L. Zhang, and others. Variations of oral microbiota are 

associated with pancreatic diseases including pancreatic cancer. Gut, 

2012. 61(4): p. 582-588. 

168. Zhang, X., D. Zhang, and others. The oral and gut microbiomes are 

perturbed in rheumatoid arthritis and partly normalized after treatment. 

Nat Med, 2015. 21(8): p. 895-905. 

169. Yan, X., M. Yang, and others. Discovery and validation of potential 

bacterial biomarkers for lung cancer. Am J Cancer Res, 2015. 5(10): p. 

3111-3122. 

170. Abubucker, S., N. Segata, and others. Metabolic reconstruction for 



112 

 

metagenomic data and its application to the human microbiome. PLoS 

Comput Biol, 2012. 8(6): p. e1002358. 

171. Rekha, R., M. Alam Rizvi, and others. Designing and validation of genus-

specific primers for human gut flora study. Electron J Biotechnol, 2006. 

9(5). 

172. Lansac, N., F.J. Picard, and others. Novel genus-specific PCR-based 

assays for rapid identification of Neisseria species and Neisseria 

meningitidis. Eur J Clin Microbiol Infect Dis, 2000. 19(6): p. 443-451. 

173. Kozarov, E., D. Sweier, and others. Detection of bacterial DNA in 

atheromatous plaques by quantitative PCR. Microbes Infect, 2006. 8(3): 

p. 687-693. 

174. Fiehn, N.E., T. Larsen, and others. Identification of periodontal pathogens 

in atherosclerotic vessels. J Periodontol, 2005. 76(5): p. 731-736. 

175. Ciubotaru, I., S.J. Green, and others. Significant differences in fecal 

microbiota are associated with various stages of glucose tolerance in 

African American male veterans. Transl Res, 2015. 166(5): p. 401-411. 

176. Roth, G.D. and V. Flanagan. The pathogenicity of Rothia dentocariosa 

inoculated into mice. J Dent Res, 1969. 48(5): p. 957-958. 

177. Wong, M. and R. Chan. Atypical presentation of Cardiobacterium 

hominis endocarditis. CMAJ, 1982. 127(6): p. 511. 

178. Assmann, G. and A.M. Gotto, Jr. HDL cholesterol and protective factors 

in atherosclerosis. Circulation, 2004. 109(23 Suppl 1): p. III8-14. 

179. Badimon, L. and G. Vilahur. LDL-cholesterol versus HDL-cholesterol in 

the atherosclerotic plaque: inflammatory resolution versus thrombotic 

chaos. Ann N Y Acad Sci, 2012. 1254: p. 18-32. 

180. Choi, B.G., G. Vilahur, and others. The role of high-density lipoprotein 

cholesterol in the prevention and possible treatment of cardiovascular 

diseases. Curr Mol Med, 2006. 6(5): p. 571-587. 

181. Taldir, G., P. Parize, and others. Acute right-sided heart failure caused by 

Neisseria meningitidis. J Clin Microbiol, 2013. 51(1): p. 363-365. 

182. Benes, J., O. Dzupova, and others. Infective endocarditis due to Neisseria 

meningitidis: two case reports. Clin Microbiol Infect, 2003. 9(10): p. 

1062-1064. 

183. Ahn, H.Y., M. Kim, and others. The triglyceride-lowering effect of 



113 

 

supplementation with dual probiotic strains, Lactobacillus curvatus 

HY7601 and Lactobacillus plantarum KY1032: Reduction of fasting 

plasma lysophosphatidylcholines in nondiabetic and 

hypertriglyceridemic subjects. Nutr Metab Cardiovasc Dis, 2015. 25(8): p. 

724-733. 

184. Ahn, H.Y., M. Kim, and others. Supplementation with two probiotic 

strains, Lactobacillus curvatus HY7601 and Lactobacillus plantarum 

KY1032, reduces fasting triglycerides and enhances apolipoprotein A-V 

levels in non-diabetic subjects with hypertriglyceridemia. Atherosclerosis, 

2015. 241(2): p. 649-656. 

185. Zavisic, G., S. Petricevic, and others. Probiotic features of two oral 

Lactobacillus isolates. Braz J Microbiol, 2012. 43(1): p. 418-428. 

186. Jiang, W., Z. Ling, and others. Pyrosequencing analysis of oral microbiota 

shifting in various caries states in childhood. Microb Ecol, 2014. 67(4): p. 

962-969. 

187. Bizzarro, S., B.G. Loos, and others. Subgingival microbiome in smokers 

and non-smokers in periodontitis: an exploratory study using traditional 

targeted techniques and a next-generation sequencing. J Clin 

Periodontol, 2013. 40(5): p. 483-492. 

188. Chen, X., B. Winckler, and others. Oral Microbiota and Risk for 

Esophageal Squamous Cell Carcinoma in a High-Risk Area of China. 

PLoS One, 2015. 10(12): p. e0143603. 

189. Dowd, S.E., Y. Sun, and others. Survey of bacterial diversity in chronic 

wounds using pyrosequencing, DGGE, and full ribosome shotgun 

sequencing. BMC Microbiol, 2008. 8: p. 43. 

190. Okada, Y., K. Kitada, and others. Endocardiac infectivity and binding to 

extracellular matrix proteins of oral Abiotrophia species. FEMS Immunol 

Med Microbiol, 2000. 27(3): p. 257-261. 

 



114 

 

Appendices 

 

Table A2.1a Range of bacterial abundances in premenopausal women (normal) 

Mean Min. Max Median 

Lactobacillus 0.64401  0.00112  0.97446  0.90031  

Gardnerella 0.06932  0.00013  0.94875  0.00148  

Sneathia 0.05634  0.00008  0.79348  0.00050  

Prevotella 0.05498  0.00006  0.67938  0.00110  

Bacillus 0.04335  0 0.82531  0.00050  

Streptococcus 0.01294  0 0.87149  0.00015  

Megasphaera 0.01075  0 0.16705  0.00013  

Clostridium 0.00855  0 0.22672  0.00010  

Mycoplasma 0.00724  0 0.40435  0.00005  

Veillonella 0.00680  0 0.51070  0.00007  

Ureaplasma 0.00495  0 0.09149  0.00036  

Shuttleworthia 0.00192  0 0.18766  0.00002  

Anaerococcus 0.00184  0 0.10920  0.00008  

Bifidobacterium 0.00156  0 0.29350  0.00002  
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Table A2.1b Range of bacterial abundances in postmenopausal women (normal) 

Mean Min. Max Median 

Lactobacillus 0.24401  0.00067  0.97181  0.00917  

Prevotella 0.11439  0.00019  0.88846  0.02315  

Gardnerella 0.09097  0.00010  0.82560  0.00278  

Bacillus 0.08827  0.00002  0.89774  0.00050  

Streptococcus 0.05082  0 0.90187  0.00078  

Sneathia 0.03391  0.00008  0.57702  0.00053  

Anaerococcus 0.02417  0 0.25060  0.00210  

Porphyromonas 0.02299  0 0.31112  0.00028  

Veillonella 0.01656  0 0.61935  0.00014  

Peptoniphilus 0.01537  0 0.12524  0.00217  

Sphingomonas 0.01038  0 0.15790  0.00113  

Campylobacter 0.01033  0 0.14898  0.00019  

Corynebacterium 0.00942  0 0.17299  0.00085  

Ureaplasma 0.00938  0 0.38157  0.00014  
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Table A2.1c Range of bacterial abundances in premenopausal women (BV) 

Mean Min. Max Median 

Prevotella 0.27384  0.00020  0.74288  0.26984  
Sneathia 0.19432  0.00048  0.55707  0.12549  
Gardnerella 0.11142  0.00084  0.27511  0.10149  
Lactobacillus 0.08638  0.00134  0.94105  0.00518  
Megasphaera 0.07190  0.00003  0.50360  0.03953  
Clostridium 0.03225  0.00008  0.10430  0.02767  
Bacillus 0.02715  0 0.36014  0.00028  
Mycoplasma 0.02365  0 0.20032  0.00320  
Shuttleworthia 0.02009  0 0.13362  0.00404  
Porphyromonas 0.00513  0 0.04783  0.00007  
Dialister 0.00232  0 0.01151  0.00148  
Ureaplasma 0.00173  0 0.02538  0.00019  
Peptoniphilus 0.00136  0 0.00576  0.00075  
Aerococcus 0.00069  0 0.00659  0.00003  
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Table A2.1d Range of bacterial abundances in postmenopausal women (BV) 

Mean Min. Max Median 

Prevotella 0.20158  0.12971  0.29216  0.18820  

Bacillus 0.19399  0.00006  0.62748  0.00028  

Sneathia 0.12986  0.00339  0.26598  0.11141  

Gardnerella 0.11891  0.03790  0.23706  0.08006  

Megasphaera 0.07081  0.02163  0.15575  0.07417  

Mycoplasma 0.04340  0 0.21174  0.00154  

Clostridium 0.02622  0.00732  0.07278  0.01457  

Shuttleworthia 0.02199  0.00002  0.10982  0.00003  

Sutterella 0.01393  0 0.06966  0 

Lactobacillus 0.01374  0.00412  0.02394  0.01638  

Peptoniphilus 0.00574  0.00424  0.00731  0.00565  

Porphyromonas 0.00339  0.00034  0.01089  0.00043  

Veillonella 0.00312  0.00003  0.01527  0.00006  

Dialister 0.00216  0.00008  0.00408  0.00210  
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Table A2.1e Range of bacterial abundances in premenopausal women (cervicitis) 

Mean Min. Max Median 

Lactobacillus 0.66971  0.00082  0.97078  0.91776  

Prevotella 0.08977  0.00028  0.72304  0.00102  

Gardnerella 0.04110  0.00035  0.49838  0.00111  

Sneathia 0.03349  0.00019  0.44268  0.00053  

Bacillus 0.03160  0.00014  0.61674  0.00060  

Streptococcus 0.02385  0.00004  0.68083  0.00020  

Megasphaera 0.01489  0 0.34553  0.00015  

Mycoplasma 0.01254  0 0.44608  0.00005  

Bifidobacterium 0.00430  0 0.25188  0 

Shuttleworthia 0.00362  0 0.16069  0.00002  

Ureaplasma 0.00312  0 0.07959  0.00017  

Veillonella 0.00258  0 0.09403  0.00009  

Clostridium 0.00232  0 0.05485  0.00009  

Enhydrobacter 0.00147  0 0.07726  0.00003  
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Table A2.1f Range of bacterial abundances in postmenopausal women (cervicitis) 

Mean Min. Max Median 

Lactobacillus 0.27505  0.00115  0.95166  0.00780  

Bacillus 0.18981  0.00011  0.89205  0.00071  

Prevotella 0.15112  0.00033  0.80958  0.00847  

Gardnerella 0.07939  0.00024  0.73783  0.00338  

Sneathia 0.06410  0.00019  0.67235  0.00061  

Haemophilus 0.02868  0 0.82745  0.00003  

Staphylococcus 0.01131  0 0.37623  0.00015  

Mycoplasma 0.01005  0 0.17812  0.00005  

Clostridium 0.00621  0 0.06849  0.00010  

Enhydrobacter 0.00566  0 0.15479  0.00022  

Peptoniphilus 0.00537  0 0.09286  0.00035  

Pseudomonas 0.00453  0 0.13801  0.00034  

Streptococcus 0.00399  0.00003  0.10817  0.00034  

Ureaplasma 0.00397  0 0.04791  0.00007  
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Table A2.1g Range of bacterial abundances in premenopausal women (HPV) 

Mean Min. Max Median 

Lactobacillus 0.55434  0.00186  0.96484  0.82886  

Sneathia 0.11554  0.00028  0.70199  0.00087  

Prevotella 0.08272  0.00059  0.59929  0.00457  

Gardnerella 0.06860  0.00045  0.38906  0.00233  

Clostridium 0.02253  0 0.28741  0.00014  

Mycoplasma 0.01850  0 0.32487  0.00005  

Bacillus 0.01808  0.00006  0.47541  0.00045  

Megasphaera 0.01612  0 0.08646  0.00017  

Veillonella 0.01008  0 0.25169  0.00014  

Ureaplasma 0.00741  0 0.04061  0.00046  

Shuttleworthia 0.00563  0 0.06608  0.00003  

Haemophilus 0.00439  0 0.11766  0.00004  

Streptococcus 0.00378  0.00004  0.04946  0.00018  

Porphyromonas 0.00163  0 0.01724  0.00009  
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Table A2.1h Range of bacterial abundances in postmenopausal women (HPV) 

Mean Min. Max Median 

Prevotella 0.22713  0.00018  0.67346  0.15220  

Lactobacillus 0.08547  0.00160  0.97114  0.00544  

Gardnerella 0.07819  0.00020  0.42112  0.00282  

Sneathia 0.07473  0.00024  0.46207  0.00100  

Bacillus 0.07445  0 0.89066  0.00017  

Sphingomonas 0.04049  0.00003  0.45170  0.00021  

Anaerococcus 0.03087  0 0.14095  0.00834  

Mycoplasma 0.02787  0 0.29228  0.00005  

Porphyromonas 0.02754  0 0.19823  0.00059  

Veillonella 0.02357  0 0.28073  0.00006  

Finegoldia 0.01844  0 0.11017  0.00130  

Peptoniphilus 0.01755  0.00001  0.08604  0.00629  

Megasphaera 0.01627  0.00007  0.11826  0.00030  

Streptococcus 0.01413  0 0.05245  0.00342  
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Table A2.2 Top 50 heritability estimates of the vaginal microbiota (SOLAR) 

Taxonomy OTU no. OTU H2ra 
p.H2r
b 

q.H2r
c 

se.H2rd 

NA 1039527 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_ 

0.537 0.001 0.001 0.134 

k_Bacteria;p_Actinobacteria;c_Actinobact
eria;o_Bifidobacteriales;f_Bifidobacteriac
eae;g_Bifidobacterium;Other 

NA NA 0.504 0.001 0.002 0.139 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia
;o_Bacteroidales;f_Prevotellaceae;g_Prev
otella;s_melaninogenica 

NA NA 0.43 0.001 0.003 0.122 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lact
obacillales;f_Streptococcaceae;g_;s_ 

NA NA 0.426 0.001 0.01 0.14 

NA 620093 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_iners 

0.406 0.001 0.003 0.116 

k_Bacteria;p_Fusobacteria;c_Fusobacteria
;o_Fusobacteriales;f_Leptotrichiaceae;Oth
er;Other 

NA NA 0.404 0.001 0.001 0.104 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lact
obacillales;f_Streptococcaceae;g_Streptoc
occus;Other 

NA NA 0.395 0.001 0.001 0.104 

NA 137183 
k_Bacteria; p_Actinobacteria; 
c_Actinobacteria; o_Bifidobacteriales; 
f_Bifidobacteriaceae; g_Gardnerella; s_ 

0.381 0.003 0.024 0.135 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia
;o_Bacteroidales;f_Bacteroidaceae;g_Bact
eroides;s_ovatus 

NA NA 0.38 0.001 0.001 0.096 

k_Bacteria;p_Firmicutes;c_Clostridia;o_C
lostridiales;f_Lachnospiraceae;g_;s_ 

NA NA 0.379 0.001 0.002 0.112 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lact
obacillales;f_Streptococcaceae;Other;Othe
r 

NA NA 0.369 0.002 0.017 0.134 
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Taxonomy OTU no. OTU H2ra 
p.H2r
b 

q.H2r
c 

se.H2rd 

k_Bacteria;p_Fusobacteria;c_Fusobacteria
;o_Fusobacteriales;f_Fusobacteriaceae;g_
Fusobacterium;s_ 

NA NA 0.369 0.002 0.017 0.126 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lact
obacillales;f_Enterococcaceae;g_Enteroco
ccus;Other 

NA NA 0.361 0.001 0.01 0.123 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Baci
llales;f_Planococcaceae;Other;Other 

NA NA 0.359 0.001 0.003 0.112 

NA 749363 

k_Bacteria; p_Bacteroidetes; 
c_Sphingobacteriia; 
o_Sphingobacteriales; 
f_Chitinophagaceae; g_; s_ 

0.355 0.001 0.007 0.121 

k_Bacteria;p_Proteobacteria;c_Gammapro
teobacteria;o_Enterobacteriales;f_Enterob
acteriaceae;g_Escherichia;s_ 

NA NA 0.353 0.001 0.002 0.097 

k_Bacteria;p_Actinobacteria;c_Actinobact
eria;o_Actinomycetales;f_Actinomycetace
ae;g_Mobiluncus;s_ 

NA NA 0.345 0.006 0.04 0.14 

k_Bacteria;p_Proteobacteria;c_Gammapro
teobacteria;o_Pseudomonadales;f_Pseudo
monadaceae;Other;Other 

NA NA 0.34 0.001 0.001 0.091 

NA 137836 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Bacillales; f_Bacillaceae; g_Bacillus; 
s_muralis 

0.338 0.001 0.001 0.104 

NA 3426104 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Bacillales; f_Bacillaceae; g_Bacillus 

0.335 0.001 0.001 0.103 

k_Bacteria;p_Proteobacteria;Other;Other;
Other;Other;Other 

NA NA 0.332 0.003 0.022 0.122 

NA 381982 
k_Bacteria; p_Firmicutes; c_Clostridia; 
o_Clostridiales; f_Lachnospiraceae; 
g_Shuttleworthia; s_ 

0.331 0.001 0.001 0.074 

NA 745461 k_Bacteria; p_Firmicutes; c_Bacilli; 0.327 0.002 0.017 0.12 
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Taxonomy OTU no. OTU H2ra 
p.H2r
b 

q.H2r
c 

se.H2rd 

o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_iners 

NA 134477 
k_Bacteria; p_Actinobacteria; 
c_Actinobacteria; o_Bifidobacteriales; 
f_Bifidobacteriaceae; g_Gardnerella; s_ 

0.326 0.001 0.001 0.067 

k_Bacteria;p_Firmicutes;c_Clostridia;o_C
lostridiales;f_Peptostreptococcaceae;g_Pe
ptostreptococcus;s_anaerobius 

NA NA 0.325 0.003 0.024 0.122 

NA 264153 
k_Bacteria; p_Tenericutes; c_Mollicutes; 
o_Mycoplasmatales; 
f_Mycoplasmataceae; g_Ureaplasma; s_ 

0.322 0.004 0.027 0.121 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lact
obacillales;f_Streptococcaceae;g_Streptoc
occus;s_infantis 

NA NA 0.321 0.001 0.01 0.113 

NA 259751 

k_Bacteria; p_Proteobacteria; 
c_Gammaproteobacteria; 
o_Pseudomonadales; f_Moraxellaceae; 
g_Enhydrobacter; s_ 

0.32 0.003 0.022 0.123 

NA 360109 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_crispatus 

0.317 0.011 0.065 0.15 

NA 105608 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Streptococcaceae; 
g_Streptococcus; s_infantis 

0.31 0.002 0.017 0.111 

k_Bacteria;p_Proteobacteria;c_Gammapro
teobacteria;o_Pseudomonadales;f_Moraxe
llaceae;g_Enhydrobacter;s_ 

NA NA 0.309 0.002 0.017 0.115 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia
;o_Bacteroidales;f_Bacteroidaceae;g_Bact
eroides;s_ 

NA NA 0.306 0.001 0.01 0.102 

NA 321612 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Bacillales; f_Bacillaceae; g_Bacillus; 

0.302 0.001 0.001 0.099 
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Taxonomy OTU no. OTU H2ra 
p.H2r
b 

q.H2r
c 

se.H2rd 

s_muralis 

NA 
denovo46
661 

k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_ 

0.299 0.015 0.076 0.143 

k_Bacteria;p_Cyanobacteria;c_Chloroplas
t;o_Streptophyta;f_;g_;s_ 

NA NA 0.297 0.005 0.035 0.121 

k_Bacteria;p_Proteobacteria;c_Gammapro
teobacteria;Other;Other;Other;Other 

NA NA 0.294 0.004 0.028 0.114 

NA 210547 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_copri 

0.293 0.001 0.007 0.096 

NA 610984 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_ 

0.289 0.001 0.002 0.075 

k_Bacteria;p_Actinobacteria;c_Actinobact
eria;o_Actinomycetales;f_Micrococcaceae
;g_Micrococcus;s_luteus 

NA NA 0.276 0.008 0.051 0.119 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia
;o_Bacteroidales;f_Prevotellaceae;g_Prev
otella;s_copri 

NA NA 0.276 0.002 0.017 0.099 

NA 132372 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_ 

0.276 0.001 0.001 0.069 

k_Bacteria;p_Firmicutes;c_Clostridia;o_C
lostridiales;f_Ruminococcaceae;g_Rumin
ococcus;Other 

NA NA 0.274 0.004 0.027 0.11 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia
;o_Bacteroidales;f_Bacteroidaceae;g_Bact
eroides;Other 

NA NA 0.274 0.001 0.011 0.098 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Baci
llales;f_Staphylococcaceae;g_Staphylococ
cus;s_haemolyticus 

NA NA 0.274 0.009 0.056 0.126 
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Taxonomy OTU no. OTU H2ra 
p.H2r
b 

q.H2r
c 

se.H2rd 

NA 632959 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_ 

0.266 0.013 0.073 0.126 

k_Bacteria;p_Actinobacteria;c_Actinobact
eria;o_Actinomycetales;f_Actinomycetace
ae;Other;Other 

NA NA 0.266 0.012 0.065 0.123 

NA 393965 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Aerococcaceae; 
g_Aerococcus; s_ 

0.266 0.022 0.094 0.137 

NA 134019 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_iners 

0.265 0.002 0.018 0.103 

NA 1144377 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_ 

0.258 0.016 0.077 0.126 

k_Bacteria;p_Proteobacteria;c_Gammapro
teobacteria;o_Pseudomonadales;f_Pseudo
monadaceae;g_Pseudomonas;Other 

NA NA 0.255 0.004 0.03 0.106 

a Heritability estimates. 
b p value for heritability estimates. 
c p value corrected for multiple testing using the Benjamini-Hochberg. 
d Standard error for heritability estimates. 
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Table A2.3 Top 50 heritability estimates of the vaginal microbiota (OpenMx) 

Taxonomy OTU no. OTU Aa A 95% CIb 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Lactobacillaceae;g_Lactobacill
us;s_mucosae 

NA NA 0.832 (0.445, 0.963) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Streptococcaceae;g_Streptococ
cus;Other 

NA NA 0.757 (0.601, 0.868) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;Other;Oth
er 

NA NA 0.741 (0.311, 0.859) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Streptococcaceae;Other;Other 

NA NA 0.722 (0.405, 0.854) 

NA 1039527 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_ 

0.722 (0.371, 0.855) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Streptococcaceae;g_;s_ 

NA NA 0.718 (0.502, 0.864) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Veillonellaceae;g_Veillonella;
s_dispar 

NA NA 0.702 (0.255, 0.825) 

k_Bacteria;p_Proteobacteria;c_Gammaprot
eobacteria;o_Enterobacteriales;f_Enterobac
teriaceae;g_Escherichia;s_ 

NA NA 0.679 (0.56, 0.784) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Veillonellaceae;g_Megamonas
;s_ 

NA NA 0.675 (0.345, 0.799) 

NA 393965 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Aerococcaceae; 
g_Aerococcus; s_ 

0.663 (-0.817, 0.817) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Peptostreptococcaceae;g_Pept
ostreptococcus;s_anaerobius 

NA NA 0.661 (0.389, 0.784) 
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Taxonomy OTU no. OTU Aa A 95% CIb 

k_Bacteria;p_Proteobacteria;c_Gammaprot
eobacteria;Other;Other;Other;Other 

NA NA 0.656 (0.508, 0.777) 

k_Bacteria;p_Proteobacteria;c_Betaproteob
acteria;o_Burkholderiales;f_Alcaligenaceae
;g_Sutterella;s_ 

NA NA 0.639 (0.382, 0.764) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Enterococcaceae;g_Enterococc
us;Other 

NA NA 0.635 (-0.76, 0.76) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;s_ovatus 

NA NA 0.632 (0.464, 0.733) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_Roseburia;
Other 

NA NA 0.626 (0.351, 0.733) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Ruminococcaceae;g_Faecaliba
cterium;s_prausnitzii 

NA NA 0.621 (0.344, 0.733) 

k_Bacteria;p_Proteobacteria;c_Gammaprot
eobacteria;o_Pseudomonadales;f_Pseudom
onadaceae;Other;Other 

NA NA 0.619 (0.377, 0.732) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Prevotellaceae;g_Prevotel
la;s_copri 

NA NA 0.617 (0.44, 0.724) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Streptococcaceae;g_Streptococ
cus;s_agalactiae 

NA NA 0.616 (-0.74, 0.74) 

k_Bacteria;p_Proteobacteria;c_Gammaprot
eobacteria;o_Pseudomonadales;f_Moraxell
aceae;g_Enhydrobacter;s_ 

NA NA 0.614 (-0.732, 0.732) 

k_Bacteria;p_Proteobacteria;c_Gammaprot
eobacteria;o_Enterobacteriales;f_Enterobac
teriaceae;Other;Other 

NA NA 0.612 (0.433, 0.744) 
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Taxonomy OTU no. OTU Aa A 95% CIb 

NA 620093 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_iners 

0.611 (0.31, 0.745) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Bacill
ales;f_Staphylococcaceae;g_Staphylococcu
s;s_haemolyticus 

NA NA 0.608 (-0.728, 0.728) 

NA 210547 
k_Bacteria; p_Bacteroidetes; 
c_Bacteroidia; o_Bacteroidales; 
f_Prevotellaceae; g_Prevotella; s_copri 

0.607 (0.406, 0.705) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Ruminococcaceae;g_Faecaliba
cterium;Other 

NA NA 0.605 (0.327, 0.715) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_[Ruminoco
ccus];s_ 

NA NA 0.598 (0.394, 0.708) 

NA 
denovo4666
1 

k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_ 

0.596 (-0.755, 0.755) 

NA 678375 

k_Bacteria; p_Proteobacteria; 
c_Alphaproteobacteria; 
o_Sphingomonadales; 
f_Sphingomonadaceae; 
g_Novosphingobium; s_stygium 

0.593 (-0.733, 0.733) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_[Paraprevotellaceae];g_[P
revotella];s_ 

NA NA 0.59 (0.241, 0.708) 

k_Bacteria;p_Actinobacteria;c_Actinobacte
ria;o_Actinomycetales;f_Actinomycetaceae
;Other;Other 

NA NA 0.589 (0.312, 0.721) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;s_ 

NA NA 0.588 (0.427, 0.694) 
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Taxonomy OTU no. OTU Aa A 95% CIb 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_;s_ 

NA NA 0.586 (0.212, 0.689) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;Other;Other 

NA NA 0.584 (-0.696, 0.696) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_Blautia;s_ 

NA NA 0.58 (0.208, 0.695) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;s_plebeius 

NA NA 0.58 (0.324, 0.691) 

NA 360109 
k_Bacteria; p_Firmicutes; c_Bacilli; 
o_Lactobacillales; f_Lactobacillaceae; 
g_Lactobacillus; s_crispatus 

0.579 (-0.743, 0.743) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Prevotellaceae;g_Prevotel
la;s_melaninogenica 

NA NA 0.578 (-0.772, 0.772) 

k_Bacteria;p_Proteobacteria;c_Alphaproteo
bacteria;o_Rhizobiales;f_Bradyrhizobiacea
e;g_Bradyrhizobium;Other 

NA NA 0.578 (-0.692, 0.692) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_[Ruminoco
ccus];s_gnavus 

NA NA 0.577 (0.358, 0.688) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;s_caccae 

NA NA 0.573 (-0.695, 0.695) 

k_Bacteria;p_Proteobacteria;c_Alphaproteo
bacteria;o_Sphingomonadales;f_Erythrobac
teraceae;g_Erythromicrobium;s_ 

NA NA 0.57 (-0.884, 0.884) 

NA 259751 

k_Bacteria; p_Proteobacteria; 
c_Gammaproteobacteria; 
o_Pseudomonadales; f_Moraxellaceae; 
g_Enhydrobacter; s_ 

0.57 (-0.698, 0.698) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Ruminococcaceae;g_;s_ 

NA NA 0.569 (-0.712, 0.712) 
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Taxonomy OTU no. OTU Aa A 95% CIb 

k_Bacteria;p_Bacteroidetes;c_Sphingobacte
riia;o_Sphingobacteriales;f_;g_;s_ 

NA NA 0.564 (0.266, 0.666) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;s_uniformis 

NA NA 0.564 (-0.682, 0.682) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Clostridiaceae;g_Anaerococcu
s;s_prevotii 

NA NA 0.563 (-0.683, 0.683) 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Lacto
bacillales;f_Streptococcaceae;g_Streptococ
cus;s_infantis 

NA NA 0.563 (-0.72, 0.72) 

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o
_Bacteroidales;f_Bacteroidaceae;g_Bactero
ides;Other 

NA NA 0.558 (-0.663, 0.663) 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Cl
ostridiales;f_Lachnospiraceae;g_Moryella;s
_ 

NA NA 0.558 (-0.719, 0.719) 

a Heritability estimates. 
b 95% confidence interval for heritability estimates. 
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Table A2.4a Univariate association of vaginal microbiome with host menopause (LEfSe) 

Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Lactobacillaceae|g__Lactobacillus pre 
5.26563000

4 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Clostridium pre 
3.28997876

9 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Peptostreptococcaceae|g__Peptostreptococcus pre 2.32544278 

k__Bacteria|p__Bacteroidetes|c__Bacteroidia|o__Bacteroidales|f__Prevotellaceae|g__Prevotella post 
4.44816306

4 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Streptococcaceae|g__Streptococcus post 
4.05351879

5 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Anaerococcus post 
3.92605916

6 

k__Bacteria|p__Bacteroidetes|c__Bacteroidia|o__Bacteroidales|f__Porphyromonadaceae|g__Porphyromonas post 
3.87580815

1 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Peptoniphilus post 
3.78065103

3 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Sphingo
monas 

post 
3.74232872

5 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pasteurellales|f__Pasteurellaceae|g__Haemophilus post 
3.71462586

2 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Veillonellaceae|g__Veillonella post 3.60140127 

k__Bacteria|p__Proteobacteria|c__Epsilonproteobacteria|o__Campylobacterales|f__Campylobacteraceae|g__Campy
lobacter 

post 
3.56506015

5 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Corynebacteriaceae|g__Corynebacterium post 3.55213418 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Enterobacteriales|f__Enterobacteriaceae|g__Escherichi
a 

post 
3.48167027

8 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Finegoldia post 
3.47628553

8 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Bacillales|f__Staphylococcaceae|g__Staphylococcus post 
3.46410398

2 
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Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Fusobacteria|c__Fusobacteria|o__Fusobacteriales|f__Fusobacteriaceae|g__Fusobacterium post 3.25768291 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Actinomyces post 
3.13276972

2 

k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Rhizobiales|f__Bradyrhizobiaceae|g__Bradyrhizobium post 
3.11968947

8 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Moraxellaceae|g__Enhydrobacter post 
3.04635268

5 
k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Pseudomonadaceae|g__Pseudom
onas 

post 
2.88345942

1 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Varibaculum post 
2.84841933

5 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Veillonellaceae|g__Dialister post 
2.84788859

3 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Aerococcaceae|g__Aerococcus post 2.81955216 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Carnobacteriaceae|g__Granulicatella post 
2.76314518

8 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Arcanobacterium post 
2.70959520

2 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Mobiluncus post 
2.67144996

6 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Ruminococcaceae|g__Faecalibacterium post 
2.64853866

7 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Oxalobacteraceae|g__Ralstonia post 
2.64269079

6 
k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Xanthomonadales|f__Xanthomonadaceae|g__Arenimo
nas 

post 
2.58719426

5 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Aerococcaceae|g__Facklamia post 
2.54748742

2 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Lachnospiraceae|g__Moryella post 2.533555 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Alcaligenaceae|g__Sutterella post 
2.52764285

7 
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Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Thiotrichales|f__Thiotrichaceae|g__Thiothrix post 
2.47358505

5 

k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Rhodospirillales|f__Acetobacteraceae|g__Roseococcus post 
2.46808973

8 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Moraxellaceae|g__Acinetobacter post 
2.42239244

5 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Comamonadaceae|g__Polaromonas post 
2.33897684

9 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Novosph
ingobium 

post 
2.32893520

7 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Actinobaculum post 
2.26923641

1 
k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Promicromonosporaceae|g__Promicromo
nospora 

post 
2.26340498

1 

k__Bacteria|p__Fusobacteria|c__Fusobacteria|o__Fusobacteriales|f__Leptotrichiaceae|g__Leptotrichia post 
2.24512879

4 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Ruminococcaceae|g__Ruminococcus post 
2.16413265

5 
k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Oxalobacteraceae|g__Janthinobacteriu
m 

post 
2.14736877

3 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Burkholderiaceae|g__Burkholderia post 
2.14683272

2 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Rhodocyclales|f__Rhodocyclaceae|g__Azospira post 
2.14638668

5 

k__Bacteria|p__Bacteroidetes|c__Sphingobacteriia|o__Sphingobacteriales|f__Flexibacteraceae|g__Dyadobacter post 
2.13048317

2 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Rhizobiales|f__Methylobacteriaceae|g__Methylobacteriu
m 

post 2.08920432 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Pseudonocardiaceae|g__Pseudonocardia post 
2.06197870

1 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Rhodocyclales|f__Rhodocyclaceae|g__Zoogloea post 
2.05243241

8 
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Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Lachnospiraceae|g___Ruminococcus_ post 2.04212374 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Dermacoccaceae|g__Dermacoccus post 
2.03265982

3 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Micrococcaceae|g__Rothia post 
2.03018675

6 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Enterobacteriales|f__Enterobacteriaceae|g__Brenneria post 
2.01960007

1 
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Table A2.4b Univariate association of vaginal microbiome with BV (LEfSe) 

Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Lactobacillaceae|g__Lactobacillus No 
5.32494628

6 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Streptococcaceae|g__Streptococcus No 
4.07185468

9 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Sphingo
monas 

No 
3.42651447

8 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pasteurellales|f__Pasteurellaceae|g__Haemophilus No 3.29413609 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Corynebacteriaceae|g__Corynebacterium No 
3.20124907

4 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Finegoldia No 3.14811764 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Bacillales|f__Staphylococcaceae|g__Staphylococcus No 
3.13708551

3 

k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Rhizobiales|f__Bradyrhizobiaceae|g__Bradyrhizobium No 
2.94505390

5 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Bifidobacteriales|f__Bifidobacteriaceae|g__Bifidobacterium No 
2.86964341

3 
k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Xanthomonadales|f__Xanthomonadaceae|g__Rhodano
bacter 

No 
2.52258650

3 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Varibaculum No 
2.44664165

4 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Carnobacteriaceae|g__Granulicatella No 
2.38609048

9 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Actinomycetaceae|g__Arcanobacterium No 
2.37358417

2 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Aerococcaceae|g__Facklamia No 
2.15745482

5 

k__Bacteria|p__Bacteroidetes|c__Bacteroidia|o__Bacteroidales|f__Prevotellaceae|g__Prevotella Yes 
4.89300442

8 

k__Bacteria|p__Fusobacteria|c__Fusobacteria|o__Fusobacteriales|f__Leptotrichiaceae|g__Sneathia Yes 
4.89094223

6 
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Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Veillonellaceae|g__Megasphaera Yes 4.44510571 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Bifidobacteriales|f__Bifidobacteriaceae|g__Gardnerella Yes 
4.27417848

6 

k__Bacteria|p__Tenericutes|c__Mollicutes|o__Mycoplasmatales|f__Mycoplasmataceae|g__Mycoplasma Yes 
4.10208677

3 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Clostridium Yes 
4.02855606

9 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Lachnospiraceae|g__Shuttleworthia Yes 
3.90367677

9 

k__Bacteria|p__Tenericutes|c__Mollicutes|o__Acholeplasmatales|f__Acholeplasmataceae|g__Acholeplasma Yes 
3.62174936

4 
k__Bacteria|p__Proteobacteria|c__Deltaproteobacteria|o__Desulfobacterales|f__Desulfobulbaceae|g__Desulfobulbu
s 

Yes 
3.42832049

5 
k__Bacteria|p__Proteobacteria|c__Deltaproteobacteria|o__Desulfovibrionales|f__Desulfomicrobiaceae|g__Desulfo
microbium 

Yes 
3.42038719

4 

k__Bacteria|p__Planctomycetes|c__Planctomycetia|o__Pirellulales|f__Pirellulaceae|g__A17 Yes 
2.85089767

1 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Neisseriales|f__Neisseriaceae|g__Eikenella Yes 
2.67488073

5 

k__Bacteria|p__Synergistetes|c__Synergistia|o__Synergistales|f__Dethiosulfovibrionaceae|g__TG5 Yes 
2.27173740

5 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Eubacteriaceae|g__Pseudoramibacter Yes 
2.22770133

6 
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Table A2.4c Univariate association of vaginal microbiome with cervicitis (LEfSe) 

Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Peptococcaceae|g__Peptococcus No 
2.07090330

1 
k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Moraxellaceae|g__Enhydrobacte
r 

Yes 
3.09517687

2 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Bifidobacteriales|f__Bifidobacteriaceae|g__Bifidobacterium Yes 
3.01181543

7 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Rhodocyclales|f__Rhodocyclaceae|g__K82 Yes 
2.35539513

5 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Nocardioidaceae|g__Pimelobacter Yes 
2.30528280

6 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Zymom
onas 

Yes 
2.29078385

6 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Rhodocyclales|f__Rhodocyclaceae|g__Azovibrio Yes 
2.28572690

9 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Thiotrichales|f__Thiotrichaceae|g__Thiothrix Yes 2.20944151 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Burkholderiales|f__Oxalobacteraceae|g__Herbaspirillum Yes 
2.19133878

9 
k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Cryptosporangiaceae|g__Cryptosporangi
um 

Yes 
2.18863669

7 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Bacillales|f__Sporolactobacillaceae|g__Sporolactobacillus Yes 
2.17828654

2 

k__Bacteria|p__Proteobacteria|c__Betaproteobacteria|o__Neisseriales|f__Neisseriaceae|g__Vogesella Yes 
2.12398202

6 
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Table A2.4d Univariate association of vaginal microbiome with HPV (LEfSe) 

Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Pseudomonadaceae|g__Pseudom
onas 

no 2.38041955 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Moraxellaceae|g__Acinetobacter no 
2.00323073

2 

k__Bacteria|p__Fusobacteria|c__Fusobacteria|o__Fusobacteriales|f__Leptotrichiaceae|g__Sneathia yes 
4.56252038

3 

k__Bacteria|p__Bacteroidetes|c__Bacteroidia|o__Bacteroidales|f__Prevotellaceae|g__Prevotella yes 
4.36307818

2 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Sphingo
monas 

yes 
3.90685409

6 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Clostridium yes 
3.78168973

9 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Cellulomonadaceae|g__Oerskovia yes 
3.39843899

7 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Nocardioidaceae|g__Pimelobacter yes 
3.19654123

6 
k__Bacteria|p__Firmicutes|c__Bacilli|o__Bacillales|f__Planococcaceae|g__Rummeliibacillus yes 2.94840887 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Microbacteriaceae|g__Agromyces yes 
2.72772701

8 

k__Bacteria|p__Actinobacteria|c__Actinobacteria|o__Actinomycetales|f__Intrasporangiaceae|g__Arsenicicoccus yes 
2.69223468

9 
k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Enterobacteriales|f__Enterobacteriaceae|g__Salmonell
a 

yes 
2.49462463

8 

k__Bacteria|p__Firmicutes|c__Erysipelotrichi|o__Erysipelotrichales|f__Erysipelotrichaceae|g__Erysipelothrix yes 
2.23694798

5 

k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Rhizobiales|f__Beijerinckiaceae|g__Chelatococcus yes 
2.10342327

8 
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Table A2.4e Univariate association of vaginal microbiome with hormone therapy (LEfSe) 

Taxonomy 
Featur
e 

LDA score 

k__Bacteria|p__Firmicutes|c__Bacilli|o__Lactobacillales|f__Lactobacillaceae|g__Lactobacillus Yes 
5.49064096

1 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Anaerococcus No 
3.97341223

8 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Veillonellaceae|g__Veillonella No 
3.85844904

1 

k__Bacteria|p__Firmicutes|c__Clostridia|o__Clostridiales|f__Clostridiaceae|g__Finegoldia No 
3.54223577

8 

k__Bacteria|p__Proteobacteria|c__Gammaproteobacteria|o__Pseudomonadales|f__Moraxellaceae|g__Acinetobacter No 
2.65004824

7 
k__Bacteria|p__Proteobacteria|c__Alphaproteobacteria|o__Sphingomonadales|f__Sphingomonadaceae|g__Novosph
ingobium 

No 
2.59817176

1 
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Table A2.5 Association of vaginal microbiome with host phenotypes (MaAsLin) 

Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

age 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Prevotellaceae|g_Prevotella 

age 0.004933212 542 542 
0.00097

3 
0.015284 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae 

age 0.000415135 542 507 0.04074 0.249096 

age 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Pseudomonadales|f_Pseudomonadaceae|g_Pseudomo
nas 

age 0.000412058 542 365 
5.18E-

06 
0.000122 

age 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae|g_Novosphi
ngobium 

age 0.000410535 542 342 
2.53E-

05 
0.000562 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae|g_Dialister 

age 0.000382779 542 412 
0.00362

9 
0.044039 

age 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Pseudomonadales|f_Moraxellaceae|g_Acinetobacter 

age 0.000319193 542 309 
3.26E-

06 
7.92E-05 

age 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae|g_Sphingom
onas 

age 0.000297487 542 508 
0.01315

4 
0.123956 

age 
k_Bacteria|p_Proteobacteria|c_Betaproteobacteria|o_B
urkholderiales|f_Comamonadaceae 

age 0.000282638 542 333 
0.00032

3 
0.005877 

age 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Caulobacterales|f_Caulobacteraceae 

age 0.000257329 542 434 
0.01830

8 
0.153706 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae 

age 0.000255106 542 447 
0.03021

5 
0.209462 

age 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Pseudomonadales|f_Moraxellaceae|g_Enhydrobacter 

age 0.000254697 542 326 
5.43E-

08 
2.18E-06 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae|g_Anaerococcus 

age 0.000237277 542 506 
4.54E-

07 
1.35E-05 

age 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Bacillales|f_Staph
ylococcaceae|g_Staphylococcus 

age 0.000224529 542 410 
2.68E-

07 
8.58E-06 

age 
k_Bacteria|p_Proteobacteria|c_Betaproteobacteria|o_B
urkholderiales|f_Oxalobacteraceae|g_Janthinobacteriu

age 0.000170957 542 270 
2.25E-

09 
1.39E-07 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

m 

age 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Corynebacteriaceae|g_Corynebacterium 

age 0.00015062 542 468 
0.01756

1 
0.151251 

age 
k_Bacteria|p_Bacteroidetes|c_Sphingobacteriia|o_Sphi
ngobacteriales|f_Chitinophagaceae 

age 0.000147769 542 433 
0.00094

2 
0.015096 

age k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales age 0.00014476 542 395 
4.11E-

05 
0.000866 

age 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Rhizobiales|f_Bradyrhizobiaceae|g_Bradyrhizobium 

age 0.000139838 542 377 
0.00415

3 
0.048921 

age k_Bacteria|p_Firmicutes|c_Clostridia age 0.000133666 542 395 
6.65E-

09 
3.55E-07 

age 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Bacteroidaceae|g_Bacteroides 

age 0.000130474 542 452 
1.39E-

07 
4.87E-06 

age 
k_Bacteria|p_Proteobacteria|c_Betaproteobacteria|o_B
urkholderiales|f_Oxalobacteraceae|g_Ralstonia 

age 0.000113077 542 271 0.00051 0.008877 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Lachnospiraceae 

age 9.97E-05 542 299 
0.00207

8 
0.029112 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae 

age 9.46E-05 542 244 
0.00223

9 
0.029134 

age 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Actinomycetaceae|g_Varibaculum 

age 9.16E-05 542 208 
7.25E-

16 
2.90E-13 

age 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les 

age 8.46E-05 542 304 
1.74E-

06 
4.49E-05 

age 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae 

age 7.86E-05 542 231 
0.03145

3 
0.209642 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Ruminococcaceae 

age 7.24E-05 542 365 
0.00019

8 
0.003862 

age 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Enterobacteriales|f_Enterobacteriaceae 

age 7.14E-05 542 405 
0.00231

1 
0.029134 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Ruminococcaceae|g_Ruminococcus 

age 6.98E-05 542 283 
0.00026

3 
0.005011 

age k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida age 6.80E-05 542 468 0.01459 0.134335 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

les|f_Porphyromonadaceae|g_Porphyromonas 1 

age 
k_Bacteria|p_Proteobacteria|c_Deltaproteobacteria|o_
Myxococcales 

age 5.02E-05 542 203 
0.02643

1 
0.190734 

age 
k_Bacteria|p_Cyanobacteria|c_Chloroplast|o_Streptoph
yta 

age 4.98E-05 542 184 
0.01671

8 
0.147157 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae|g_Clostridium 

age 4.97E-05 542 517 
0.01274

3 
0.121517 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Lachnospiraceae 

age 4.87E-05 542 288 
0.00259

1 
0.031924 

age 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Actinomycetaceae|g_Mobiluncus 

age 4.70E-05 542 393 
0.01564

1 
0.142365 

age 
k_Bacteria|p_Proteobacteria|c_Betaproteobacteria|o_B
urkholderiales|f_Comamonadaceae|g_Pelomonas 

age 4.55E-05 542 183 
0.01851

5 
0.153706 

age 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Aerococcaceae|g_Facklamia 

age 4.14E-05 542 154 
0.00216

1 
0.029134 

age 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Peptostreptococcaceae|g_Peptostreptococcus 

age 4.08E-05 542 199 
0.00122

2 
0.018828 

age 
k_Bacteria|p_Bacteroidetes|c_Flavobacteriia|o_Flavoba
cteriales|f_Flavobacteriaceae| 

age 3.78E-05 542 199 
0.02165

5 
0.16898 

age 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Actinomycetaceae|g_Arcanobacterium 

age 3.70E-05 542 201 
0.00434

3 
0.050422 

age 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae 

age -9.61E-05 542 437 
0.00980

4 
0.097839 

age 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae|g_Lactobacillus 

age -0.009586808 542 542 
0.00229

3 
0.029134 

bmi Unclassified|Other|Other|Other|Other|Other bmi 0.000541982 542 542 
0.00703

8 
0.076185 

bmi k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales bmi 0.000435698 542 522 
0.01207

8 
0.117986 

bmi 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Gemellales|f_Gem
ellaceae 

bmi 7.59E-05 542 181 
0.02899

3 
0.207355 

cervicitis k_Bacteria|p_Firmicutes|c_Clostridia cervicitisYes -0.001784372 542 395 0.00496 0.056042 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

7 

hormone 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae|g_Lactobacillus 

hormoneYes 0.728894978 542 542 0.00014 0.002802 

hormone 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae 

hormoneYes 0.005843452 542 437 
0.00640

6 
0.070289 

hormone 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Rhizobiales|f_Bradyrhizobiaceae 

hormoneYes -0.005427796 542 253 
0.00989

4 
0.097839 

hormone 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales 

hormoneYes -0.005647422 542 342 
0.01435

4 
0.133695 

hormone 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Pseudomonadales|f_Moraxellaceae|g_Acinetobacter 

hormoneYes -0.010331082 542 309 
0.01252

7 
0.120893 

hormone 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae|g_Novosphi
ngobium 

hormoneYes -0.013204813 542 342 0.02194 0.16898 

hpv 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae 

hpvyes 0.010925981 542 458 
7.10E-

05 
0.001459 

hpv 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae|g_Megasphaera 

hpvyes 0.03921267 542 538 
0.00183

4 
0.026423 

hpv 
k_Bacteria|p_Fusobacteria|c_Fusobacteria|o_Fusobacte
riales|f_Leptotrichiaceae 

hpvyes 0.006041932 542 480 0.03903 0.244244 

hpv k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales hpvyes 0.005154478 542 395 
0.00054

7 
0.009317 

hpv 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Coriobacteriale
s|f_Coriobacteriaceae 

hpvyes 0.003590758 542 199 
0.01740

7 
0.151251 

hpv k_Bacteria|p_Actinobacteria|c_Actinobacteria hpvyes 0.002945029 542 482 
0.03033

4 
0.209462 

hpv k_Bacteria|p_Firmicutes|c_Clostridia hpvyes 0.002762183 542 395 
0.00892

3 
0.09163 

hpv 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Enterobacteriales|f_Enterobacteriaceae 

hpvyes -0.002066187 542 405 
0.02948

7 
0.207568 

hpv 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Bacillales|f_Bacill
aceae|g_Bacillus 

hpvyes -0.002590746 542 539 
0.03698

1 
0.23324 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

hpv k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales hpvyes -0.004739727 542 522 
0.02625

7 
0.190734 

hpv 
k_Bacteria|p_Proteobacteria|c_Betaproteobacteria|o_B
urkholderiales|f_Comamonadaceae 

hpvyes -0.005686214 542 333 
0.00927

2 
0.094014 

hpv 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae|g_Sphingom
onas 

hpvyes -0.007133381 542 508 
0.04199

5 
0.249172 

hpv 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae|g_Lactobacillus 

hpvyes -0.194069222 542 542 
0.03530

2 
0.226063 

menopause 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae|g_Lactobacillus 

menopausep
re 

0.512741976 542 542 
0.00082

9 
0.013556 

menopause 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Ruminococcaceae|g_Faecalibacterium 

menopausep
re 

-0.001480797 542 263 
0.00449

2 
0.051406 

menopause 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Enterobacteriales|f_Enterobacteriaceae|g_Escherichia 

menopausep
re 

-0.001621577 542 303 
0.00787

7 
0.083024 

menopause 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Sphingomonadales|f_Sphingomonadaceae 

menopausep
re 

-0.001643481 542 231 
0.04194

9 
0.249172 

menopause 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Corynebacteriaceae|g_Corynebacterium 

menopausep
re 

-0.00311957 542 468 
0.03488

1 
0.226063 

menopause 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Lachnospiraceae 

menopausep
re 

-0.00316215 542 299 0.04105 0.249096 

menopause 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae|g_Peptoniphilus 

menopausep
re 

-0.007455822 542 493 
0.00075

9 
0.012664 

menopause 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Prevotellaceae|g_Prevotella 

menopausep
re 

-0.177816104 542 542 
0.01651

1 
0.147157 

vaginosis 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Prevotellaceae|g_Prevotella 

vaginosisYe
s 

0.327258202 542 542 
3.14E-

11 
2.80E-09 

vaginosis 
k_Bacteria|p_Fusobacteria|c_Fusobacteria|o_Fusobacte
riales|f_Leptotrichiaceae|g_Sneathia 

vaginosisYe
s 

0.203688574 542 542 
3.66E-

14 
7.33E-12 

vaginosis 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Bifido
bacteriales|f_Bifidobacteriaceae|g_Gardnerella 

vaginosisYe
s 

0.153370845 542 542 
0.00040

4 
0.007196 

vaginosis k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_ vaginosisYe 0.11002942 542 538 4.77E- 1.27E-12 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

Veillonellaceae|g_Megasphaera s 15 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Coriobacteriale
s|f_Coriobacteriaceae 

vaginosisYe
s 

0.081389092 542 528 
1.09E-

12 
1.45E-10 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae 

vaginosisYe
s 

0.029612565 542 507 
9.68E-

06 
0.000222 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae 

vaginosisYe
s 

0.026229841 542 447 
6.98E-

12 
7.99E-10 

vaginosis 
k_Bacteria|p_Fusobacteria|c_Fusobacteria|o_Fusobacte
riales|f_Leptotrichiaceae 

vaginosisYe
s 

0.023627189 542 480 
4.65E-

13 
7.45E-11 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae|g_Dialister 

vaginosisYe
s 

0.022801506 542 412 
5.45E-

08 
2.18E-06 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae|g_Peptoniphilus 

vaginosisYe
s 

0.019565603 542 493 
5.69E-

10 
4.15E-08 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Veillonellaceae 

vaginosisYe
s 

0.01523679 542 458 
3.49E-

07 
1.07E-05 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Coriobacteriale
s|f_Coriobacteriaceae 

vaginosisYe
s 

0.014543823 542 199 
1.03E-

17 
8.25E-15 

vaginosis 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Bifido
bacteriales|f_Bifidobacteriaceae 

vaginosisYe
s 

0.01266709 542 520 
0.00579

3 
0.06445 

vaginosis k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales 
vaginosisYe

s 
0.009441768 542 395 

6.17E-
09 

3.53E-07 

vaginosis 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Bifido
bacteriales 

vaginosisYe
s 

0.006901014 542 507 
0.03166

7 
0.209642 

vaginosis 
k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_
Clostridiaceae|g_Anaerococcus 

vaginosisYe
s 

0.006131634 542 506 
0.00824

1 
0.085725 

vaginosis 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les 

vaginosisYe
s 

0.004112485 542 304 
1.89E-

07 
6.32E-06 

vaginosis k_Bacteria|p_Firmicutes|c_Clostridia 
vaginosisYe

s 
0.003504655 542 395 

0.00232
8 

0.029134 

vaginosis k_Bacteria|p_Actinobacteria|c_Actinobacteria 
vaginosisYe

s 
0.003359769 542 482 

0.02186
1 

0.16898 

vaginosis k_Bacteria|p_Firmicutes|c_Clostridia|o_Clostridiales|f_ vaginosisYe 0.003006352 542 244 0.00210 0.029112 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

Clostridiaceae s 8 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Aerococcaceae|g_Aerococcus 

vaginosisYe
s 

0.002949982 542 339 
0.01802

9 
0.153628 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Gemellales|f_Gem
ellaceae 

vaginosisYe
s 

0.002780423 542 181 
5.43E-

08 
2.18E-06 

vaginosis 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Porphyromonadaceae|g_Porphyromonas 

vaginosisYe
s 

0.002752516 542 468 
0.03166

9 
0.209642 

vaginosis 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les 

vaginosisYe
s 

0.001503659 542 288 
0.02091

1 
0.167498 

vaginosis 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Actinomycetaceae|g_Varibaculum 

vaginosisYe
s 

-0.001227203 542 208 
0.02954

1 
0.207568 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Aerococcaceae|g_Facklamia 

vaginosisYe
s 

-0.001240009 542 154 
0.00388

8 
0.046481 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Streptococcaceae 

vaginosisYe
s 

-0.001621784 542 263 
0.03304

3 
0.216948 

vaginosis 
k_Bacteria|p_Proteobacteria|c_Deltaproteobacteria|o_
Myxococcales 

vaginosisYe
s 

-0.002191442 542 203 0.03556 0.226063 

vaginosis 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Rhizobiales|f_Bradyrhizobiaceae 

vaginosisYe
s 

-0.002313541 542 253 
0.03543

7 
0.226063 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Streptococcaceae|g_Streptococcus 

vaginosisYe
s 

-0.00359158 542 531 
0.03111

8 
0.209642 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Bacillales|f_Staph
ylococcaceae|g_Staphylococcus 

vaginosisYe
s 

-0.004365706 542 410 
0.02561

7 
0.18999 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Bacillales|f_Bacill
aceae|g_Bacillus 

vaginosisYe
s 

-0.004908348 542 539 0.00032 0.005877 

vaginosis 
k_Bacteria|p_Actinobacteria|c_Actinobacteria|o_Actin
omycetales|f_Corynebacteriaceae|g_Corynebacterium 

vaginosisYe
s 

-0.004954487 542 468 
0.01671

3 
0.147157 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae 

vaginosisYe
s 

-0.005995054 542 437 
1.40E-

07 
4.87E-06 

vaginosis Unclassified|Other|Other|Other|Other|Other 
vaginosisYe

s 
-0.007003035 542 542 

0.00226
5 

0.029134 

vaginosis k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_ vaginosisYe -0.008819321 542 508 0.01972 0.160396 
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Variable Feature Value Coefficient N 
N.not.

0 
P.value Q.value 

Sphingomonadales|f_Sphingomonadaceae|g_Sphingom
onas 

s 6 

vaginosis k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales 
vaginosisYe

s 
-0.011765979 542 522 

4.74E-
07 

1.35E-05 

vaginosis k_Bacteria|p_Firmicutes|c_Bacilli 
vaginosisYe

s 
-0.014276953 542 539 

0.00728
2 

0.077775 

vaginosis 
k_Bacteria|p_Firmicutes|c_Bacilli|o_Lactobacillales|f_
Lactobacillaceae|g_Lactobacillus 

vaginosisYe
s 

-0.657794047 542 542 
9.97E-

11 
7.98E-09 

whratio 
k_Bacteria|p_Proteobacteria|c_Alphaproteobacteria|o_
Rhizobiales 

whratio 0.010749645 542 194 
0.00135

7 
0.020507 

whratio 
k_Bacteria|p_Bacteroidetes|c_Bacteroidia|o_Bacteroida
les|f_Porphyromonadaceae|g_Porphyromonas 

whratio 0.009521239 542 468 
0.03986

5 
0.246829 

whratio 
k_Bacteria|p_Fusobacteria|c_Fusobacteria|o_Fusobacte
riales|f_Fusobacteriaceae|g_Fusobacterium 

whratio 0.009100585 542 347 
0.00169

3 
0.025114 

whratio 
k_Bacteria|p_Proteobacteria|c_Gammaproteobacteria|o
_Enterobacteriales|f_Enterobacteriaceae|g_Escherichia 

whratio 0.007940413 542 303 
0.03136

7 
0.209642 

whratio 
k_Bacteria|p_Proteobacteria|c_Epsilonproteobacteria|o
_Campylobacterales|f_Campylobacteraceae|g_Campyl
obacter 

whratio 0.007606584 542 370 
0.02588

4 
0.190209 

whratio 
k_Bacteria|p_Bacteroidetes|c_Flavobacteriia|o_Flavoba
cteriales|f_Flavobacteriaceae 

whratio 0.007231243 542 199 
0.02412

6 
0.182313 
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Table A2.6 Functional analysis of human vaginal microbiome by host genotypes in rs2069812 

KEGG pathway  pvaluea qvalue 
PICRUSt 
prediction in CC 
(mean) 

PICRUSt 
prediction in TT 
(mean) 

Metabolism|Amino Acid Metabolism|Alanine, aspartate and glutamate 
metabolism 

0.031 0.145 0.321 -0.138 

Metabolism|Carbohydrate Metabolism|Amino sugar and nucleotide sugar 
metabolism 

0.019 0.145 0.43 -0.087 

Environmental Information Processing|Signaling Molecules and 
Interaction|Bacterial toxins 

0.033 0.145 0.359 -0.099 

Metabolism|Xenobiotics Biodegradation and Metabolism|Benzoate 
degradation 

0.017 0.145 0.364 -0.196 

Metabolism|Metabolism of Terpenoids and Polyketides|Biosynthesis of 
ansamycins 

0.003 0.145 0.416 -0.212 

Metabolism|Metabolism of Terpenoids and Polyketides|Biosynthesis of 
siderophore group nonribosomal peptides 

0.007 0.145 0.454 -0.13 

Metabolism|Lipid Metabolism|Biosynthesis of unsaturated fatty acids 0.031 0.145 0.428 -0.06 
Metabolism|Metabolism of Terpenoids and Polyketides|Biosynthesis of 
vancomycin group antibiotics 

0.01 0.145 0.349 -0.224 

Metabolism|Metabolism of Cofactors and Vitamins|Biotin metabolism 0.022 0.145 0.339 -0.15 

Metabolism|Carbohydrate Metabolism|Butanoate metabolism 0.004 0.145 0.495 -0.001 
Metabolism|Biosynthesis of Other Secondary Metabolites|Butirosin and 
neomycin biosynthesis 

0.043 0.151 0.28 -0.151 

Metabolism|Carbohydrate Metabolism|C5-Branched dibasic acid 
metabolism 

0.03 0.145 0.33 -0.107 

Metabolism|Xenobiotics Biodegradation and Metabolism|Caprolactam 
degradation 

0.017 0.145 0.412 -0.029 

Unclassified|Cellular Processes and Signaling|Cell division 0.043 0.151 0.323 -0.152 
Environmental Information Processing|Signaling Molecules and 
Interaction|Cellular antigens 

0.016 0.145 0.449 -0.021 

Metabolism|Xenobiotics Biodegradation and Metabolism|Chloroalkane 
and chloroalkene degradation 

0.02 0.145 0.371 -0.029 
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KEGG pathway  pvaluea qvalue 
PICRUSt 
prediction in CC 
(mean) 

PICRUSt 
prediction in TT 
(mean) 

Metabolism|Carbohydrate Metabolism|Citrate cycle (TCA cycle) 0.017 0.145 0.337 -0.183 

Metabolism|Amino Acid Metabolism|Cysteine and methionine metabolism 0.045 0.152 0.35 -0.044 
Genetic Information Processing|Replication and Repair|DNA repair and 
recombination proteins 

0.006 0.145 0.457 -0.151 

Unclassified|Cellular Processes and Signaling|Electron transfer carriers 0.026 0.145 0.316 -0.194 
Metabolism|Xenobiotics Biodegradation and Metabolism|Ethylbenzene 
degradation 

0.033 0.145 0.381 -0.004 

Metabolism|Lipid Metabolism|Fatty acid metabolism 0.021 0.145 0.378 -0.152 

Cellular Processes|Cell Motility|Flagellar assembly 0.019 0.145 0.372 -0.153 
Metabolism|Biosynthesis of Other Secondary Metabolites|Flavonoid 
biosynthesis 

0.044 0.151 0.344 -0.103 

Metabolism|Metabolism of Cofactors and Vitamins|Folate biosynthesis 0.022 0.145 0.284 -0.167 

Unclassified|Poorly Characterized|Function unknown 0.004 0.145 0.478 -0.035 

Organismal Systems|Nervous System|Glutamatergic synapse 0.029 0.145 0.334 -0.17 
Metabolism|Glycan Biosynthesis and Metabolism|Glycosaminoglycan 
degradation 

0.014 0.145 0.392 -0.024 

Genetic Information Processing|Replication and Repair|Homologous 
recombination 

0.011 0.145 0.431 -0.07 

Metabolism|Biosynthesis of Other Secondary Metabolites|Indole alkaloid 
biosynthesis 

0.035 0.145 0.386 -0.034 

Environmental Information Processing|Signaling Molecules and 
Interaction|Ion channels 

0.017 0.145 0.382 -0.067 

Metabolism|Biosynthesis of Other Secondary Metabolites|Isoflavonoid 
biosynthesis 

0.033 0.145 0.366 -0.066 

Metabolism|Lipid Metabolism|Lipid biosynthesis proteins 0.038 0.147 0.299 -0.182 

Unclassified|Metabolism|Lipid metabolism 0.049 0.158 0.262 -0.128 
Metabolism|Metabolism of Cofactors and Vitamins|Lipoic acid 
metabolism 

0.023 0.145 0.36 -0.064 
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KEGG pathway  pvaluea qvalue 
PICRUSt 
prediction in CC 
(mean) 

PICRUSt 
prediction in TT 
(mean) 

Metabolism|Glycan Biosynthesis and Metabolism|Lipopolysaccharide 
biosynthesis proteins 

0.012 0.145 0.449 -0.088 

Environmental Information Processing|Signal Transduction|MAPK 
signaling pathway - yeast 

0.013 0.145 0.37 -0.182 

Unclassified|Cellular Processes and Signaling|Membrane and intracellular 
structural molecules 

0.008 0.145 0.466 -0.084 

Unclassified|Metabolism|Metabolism of cofactors and vitamins 0.048 0.158 0.233 -0.171 

Genetic Information Processing|Replication and Repair|Mismatch repair 0.03 0.145 0.315 -0.19 
Metabolism|Xenobiotics Biodegradation and Metabolism|Naphthalene 
degradation 

0.014 0.145 0.463 -0.034 

Metabolism|Energy Metabolism|Nitrogen metabolism 0.026 0.145 0.297 -0.171 
Genetic Information Processing|Replication and Repair|Nucleotide 
excision repair 

0.004 0.145 0.446 -0.204 

Unclassified|Metabolism|Nucleotide metabolism 0.017 0.145 0.421 0.021 
Metabolism|Amino Acid Metabolism|Phenylalanine, tyrosine and 
tryptophan biosynthesis 

0.003 0.145 0.482 -0.057 

Metabolism|Biosynthesis of Other Secondary 
Metabolites|Phenylpropanoid biosynthesis 

0.027 0.145 0.406 -0.088 

Environmental Information Processing|Signal 
Transduction|Phosphatidylinositol signaling system 

0.024 0.145 0.389 0.009 

Metabolism|Energy Metabolism|Photosynthesis proteins 0.033 0.145 -0.322 0.053 

Metabolism|Lipid Metabolism|Primary bile acid biosynthesis 0.008 0.145 0.458 -0.043 
Genetic Information Processing|Folding, Sorting and Degradation|Protein 
processing in endoplasmic reticulum 

0.035 0.145 0.376 0.021 

Metabolism|Nucleotide Metabolism|Purine metabolism 0.044 0.151 0.337 -0.08 

Genetic Information Processing|Translation|Ribosome 0.025 0.145 0.36 -0.16 
Metabolism|Metabolism of Other Amino Acids|Selenocompound 
metabolism 

0.035 0.145 -0.331 0.039 
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KEGG pathway  pvaluea qvalue 
PICRUSt 
prediction in CC 
(mean) 

PICRUSt 
prediction in TT 
(mean) 

Metabolism|Lipid Metabolism|Sphingolipid metabolism 0.049 0.158 0.327 0.025 
Metabolism|Biosynthesis of Other Secondary Metabolites|Stilbenoid, 
diarylheptanoid and gingerol biosynthesis 

0.035 0.145 0.279 -0.235 

Metabolism|Xenobiotics Biodegradation and Metabolism|Styrene 
degradation 

0.025 0.145 0.278 -0.183 

Genetic Information Processing|Folding, Sorting and Degradation|Sulfur 
relay system 

0.021 0.145 0.355 -0.185 

Metabolism|Lipid Metabolism|Synthesis and degradation of ketone bodies 0.039 0.147 0.333 -0.056 
Environmental Information Processing|Signal Transduction|Two-
component system 

0.013 0.145 0.44 -0.016 

Metabolism|Amino Acid Metabolism|Tyrosine metabolism 0.036 0.146 0.316 -0.161 
Metabolism|Metabolism of Cofactors and Vitamins|Ubiquinone and other 
terpenoid-quinone biosynthesis 

0.04 0.149 0.331 -0.095 

Metabolism|Amino Acid Metabolism|Valine, leucine and isoleucine 
biosynthesis 

0.011 0.145 0.462 -0.026 

Metabolism|Glycan Biosynthesis and Metabolism|Various types of N-
glycan biosynthesis 

0.037 0.147 0.34 -0.019 

Metabolism|Metabolism of Cofactors and Vitamins|Vitamin B6 
metabolism 

0.039 0.147 0.316 -0.177 

Metabolism|Biosynthesis of Other Secondary Metabolites|beta-Lactam 
resistance 

0.014 0.145 0.412 -0.17 

Cellular Processes|Cell Growth and Death|p53 signaling pathway 0.022 0.145 0.399 -0.101 
a TT vs CC: P < 0.05, FDR-corrected p-value < 0.2 based on student’s t test. PICRUSt predictions were adjusted and transformed prior to the 
analysis. 
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Table A2.7a Network correlation coefficients between Prevotella and 
vaginal microbiota in premenopausal women 

Prevotella 
Lactobacillus -0.598 
Sphingomonas -0.262 
Bradyrhizobium -0.189 
Erythromicrobium -0.173 
Enterococcus -0.162 
Pelomonas -0.162 
Janthinobacterium -0.142 
Enhydrobacter -0.141 
Ralstonia -0.141 
Ruminococcus -0.115 
Peptostreptococcus 0.213 
Porphyromonas 0.214 
Anaerococcus 0.248 
Mobiluncus 0.28 
Shuttleworthia 0.287 
Mycoplasma 0.29 
Peptoniphilus 0.357 
Dialister 0.468 
Gardnerella 0.469 
Clostridium 0.689 
Megasphaera 0.727 
Sneathia 0.775 

 

 

 

 

 

 

 

 

 

 



154 

 

Table A2.7b Network correlation coefficients between Prevotella and 
vaginal microbiota in postmenopausal women 

Prevotella 

Lactobacillus -0.519 
Enterococcus -0.304 
Erythromicrobium -0.301 
Ruminococcus -0.291 
Blautia -0.287 
Pelomonas -0.283 
Bacteroides -0.283 
Bacillus -0.28 
Janthinobacterium -0.247 
Williamsia -0.245 
Oscillospira -0.23 
Mobiluncus 0.301 
Dialister 0.336 
Clostridium 0.412 
Anaerococcus 0.435 
Campylobacter 0.459 
Porphyromonas 0.501 
Peptoniphilus 0.58 
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국문초록 

 

대사증후군과 여성생식기 및 구강 균총의 연관성 

 

인체 미생물 균총은 인체와 연관된 모든 미생물과 그들의 유전자

를 총칭한다. 미생물학과 관련 임상연구는 대량염기서열분석법의 

발명으로 크게 향상되었으며 발명 전 까지 규명되지 않은 미생물

과 그들의 기능을 발견하고 연구할 수 있는 계기가 되었다. 인체

의 주요 네 부위에 존재하는 미생물 군집을 체계적으로 연구한 인

체 마이크로비옴 프로젝트는 인간의 구강, 장내, 생식기, 피부에 

크나큰 미생물 다양성이 존재한다는 것을 밝혀내었다. 미생물 군

집과 인체의 건강, 질병과의 연관성을 밝히기 위해 막대한 연구들

이 개개인마다 다양한 군집의 미생물을 보유한다는 사실을 바탕으

로 이루어졌다. 먼저, 인체의 유전적 요인은 개개인을 구분 짓고 

질병에 대한 민감성을 결정하는 중요 요인이다. 최근, 유전 요인과 

장내 미생물 균총의 상호작용이 인체의 체질량지수를 결정한다는 

사실이 보고되었고 따라서 유전요인과 미생물의 상호작용이 인체

의 형질에 영향을 미칠 수 있다는 것이 증명되었다. 이러한 맥락

에서 유전력은 일란성과 이란성 쌍둥이를 이용하여 미생물군집에 

미치는 유전적 영향을 정량 할 수 있는 방법을 제공한다. 미생물 

균총의 유전력을 이해함으로써 인체의 미생물 군집 제어방법과 특

정미생물에 대한 감수성을 알 수 있다. 비만은 미생물 생태와 연

관성을 가지는 또 하나의 중요 요인으로, 장내 미생물이 숙주의 

비만에 의해 영향을 받으며 그로 인해 염증과 인슐린 저항을 일으

킨다는 것은 이미 잘 알려진 사실이다. 유해한 구강 세균으로 인
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한 치주염이 비만의 합병증 중 하나인 심혈관 질병과 연관되어있

다는 가능성은 비만이 장뿐만이 아니라 다른 신체 기관에 존재하

는 미생물 군집에도 영향을 미칠 수 있다는 점을 시사한다. 비만

인 여성의 질에서 Lactobacillus iners 균과 L. cripatus균의 비율

이 다르게 존재한다는 보고 역시 비만과 비 장내 미생물 균총과의 

연관성을 뒷받침한다. 따라서 본 논문은 인체의 건강상태와 비만

이 여성 생식기와 구강 미생물 균총에 미치는 영향을 평가하는 것

을 목적으로 하였다.  

   두 번째 장에서, 본 연구는 222명의 일란성 쌍둥이와 56명의 

이란성 쌍둥이를 포함한 542명의 여성대상자를 연구함으로써 인

체의 유전적 영향을 관찰하였다. 여성 생식기 미생물 균총은 폐경

과 질염에 의해 가장 크게 영향을 받았으며 네크워크 분석을 통해 

폐경의 여부에 따라 군집이 다르게 묶이는 것을 확인하였다. 

Prevotella균은 폐경의 유무에 관계없이 Lactobacillus균과 가장 

강한 상반 (相反) 관계를 가지고 있었으며 폐경기 여성과 가임기 

여성에게 나타나는 군집을 이어주는 역할을 하고 있었다. 따라서 

해당균은 여성 생식기 건강과 밀접한 관련이 있는 것으로 추측된

다. 유전력 분석 결과 Prevotella균이 가장 강한 유전력을 가지는 

것으로 나타났으며 단일염기변이 분석 결과 인체의 면역을 담당하

는 인터류킨5와 백혈구와 강한 연관성이 있는 것으로 확인되었다.  

   세 번째 장에서, 본 연구는 비만이 여성 생식기 미생물 균총에 

미치는 영향을 조사하고자 하였다. 한국 쌍둥이 집단의 역학 자료

를 기반으로 분석한 결과 폐경의 여부에 상관없이 비만 여성에서 

군집 다양성이 증가하는 것으로 나타났으며 상관분석 결과 역시 

Prevotella, Actinomyces, Enhydrobacter와 같은 비공생균이 가

임기 여성의 복부비만율과 폐경기 여성의 수축기 혈압과 유의한 
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상관성이 있는 것으로 확인되었다. 비만과 여성 생식기 미생물 균

총과의 직접적 연관성을 밝히기 위해 고지방 식이와 대조군 식이

를 섭취한 쥐를 대상으로 동물실험을 실행하였다. 인간으로부터 

도출된 결과와 마찬가지로 고지방 식이를 섭취한 쥐의 생식기 미

생물 균총의 다양성과 유해균이 증가하는 것이 확인되었으며 해당 

그룹 쥐의 생식기 미생물 군집을 대조군 그룹에 이식한 결과 대사

성 내독소혈증이 증가하는 것으로 나타났다.  

   네 번째 장에서, 본 연구는 228명 대상자의 치은하 치석 시료

와 분변시료를 분석함으로써 대사증후군이 구강 미생물에 미치는 

영향을 밝히고자 하였다. 구강 미생물 균총과 장내 미생물 균총은 

모두 대사증후군에 의해 유의적인 영향을 받았으며 네트워크 분석

결과 대사증후군 유무에 따라 뚜렷하게 분리되는 군집을 관찰할 

수 있었다. 추가적인 in silico 분석 결과 대사증후군 대상자들에게

서 Granulicatella, Neisseria 세균이, 정상인에게서 Peptococcus 

균이 증가하는 것으로 나타났으며 qPCR을 통한 정량분석 결과, 

정상인에게서 유의적으로 낮은 양의 Granulicatella균이 확인되었

다. 또한, Peptococcus 균과 Granulicatella의 비율이 정상인에게

서 유의하게 증가하는 것으로 나타났다.  

   따라서, 본 연구를 통해 인체 미생물 균총과 비만이나 대사증

후군과 같은 전신질환과의 긴밀한 연관성을 확인하였으며 이를 통

해 대사성 장애가 장 뿐만이 아니라 구강이나 생식기 미생물 균총

에도 유의한 영향을 미칠 수 있다는 것이 밝혀졌다. 전신질환의 

위험을 낮추기 위해 특정 생식기 또는 구강박테리아가 사용될 수 

있으며 결과적으로 공중보건의 질을 향상시킬 수 있을 것으로 기

대된다. 

 



158 
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