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Abstract
Until recently, bacterial species that inhabit the human vagina have been primarily studied using
organism-centric approaches. Understanding how these bacterial species interact with each other
and the host vaginal epithelium is essential for a more complete understanding of vaginal health.
Molecular approaches have already led to the identification of uncultivated bacterial taxa
associated with bacterial vaginosis. Here, we review recent studies of the vaginal microbiome and
discuss how culture-independent approaches, such as applications of next-generation sequencing,
are advancing the field and shifting our understanding of how vaginal health is defined. This work
may to lead to improved diagnostic tools and treatments for women who suffer from, or are at risk
for, vaginal imbalances, pregnancy complications, and sexually acquired infections. These
approaches may also transform our understanding of how host genetic factors, physiological
conditions (e.g. menopause) and environmental exposures (e.g. smoking, antibiotic usage)
influence the vaginal microbiome.
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Introduction: the human microbiome
The human microbiome consists of trillions of microorganisms that colonize the human
body. Different microbial communities inhabit vaginal, oral, skin, gastrointestinal, nasal,
urethral and other sites of the human body. Currently, there is an international effort
underway to describe the human microbiome in relation to health and disease [1–5]. The
Human Microbiome Project, which was launched in 2008, is a $157 million, five-year effort
funded through the NIH Common Fund's Roadmap for Medical Research. The overall
project has set out to determine whether there is a shared core microbiome among
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individuals, to understand how changes in health are correlated with the microbiome, to
develop tools to support this research, and to address associated ethical, legal, and social
issues [6]. The development of next-generation sequencing and the decreasing cost of data
generation using these technologies permit this ambitious project to investigate the complex
microbial communities of the human body at unprecedented resolution [7].

The Vaginal Human Microbiome Project at Virginia Commonwealth University (VCU) [8]
has been funded as part of this effort. In this project, we are studying: 1) thousands of
women from relevant clinical settings to determine the relationship between the vaginal
microbiome and various physiological and infectious conditions; and 2) hundreds of
monozygotic and dizygotic twins to assess the influence of genetic and environmental
factors on the composition of the human vaginal microbiome. We are targeting thousands of
mid-vaginal samples for microbiome analysis using the V1–V3 hypervariable region of the
16S rRNA gene employing a deep-sequencing approach (i.e. ~30,000 reads per sample) that
permits detection and quantification of less abundant microbes, which are often important
constituents of the vaginal ecosystem. We are also cultivating and sequencing the genomes
of hundreds of bacterial clones isolated from relevant vaginal samples, and applying whole
metagenome shotgun sequencing (WMGSS) to explore the metabolic potential of the
microbiota and characterize abundant bacterial taxa in vaginal samples of particular interest.
Here, we review studies of the vaginal microbiome and highlight the advances afforded by
next-generation sequencing and other molecular approaches.

The vaginal microbiome of healthy women
The vaginal epithelium and microbiota undergo dramatic shifts that coincide with hormonal
changes that occur throughout a woman’s life. As estrogen levels increase during puberty,
glycogen is deposited in the stratified, squamous, non-keratinized vaginal epithelium [9]
[10]. For many women, this physiological change coincides with and likely mediates a
natural increase in the prevalence of species of lactobacilli, which then generally
predominate during the reproductive years. The importance of species of the genus
Lactobacillus has been appreciated for over a hundred years, dating back to Albert
Döderlein’s late-19th-century discovery of long, thick gram-positive rods in the normal
vaginal secretions of premenopausal women [11–13]. Lactobacillus species are able to
ferment glycogen, thereby producing lactic acid, which is thought to establish the acidic
vaginal environment (i.e. pH < 4.5) that has traditionally been considered a hallmark of
vaginal health [14]. As estrogen levels gradually decline during menopause, the glycogen
content in vaginal epithelial cells also declines, leading to a varying degree of depletion of
lactobacilli [15–17]. Also during menopause, the vaginal epithelium thins and loses its
elasticity, vaginal blood flow diminishes, and there is a marked decrease in vaginal
secretions [18]. Thus, not surprisingly, the representation of lactobacilli in the vagina is
diminished.

Recent studies of the vaginal microbiome suggest that the traditional paradigm of vaginal
health does not apply to all women. Several groups have reported that the average vaginal
pH for African American and Hispanic women is higher than that of Caucasian women [19–
21], and that in fact, a majority of women in these racial and ethnic groups have high vaginal
pH (i.e., pH > 4.5) values, which is outside the range traditionally associated with health.
Furthermore, recent studies using molecular techniques have found that Lactobacillus
species do not predominate in the vaginal microbiome for a substantial proportion of healthy
women of reproductive age [20] [22] [23]. In preliminary analyses of the vaginal
microbiomes of a cadre of over 600 women, our results support these findings (Figure 1).
Thus, a simple clustering of these microbiomes suggests the existence of multiple
‘vagitypes’, many of which are dominated by a single bacterial taxon. However, other
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vagitypes exhibit a broad range of taxa. It is not yet clear that these gross microbiome
profiles are causal indicators of states of health or disease (Vaginal Microbiome Consortium,
unpublished data).

It has yet to be determined whether apparently healthy women with diverse vagitypes are in
a transition state between bacterial vaginosis (BV) and health, but several research groups
are pursuing longitudinal studies that will help to address this question [24] [25]. Large,
cross-sectional studies may allow for the identification of bacterial taxa or groups of taxa
that distinguish vaginal microbiome profiles of healthy, asymptomatic women who have
lactobacilli-deficient profiles from those of women with BV or other vaginal conditions.

Novel organisms in the vaginal microbiome
Compared to other body sites, such as those in the gastrointestinal tract, fewer bacterial
species have been reported to inhabit the vagina. Nonetheless, many vaginally relevant
bacterial species have yet to be characterized. Cultivation-independent approaches allow for
the study of organisms that cannot be cultured in the laboratory using current techniques
[26] [27]. David Fredricks and colleagues have recently used molecular techniques to
identify several uncultivated organisms that are associated with BV [28] [29]. The bacterial
vaginosis-associated bacteria in the Clostridiales order (e.g. BVAB1, BVAB2, BVAB3)
were identified using broad-range 16S rDNA assays, and they were validated using a
combination of fluorescence in situ hybridization (FISH) and bacterium-specific PCR [28].
BVAB3 is the only BVAB that has since been cultivated and sequenced (GenBank
accession number CP001850.2). As part of the Vaginal Human Microbiome Project [8], we
have recently identified several additional bacterial taxa that apparently have not yet been
described (Fettweis et al., in preparation). We are currently validating these taxa, assessing
the role of these organisms in vaginal health, and targeting them for cultivation.
Additionally, we are employing whole-metagenome shotgun sequencing to learn more about
the genetic content of the fastidious organisms that have yet to be cultured. Recently, single-
cell genome sequencing technologies have been developed to permit genome assemblies
from single uncultivated microbial cells [30]. Thus, the application these emerging
technologies to uncultivated vaginal bacterial species would provide cell-specific genetic
information.

Environmental and genetic factors
While racial disparities have previously been reported in vaginal microbiome profiles [20]
[21] [31], the relative influence of various genetic and environmental factors has yet to be
established. Environmental factors, such as smoking [32] [33], douching [32] [34–36], and
some sexual practices [32] [35–37], have been associated with lower levels of vaginal
lactobacilli. Estrogen has perhaps the most well-established environmental influence on
vaginal flora. The deficiency of estrogen that occurs during menopause often leads to a
decline in lactobacilli [16] [17] [23], and in some cases, this shift is also associated with
urogenital infections [17]. Notably, estrogen replacement generally leads to a
reestablishment of lactobacilli [16].

It is unknown how genetic variations affect vaginal microbiome constitution and
maintenance, but it has been hypothesized that genetic polymorphisms that disrupt normal
signaling of the innate immune system may be associated with less healthy flora [38]. For
example, Verstraelen and colleagues [39] found that carriage of Atopobium vaginae and
Gardnerella vaginalis during the first half of pregnancy was associated with polymorphisms
in genes involved with Toll-like receptor mediated signaling (i.e. CD14 intron 2 1342G>T,
TLR1 exon 4 743A>G, CARD15 exon 4 14772A>T; and −1155A>G in the MD2 promoter
respectively). Genç et al. [39] [40] demonstrated that an allelic polymorphism in the intron
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of a gene in the interleukin 1 cytokine family, specifically IL1RN2*, is associated with
elevated vaginal pH and, in black women, a decrease in lactobacilli levels. Additionally,
several groups have reported maternal single nucleotide polymorphisms (SNPs) that are
associated with an increased risk for preterm labor [41–44], several of which affect genes
associated with immune modulation. Studies that resolve the specific contributions of
genetic and environmental influences on the composition of the vaginal microbiome may
lead to better diagnostics and treatments for a variety of conditions affecting women’s
health.

Vaginal infections and imbalances
Common vaginal infections and imbalances can be broadly characterized in two classes: 1)
those caused by sexually transmitted pathogenic organisms, and 2) those caused by
overgrowth of resident flora. Sexually transmitted infections can be caused by bacterial
species (e.g., Chlamydia trachomatis, Neisseria gonorrhoeae, Treponema pallidum),
parasites (Trichomonas vaginalis) and viruses (e.g., human immunodeficiency virus, human
papillomavirus, herpes simplex virus) [45]. Alternatively, dysbioses that have been
described include BV [46], Candida (yeast) infections [47], aerobic vaginitis [48] [49],
overgrowth of lactobacilli [50], and atrophic vaginitis [51]. Both sexually transmitted
infections and vaginal dysbioses must be considered in the vaginal ecosystem.

Bacterial vaginosis is the most common vaginal imbalance, and it has been reported to affect
between 10–20% of white, non-Hispanic women, and 30–50% of African American women
[52]. Bacterial vaginosis is a disorder characterized by an imbalance in vaginal flora, which
often causes malodorous discharge. Notably, women with BV are at an increased risk for
acquisition of sexually transmitted infections and for the occurrence of complications during
pregnancy [53–55]. Typically, BV is clinically diagnosed using Amsel’s criteria, which
requires that three of the following four conditions be met: 1) presence of a thin
homogeneous vaginal discharge, 2) amine odor following addition of potassium hydroxide
to vaginal secretions, 3) presence of clue cells (i.e. vaginal epithelial cells covered with
bacteria), and 4) and vaginal pH greater than 4.5. Alternatively, BV can be diagnosed using
the Nugent criteria, which involves scoring Gram-stained vaginal smears to quantify
bacterial populations consistent with the disorder. The etiology of BV has yet to be
determined; however, it is likely that complex polymicrobial factors are involved.
Organisms that have been associated with BV include, but are not limited to, G. vaginalis
[56], A. vaginae [57], BV-associated bacteria (BVAB1, BVAB2, and BVAB3) in the order
Clostridiales [28], Megasphaera species [58], and Sneathia species [59]. Given that BV is
not caused by a single pathogen and that many BV-associated organisms have not been
cultivated, applications of next-generation sequencing methods are well suited to the study
of the disorder. In addition to broad-range16S rDNA surveys, whole metagenome
sequencing of vaginal samples and the subsequent analysis of gene content and metabolic
potential will be useful in gaining insights into the etiology of the disorder.

Pregnancy and preterm labor
Estrogen and progesterone levels soar during pregnancy, the vaginal epithelium thickens,
and additional glycogen is deposited into the vaginal epithelium [9] [10]. Considering that
hormonal changes associated with menarche and menopause are associated with significant
changes in vaginal flora, one might expect changes in vaginal microbiome to accompany
pregnancy as well, but these effects have not been characterized in detail. However, it has
been established that BV is associated with a wide-array of pregnancy complications [60]
[61] including preterm premature rupture of membranes (PPROM) [62] and spontaneous
preterm labor and preterm birth [60] [61] [63] [64]. Recent studies have identified bacterial
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species that are routinely found in amniotic fluid [65], and that Mycoplasma [66–68],
Ureaplasma [66] [67], and Sneathia [69] (previously grouped with Leptotrichia) species are
often identified in the amniotic fluid of women with complications in pregnancy. It remains
unclear how bacterial colonizers of the vaginal environments are associated with these
infections. Clearly, a better understanding of the dynamics of the vaginal microbiome during
pregnancy may lead to better treatments, prognostics and diagnostics for complications
associated with the complex processes of pregnancy, labor and birth.

Species- and strain-level analyses of the vaginal microbiome
Species- and strain-level analyses are important for understanding the vaginal ecosystem,
and multiple approaches to the study of the vaginal microbiome are often required. These
include the following next-generation sequencing applications: 1) metagenomic surveys of
single-gene taxonomic markers such as the 16S rRNA gene, 2) multi-gene and whole-
genome analyses of bacterial genomes of interest, and 3) whole metagenomic shotgun
surveys of vaginal samples. In 16S rDNA metagenomic studies that permit identification
and relative quantification of bacterial taxa, typically only a portion of the 16S rRNA gene
(e.g. V1–V3 hypervariable region) is sequenced because of the read-length limitations of
next-generation sequencing technologies [7]. While not all species can be differentiated
using a portion of the 16S rRNA gene, the common vaginal Lactobacillus species can be
easily distinguished using this approach [24] [70] [71]. As part of the Vaginal Human
Microbiome Project [8], we are developing a protocol to more broadly permit species-level
resolution in metagenomic 16S rDNA datasets from vaginal samples. Several groups have
recently targeted the chaperonin-60 gene as an alternative to the 16S rRNA gene for the
identification of microbes in vaginal samples [72–75]. The vaginal microbiome profiles
generated by targeting the chaperonin-60 gene had a similar taxonomic distribution
compared to those generated by targeting the 16S rRNA gene, but some differences in
species-level resolution were reported [72]. An important advantage to targeting the 16S
rRNA gene is that it has been widely adopted in microbiome research, which allows for
cross-study comparisons of microbiome profiles [5]. Moreover, existing databases of
bacterial 16S rDNA sequences are more comprehensive and cover more strains and species
than do similar databases for other potentially useful genes.

Several efforts are underway to sequence bacterial genomes of organisms that colonize the
vaginal epithelium [2] [8] [56] [76]. This collection of genomes will provide a valuable
resource for future studies. These genomes will aid in the identification of biologically
significant single-gene markers that are specific to bacterial species of interest. One such
example is the sialidase gene, which has been found to be absent in one of three identified
genotypes of G. vaginalis [77]. Given that vaginal sialidase levels have been associated with
BV [78] [79] and preterm labor [80] [81], this difference in gene content is of particular
biological interest. Genome-wide strain-level comparisons of bacterial species of interest
and comprehensive studies of mobile elements, such as bacteriophages and transposons,
promise additional insights into how common vaginal bacterial species and strains impact
women’s health.

Lactobacilli and exclusion of other bacterial species
While over twenty species of lactobacilli have been isolated from vaginal samples, only one
or two Lactobacillus species typically predominate in any one sample, and the most
common of these include L. crispatus, L. iners, L jensenii, and L. gasseri [20] [31] [82].
Lactobacillus species have been reported to differ in their ability to exclude other bacteria,
and L. iners is the species that most often co-exists with other ‘less-healthy’ microorganisms
[76]. Understanding of the interactions between bacterial species and the host is also
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essential to a full understanding of the vaginal microbiome, thus here we review the
proposed mechanisms of exclusion by lactobacilli.

In premenopausal women, two general strategies have been proposed to explain how
lactobacilli inhibit the growth of other microorganisms in the vaginal niche: 1) competitive
exclusion through adherence to vaginal epithelial cells; and 2) production of antimicrobials,
such as bacteriocins, hydrogen peroxide (H2O2), and lactic acid [83]. Lactobacillus species
are thought to compete for binding to receptors on host epithelial cells, and numerous
studies have demonstrated that they can inhibit adherence of various urogenital pathogens
including group B Streptococcus species [84], Staphylococcus aureus [84], G. vaginalis
[85], N. gonorrhoeae [86], Pseudomonas aeruginosa [87], and Klebsiella pneumonia [87].
Notably, Lactobacillus species and strains vary in their ability to adhere to host cells [88]
[89], which is consistent with the fact that the mechanism of competitive exclusion is only
one of several defense mechanisms.

The production of antimicrobials by lactobacilli also contributes to the maintenance of the
vaginal flora. At least two bacteriocins have been identified in vaginal Lactobacillus strains
[46] [90–93]. One of the identified bacteriocins, lactocin 160, has been shown to target the
cytoplasmic membrane of G. vaginalis, suggesting that it is likely to be a biologically
relevant defense mechanism [46]. The association between H2O2-producing lactobacilli and
vaginal health has also been well established [36] [94], but it is controversial whether the
production of H2O2 is directly responsible for the exclusion of other species. The absence of
H2O2-producing lactobacilli has been associated with several unhealthy vaginal conditions
and states including BV [36] [94], vaginal colonization of E. coli [95], preterm labor [96],
and endometriosis [97]. Despite the consistent finding that H2O2-producing lactobacilli are
associated with vaginal health, H2O2 production was not found to be required for the lactic
acid-induced inhibition of BV-associated bacteria [98], or with lactobacillus-induced
inhibition of N. gonorrhoeae growth [89] [99]. O’Hanlon and colleagues [100] also reported
that H2O2 antimicrobial activities can be blocked by both semen and cervicovaginal fluid,
which would suggest the mechanism may be ineffective in vivo. While the rationale for why
H2O2-producing lactobacilli seem to be associated with health has yet to be conclusively
determined, one interesting hypothesis suggests that the role of H2O2 as a mediator of the
SOS response and prophage induction may be important. Lactobacillus species are
commonly lysogenized with temperate bacteriophages, and it has been hypothesized that
induction of the lytic cycle may trigger a transition to a less-healthy microbiome profile
[101]. Moreover, Martin et al. [102] suggested that production of H2O2 may select for
lactobacilli strains harboring defective prophages. These strains would thus be more stable
reducing the likelihood of a transition to the abnormal vaginal microbiome state.

There is a mounting body of evidence that suggests that lactic acid production is important
defense mechanism that prevents the growth of acid-sensitive bacterial species such as those
associated with BV [103]. O’Hanlon and colleagues [98] recently found that lactic acid
reduces the viability of a panel of bacteria associated with BV (e.g. G. vaginalis, A. vaginae)
at concentrations typically found in women with a lactobacillus-dominated vaginal
microbiome, and Graver et al. [99] found that in cocultivation experiments, lactic acid-
producing Lactobacillus species inhibited the growth of N. gonorrhoeae. Notably, O’Hanlon
et al. [98] reported that a change in pH from 7 to 4.5 reduced the viability of BV-associated
bacteria between two-fold and 106-fold, depending on the species. However, physiological
concentrations of lactic acid, but not acetic acid, dramatically reduced the viability of BV-
associated organisms (106-fold to 108-fold), which suggests that the antimicrobial activity of
lactic acid is not solely based on vaginal acidification.
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While most studies of vaginal acidification have focused on the role of lactobacilli, host
epithelial cells may make a significant contribution to vaginal acidification as well [83]
[104]. Two potential host roles have been suggested: 1) an upregulation of proton secretion
at the surface of the cervicovaginal epithelium in response to estrogen [104], and 2) host
production of lactic acid and fatty acids [83] [105]. Thus, it is likely that host epithelial cells,
in concert with lactic acid producing bacteria, contribute to vaginal acidification.

Concluding remarks
The application of next-generation sequencing and other molecular techniques to the study
of the vaginal microbiome is transforming our understanding of vaginal health through the
detection of uncultivated organisms and other fastidious organisms that have gone
undetected using culture-based techniques. Molecular approaches allow for species- and
strain-level resolution of bacteria that have important implications for vaginal health.
Microbiome profiles, which elucidate the complex patterns of bacterial taxa present in a
sample, provide insight into the polymicrobial nature of the bacterial populations in the
healthy and unhealthy vagina. The application of whole metagenome shotgun sequencing to
vaginal samples will permit study of the gene content and metabolic capabilities of
uncultivated organisms. Studies using molecular techniques in combination with cultured-
based studies may help to elucidate how bacterial species interact with each other and the
host vaginal epithelium and how these interactions are associated with host genetic factors,
and various physiological and infectious conditions.
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Figure 1. Mid-vaginal microbiome profiles using genus-level taxonomic classification
A total of 650 microbiome profiles are represented. Each bar represents the genus-level
microbiome profile for one mid-vaginal sample and each color represents a distinct genus.
Mid-vaginal swab samples were obtained from participants enrolled in the Vaginal Human
Microbiome Project at VCU. The V1–V3 hypervariable of the 16S rRNA gene was targeted,
and on average, approximately 30,000 reads per sample were generated using the Roche 454
GS FLX Titanium platform.
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