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Abstract

Explorations of the vaginal microbiota (VMB) began over 150 years ago. Using light microscopy
and bacterial cultures the concept of normal versus abnormal microbiotain women began to
emerge. The latter became known by the term “bacterial vaginosis” or BV. BV microbiota is
dominated by Gardnerella vaginalis and includes a number of anaerobic organisms. In contrast
normal flora is dominated various Lactobacilli. BV microbiota is associated with vaginal
discharge, poor pregnancy outcomes, pelvic inflammatory disease, post-operative wound
infections, and endometritis following elective abortions. Additionally, BV flora predisposes
women to infection by HIV as well as other STDs. Application of molecular techniques over the
last decade has significantly advanced our understanding of the VMB. It is far more complex than
previously recognized and is comprised of many previously unknown organisms in addition to
those already identified by culture. Analyses using high-throughput sequencing techniques have
revealed unique microbial communities not previously recognized within the older, established
vaginal flora categories. These new findings will inform the design of future clinical investigations
of the role of the VMB in health and disease.

Introduction

It has long been recognized that humans coexist with complex bacterial communities that
are relatively unique to specific niches such as the gastrointestinal tract and the oral cavity.
However, the scope of these relationships has only recently been recognized through the
application of high throughput sequencing modalities. It is now clear that the microbes
closely associated with humans outnumber the total number of human cells by a ratio of
more than 10:1 and that, in fact, the total number of genes in the human genome is
outnumbered by those in the bacterial microbiome by a factor greater than 1000:1.1 (Note:
In this paper the term “microbiome” will be used to refer primarily to the sum total of all
bacteria that live in close association with humans and all of their genes. The term
“microbiota” will be used primarily to refer to human site-specific bacterial communities as
determined by 16s RNA sequencing studies.) These organisms and the communities they
form have evolved with us over thousands of years and are critical to our survival. For
example, we rely on bacteria for absorption of key nutrients and for conditioning the innate
immune response; however, we are just now beginning to understand the complex
mechanisms of these mutually beneficial interactions. On the other hand, specific

Tel: 504 568 5031, Fax: 504 568 5553, dhmartin@Isuhsc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Martin

Page 2

disturbances in our microbiome may result in disease as well, and thus improved knowledge
of these relationships is critical to a better understanding of both human health and illness.

Anton Van Leeuwenhoek, the “Father of Microbiology” and the inventor of the microscope,
was the first observer of a human bacterial community as he used biofilm scraped from his
own teeth for his first experiments. Beginning in the late nineteenth century, his work was
further advanced by numerous investigators through the use of ever more sophisticated
aerobic and anaerobic culture techniques to explore the human microbiome. Despite this
work, scientists recognized relatively early that there likely were members of these
communities that could not be cultured ex vivo, and thus the true nature of the human
microbiome remained obscure. The discovery that it was possible to amplify bacterial 16S
RNA genes directly from natural samples (reviewed in Marrazzo et al?) and use the
sequences thus obtained to identify all bacterial species present in such samples resulted in
the first accurate descriptions of the human microbiome. Such molecular analyses
highlighted the inadequacies of the methods of classic bacteriology, important as they were,
to describe the true complexity of the human microbiome accurately. In fact, it is now
recognized that, depending on the anatomical location, less than 10% of the organisms
comprising the human microbiome are non-cultivatable.3

Recent discoveries have demonstrated the potential of molecular microbiology to reveal
heretofore hidden characteristics of the human microbiome that are of great importance to
human health. For example, Ley and colleagues discovered significant differences in the
colonic microbiota of obese compared to lean study individuals. This work was extended to
a germ-free mouse model in which it was demonstrated that experimentally induced changes
in the gut flora induced weight gain.> These and similar results demonstrate the insights
gained in part through the NIH-funded Human Microbiome Project that began in 2007. As
stated in the “marker paper” describing the project, “The goals of the HMP are to
demonstrate the feasibility of characterizing the human microbiome well enough to enable
study of the variation in the human microbiome (with population, geno-type, disease, age,
nutrition, medication, and environment) and its influence on disease, while providing both a
standardized data resource and technological developments to enable such studies to be
undertaken broadly in the scientific community. The HMP is a limited effort per se, but has
the ultimate objective of creating broad opportunities to improve human health through
monitoring or manipulating the human microbiome.”®

One of the original HMP-targeted sites for characterization of the microbiota was the
vagina. This site was selected in large part because of the extensive body of data developed
over the last 40 years using the techniques of classical microbiology, which clearly
established the effect of differing vaginal microbial communities on women’s health. The
goal of this review is to provide a brief summary of the early work based on the classic
microbiologic techniques that provide a context for the molecular work published over the
last 10 years, which will then be summarized in the following section of the review.

Early studies of vaginal microbiota based on culture and microscopy

In 1892 Doderlein described an organism that he isolated from a vaginal specimen of normal
pregnant women. This organism, which he originally named Doderlein’s bacillus after
himself, was later renamed Lactobacillus.” At the end of the nineteenth century, Menge and
Kronig first described the isolation of anaerobic organisms in addition to Lactobacillus from
the vagina.8 In 1923 Curtis described a vaginal discharge syndrome in women that he
termed the “white discharge” syndrome.® Using culture techniques, he associated this
syndrome with black-pigmented anaerobes, curved anaerobic motile rods, anaerobic cocci,
and Gram-variable diphtheroidal rods. He also noted a relative dearth of Doderlein’s bacillus
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in women with this syndrome. Schroeder confirmed and extended this work in the 1920s.10
Thus, over 80 years ago it was known that significant shifts in the vaginal microbiota were
associated with a symptomatic vaginal discharge syndrome in women. Despite this work,
many investigators interested in women’s health continued to believe that this syndrome
must in some way be caused by a single organism. These beliefs provided fertile ground for
the work of Gardner and Duke, who first described the strong association of a Gram-variable
coccobacillus initially named Haemophilus vaginalis (later renamed Gardnerella vaginalis)
with nonspecific vaginitis (the name then used for Curtis’s white-discharge syndrome).11
They believed that this organism was the cause of the syndrome despite the fact that direct
inoculation of cultivated G. vaginalis did not reproduce the disease. Clinicians and
investigators over the next 25 years nearly completely forgot about the earlier work, and in
fact, the term “Gardnerella vaginitis” was frequently used to describe the syndrome,
reflecting the general belief that this single organism was the cause.’

It was the seminal work of the University of Washington group of investigators that
redirected attention to the fact that nonspecific vaginitis was associated with dramatic shifts
in the vaginal microbiota, including not only increased abundance of G. vaginalis but, by
striking increases, a number of anaerobic species and genital mycoplasmas.12-1° Based on
this work, the syndrome associated with these changes in the composition of the vaginal
microbiota was renamed “bacterial vaginitis” and later changed to “bacterial vaginosis”
(BV) due to the fact that few inflammatory cells were observed microscopically in the
vaginal fluid. Additionally, this group of investigators identified clinical markers of BV that
could be used to differentiate the majority of symptomatic women who harbored this diverse
microbiota from aymptomatic women with Lactobacillus crisptatus- and Lactobacillus
jensenii-dominated microbiota.1® These markers consisted of the following: 1. vaginal
secretion with a pH level of >4.5; 2. a fishy odor that was best elicited by mixing vaginal
secretions with 10% KOH solution; 3. a rate of at least 20 percent of microscopically
observed vaginal epithelial cells coated with bacteria (these cells were named “clue cells™);
and 4. a typically white, skim-milk-like vaginal discharge. In order for a clinical diagnosis of
BV to be made, at least three of the four markers needed to be present. Soon thereafter,
Nugent et al. revised the vaginal Gram-stain criteria for BV first described by Spiegel by
developing a numerical score based on semi-quantization of Gram-positive rods, Gram-
negative coccobacilli forms and curved Gram-negative rods.}” These morphotypes were
thought to represent Lactobacillus spp., G. vaginalis and Mobiluncus spp., respectively.
Scores of 0-3 were considered normal (lactobacillus dominant), 4-6 were labeled as
intermediate (mixed morphotypes), and 7-10 were indicative of BV (absence of lactobacilli
and predominance of the other two morphotypes). This score became known as the “Nugent
score.” Though the microscopic work is exacting and time-consuming, in the hands of
trained research technicians, it is highly reproducible. 17-19 Over the years the Nugent score
has been used widely as the standard for diagnosing BV for the purposes of clinical
research. It is not applied as a part of routine clinical care very often because of the time it
takes to read the slides and the requirement for specially trained microscopists.

Clinically, women with symptomatic BV present with complaints of vaginal discharge;
vaginal and/or perineal pruritus; foul, fishy odor; and dyspareunia. Symptoms may occur
alone or in any combination of the above though BV diagnosed by the Amsel criteria in the
absence of Gram-stain data requires the presence of three of the four markers. In 1 study the
sensitivity and specificity of the clinical diagnosis relative to the Nugent score were 70%
and 949%, respectively.20 Treatment of symptomatic BV is with metronidazole 500 mg BID
for 7 days, metronidazole containing vaginal gel, or clindamycin containing vaginal cream.
Unfortunately, the clinical response rate one month post treatment is only 71% to 89%,” and
the relapse rate of clinical disease after 1 to 6 months is 50% to 75%.21:22
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Clinical studies have associated BV as determined by the Nugent score with abnormal
pregnancy outcomes including preterm birth, premature rupture of the membranes, early
labor, and postpartum endometritis.23-25 However, efforts to prevent these complications by
treatment have not uniformly met with success. There is evidence that treatment of BV in
women who have had a previous preterm delivery decreases the probability of a subsequent
preterm birth.25:26 Treatment of asymptomatic BV in women at low risk for preterm
delivery has not proven successful.2” Whether this is related to the fact that the Nugent score
does not differentiate microbiota subpopulations that have differential effects on pregnancy
outcome or is related to the poor efficacy of currently available therapies or both is not clear.
As discussed below, this is an instance in which a more targeted preventive treatment
approach based on better knowledge of the vaginal microbiota might yield better results.
Additional complications of Amsel criteria and/or a Nugent score defined as BV include
post-hysterectomy wound infections and endometritis following elective abortion,28-30
Pelvic inflammatory disease’s relationship to BV is less well established, but the indirect
evidence strongly indicates an association with endometritis, which, in turn, is associated
with pelvic inflammatory disease.31-32 Of greatest concern is that BV appears to increase
the risk of acquiring sexually transmitted infections (STIs), including HIV.

While several studies have suggested that BV by Nugent score increases the risk of
chlamydial, gonococcal, and trichomonal infections, the most compelling is that by Brotmen
et al.34 These investigators followed women recruited from primary-care clinics over a
period of up to three years with quarterly assessments of vaginal flora by Nugent score and
detection of STIs by nucleic acid amplification. After adjusting for sexual behavior risk
factors, investigators found that women with BV at a prior visit were twice as likely as
women with normal Nugent scores to acquire chlamydial infection and trichomoniasis. The
odds ratio for the acquisition of gonorrhea was lower (1.4) but still significant. Four papers
demonstrate a significant association between herpes simplex virus infection and BV,35-38
and one shows a weaker but still significant association with human papillomavirus
infection.3% Of most concern is the association of HIV infection and BV.4041 Myer et al.#2
performed a prospective nested-case control study of women in South Africa. Women with
BV as determined by Nugent score at enrollment had a 2.01-fold (95% Cl, 1.1-3.6)
increased risk of an incident HIV infection than women who were found not to have BV
after adjustment for prevalent STIs, sexual behaviors, and demographics. Thus, BV defined
by Nugent score appears to be a significant risk factor for acquisition of a number of STIs
including HIV. If true, then treatment of BV has the potential to decrease the incidence of
STls significantly and could have a major impact in the HIV epidemic, especially in Africa
and other locations where prevalent rates of BV are very high. However, it should be kept in
mind that even though many of the studies referenced above attempted to control for the role
of sexual behavior as the major STI risk factor, undetected residual confounding is always a
possibility. There are two reasons that seem to point to the increased likelihood of this
possibility. First, it is difficult to envision host physiological and/or immunobiological
factors induced by a disturbed vaginal microbiota such as BV that would increase
susceptibility to infection to such a wide array of organisms that differ dramatically from
each other in their biology and mechanisms of pathogenesis. Second, as well summarized by
Schwebke in a 2009 editorial,*3 there is strong evidence that though Nugent-score BV is not
the result of infection by a single organism, it is sexually transmitted. Women with incident
BV are more likely to have had a recent new sex partner, to have had more partners in the
last few months, to have had partners who did not use condoms, and to have had partners
with another STI. The importance of this issue is that if BV is primarily a fellow traveler
with other STls, treating BV—even with optimal therapeutic options—would not likely
result in the prevention of HIV or any other STI.
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In summary, the pre-molecular microbiota research over the last 40 years based on classical
bacterial culture methods and the use of a relatively simple microscopic assessment of the
vaginal flora has resulted in a great deal of new knowledge concerning vaginal microbiota
and its role in reproductive health. Complications of abnormal vaginal flora reflected by
Nugent-score BV are well established, and much has been learned about the epidemiology
of the disease, including its strong correlation with recognized STIs. However, there many
issues that are not understood. Why have preventive treatment trials failed in pregnant
women? Why do some women respond to treatment of symptomatic disease while others do
not? Why are some women symptomatic while others are not? To answer these questions
and others, better definitions of the vaginal microbiota are clearly needed as are
investigations of the pathophysiology of differing vaginal microbiota and the
immunobiologic responses of the human host.

microbiologic investigations of vaginal microbiota

Molecular studies of vaginal microbiota are based on nucleic acid extraction, amplification,
and sequencing of variable regions of the 16S rRNA gene using oligonucleotide primer
sequences that complement regions of this gene conserved across a broad phylogenetic
spectrum of bacteria. The PCR amplicons represent a sample of all the bacteria present in a
specimen. The resulting individual 16S rDNA amplicons are separated by various means
and then sequenced. Web-based data bases such as the Ribosomal Database Project (RDP)
are queried via computer for sequences of bacteria that match those retrieved from clinical
specimens. Sequences for which close matches are not found are likely to be previously
unknown organisms. The methods of separating amplicons for sequencing vary widely.
Many early studies were carried out using denaturing gradient gel electrophoresis (DGGE)
to separate amplicons. Amplicons forming distinct bands in the gels are sampled, re-
amplified, and then directly sequenced. DGGE-based studies led to the discovery of several
organisms not previously recognized as belonging to the vaginal microbiota, including
Lactobacillus iners and Atopobium vaginae.**45 In subsequent studies, amplicons were
ligated into plasmids and transferred into E. coli for expansion, and then the purified
plasmid with 16S rDNA inserts were sequenced 4649 or studied by terminal restriction
fragment polymorphism analysis.>® The latter approach avoids the cost of sequencing but
has limited ability to identify and classify unknown bacteria. Both provide better resolution
of bacterial community structure than DGGE but are more labor intensive and therefore
more expensive to perform. Using the cloning and sequencing methodology, Fredericks et
al.*8 confirmed the association of A. vaginae with BV and, in addition, described three
organisms strongly associated with BV with unique 16s RNA sequences never before
described and only distantly related to other organisms in the sequence databases. These
were named “BV-associated bacteria” (BVAB) 1, 2, and 3. These studies were extended by
more detailed work, demonstrating that among the organisms commonly found in the
vagina, there were many related at the genus level to well-known species but with unique
16s RNA sequences never before described.51:52 If these new bacterial species can be shown
in future studies to be exclusively associated with the genitourinary tract, it would constitute
evidence that they have evolved to survive in this specialized human ecologic niche and
must play key roles in the function of the vaginal microbiome.

While these studies were groundbreaking in terms of demonstrating the potential of
molecular techniques for expanding our understanding of the vaginal microbiota, the
methods used were limited in that the number of sequences that could be reasonably
analyzed by traditional Sanger sequencing is far too low to enable a complete understanding
of microbial community structure, and the cost of increasing that number was beyond what
the usual NIH grant would support. What microbiologists needed was a “high-throughput”
sequencing technique that could provide thousands of sequences per specimen at a
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manageable cost. The method first adapted to this purpose was pyrosequencing using the
454 sequencing platform.>3

Over the past 4 or 5 years, competing technologies have become available, and the cost of
high-throughput sequencing has plummeted. Additionally, computational analysis programs
to analyze large numbers of sequences have become increasingly available.>*56 The
combination of increased availability of high-throughput sequencing and new computational
analyses has “democratized” the field by facilitating the entry of many more investigators.
Pyrosequencing produces a shorter sequence length than the amplification and cloning
approaches described above, but these shorter sequences are sufficient for identifying
bacteria at least at the genus level in most cases. The number of reads available enables
characterization of individual patient vaginal microbiota to the extent that there is reasonable
confidence that the true structure of each individual community can be analyzed and
compared to the microbiota of other individuals.

Using this approach, Ravel et al®’ recently reported the results of a pyrosequencing analysis
of vaginal specimens from a sample of 400 normal women. The sample was balanced by
ethnicity. Five main clusters of women were identified by Unifrac analysis. Four of these
were dominated by lactobacilli, including L. crispatus, L. iners, L. jensenii, and L. gasserii.
The former 2 groups were by far the largest. A fifth cluster (termed the “diverse” group) was
not dominated by any one species and contained high abundances of the organisms
traditionally associated with BV, including G. vaginalis and Prevotella spp. Additionally,
many of the newly described organisms found to be associated with Nugent scores
indicative of BV as described above were present. One of the most important findings of this
study was the relative non-specificity of the Nugent score. While L. crispatus- and L.
jensenii-dominated vaginal specimens almost uniformly had normal Nugent scores, those
dominated by L. iners and L. gasserii frequently had intermediate and BV Nugent scores.
Though the diverse cluster of cases had BV Nugent scores in the majority of cases, this
group also contained many samples with normal and intermediate scores. In other words, the
microbiotas of many women with normal Nugent scores often were indistinguishable from
those with BV Nugent scores. In an as-yet-unpublished study, we have confirmed these
findings in women studied in the New Orleans STD Clinic using pyrosequencing. The
significance of these findings is that past research based on the Nugent score misclassified a
number of cases. Of particular note is that pyrosequencing analysis showed that the
microbial community composition of women with intermediate Nugent scores in these
studies was about evenly divided between those whose microbiotas were most closely
related to the larger groups of women with normal Nugent scores and those with BV Nugent
scores. This may be significant as clinical research in the past has often divided study
subjects into 2 groups, those with BV by Gram stain and those without (i.e., both normal and
intermediate Nugent-score groups combined). Overall, the pyrosequencing data indicate that
at least half of the intermediate cases really should have been included in the BV Nugent-
score group.

The implications for interpretation of past research based on the Nugent score are as
follows: 1. Several studies utilizing only the Gram stain to assess vaginal flora have
suggested that microbiota as determined by Nugent score is unstable and that this is
particularly so for intermediate Nugent scores.®8-60 In 1 study of serially obtained vaginal
specimens, after an interval of as few as 7 days, women with intermediate Nugent scores had
converted to either normal or BV Nugent scores in about a third of cases.®? These
observations have led to the conclusion that the microbiota may shift significantly in
composition over relatively short periods of time. However, as summarized above,
pyrosequencing data suggest that in some cases there is little difference between the
microbiota of a woman with a normal Nugent score and 1 with a BV Nugent score. Thus, it
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is possible that despite Nugent score shifts over time, the microbiota itself may not be
experiencing major changes. Longitudinal studies incorporating both Gram stains and
sequence-based analyses will be required to test this hypothesis. 2. Use of Nugent scores to
define the status of the vaginal microbiota for the purposes of clinical research introduces
bias towards the null hypothesis in studies of BV as a risk factor for complications or
acquisition of another STI. Therefore, though published studies that have shown disease
associations with Nugent-score BV are valid and, in fact, the odds and/or risk ratios may be
stronger than those published, it is clear that future studies of the relationship of vaginal
microbiota and adverse women’s health events must be based on more specific definitions of
the microbiota than the Nugent score. For example, poor treatment outcomes for Nugent-
score BV may be restricted to certain microbiota subpopulations while others may respond
much better. Another example is pelvic inflammatory disease, where it is possible that a
virulent microbiota indistinguishable from others by Nugent score is primarily responsible
for disease. Prospective treatment studies in the future should be analyzed based on the
microbiota present, not exclusively on the Nugent score.

Based on the initial molecular work described above, the consensus among workers in the
field has been that the most abundant members of the vaginal microbiota have been
identified.? Given that the cost of pyrosequencing was far too high for use in population-
based studies, our group embarked on the development of a panel of 19 quantitative species
and genus-specific quantitative PCR (qPCR) assays for assessing the concentrations of
bacterial species in the vaginal microbiota.8 The results of a survey of women drawn from
our STI clinic population are summarized in Table 1. The main findings were that L. iners is
ubiquitously present in the vagina as are Prevotella spp. G. vaginalis was not universally
present but was nearly so. These three organisms likely play important core roles in vaginal
bacterial community structure. Organisms such as BVAB3 and Sneathia sanguinegens were
present in more than 90% of Nugent-score BV cases but in only a few of those with normal
scores. These organisms have potential as markers for the disturbed vaginal microbiota that
is characteristic of BV as defined by the Nugent score. Another observation of potential
importance was that in a subgroup of specimens with BV Nugent scores of 10, the dominant
single species measured was BVABL, the previously unknown organism first described by
Fredricks et al.#8 It is possible that the microbiota in these cases is distinctively different
than that of other women with BV by Nugent score. Recently completed pyrosequencing
studies in our laboratories on this same population of women appear to confirm this idea.
The data of Hummelen et al, who used Illumina technology to perform very deep
sequencing of variable region six of the 16S rRNA gene on vaginal specimens from HIV-
infected African women, are suggestive of a similar clustering, but the short sequence reads
prevented classification of many organisms beyond the family level.52 Such a subpopulation
was not revealed in the pyrosequencing data of Ravel et al. described above.>” These
disparate findings likely are reflective of differences in methodology. For example, the
Ravel group use primers that amplify the V1-V3 region of the 16s RNA gene, whereas we
amplify the V4-V6 region. The former primer set is biased against the detection of G.
vaginalis, and ours, no doubt, has subtle biases of its own. A critical challenge in the field is
to perform cross-comparisons of different high throughput sequencing techniques in order to
define clearly the various vaginal microbiota subpopulations that are present in
representative human populations.

Once this is accomplished, it will be important to determine the limits of variation of
bacterial communities over time. Relative stability would be required to support the
hypothesis that one or another microbiota type or subtype is causative of adverse health
outcomes.
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Assuming that this is the case, future clinical research to address the role of newly defined
“types” of vaginal microbiota in health outcomes will require the development of low-cost
markers for each “type” of vaginal community as high throughput sequencing, may be too
cumbersome for the performance of large epidemiologic studies and treatment trials.
Developing relatively small sets of qPCR assays for the detection of abundance patterns
specific for differing vaginal microbiota would seem to be a reasonable approach.

Despite the advances in understanding the composition of the vaginal microbiota brought
about by pyrosequencing analyses of 16S rRNA sequences, the focus of research in this field
may be shifting as, increasingly, experts are suggesting the need for moving away from
simply describing the microbiota to determining what the organisms are actually doing.
Metagenomic studies using shotgun sequencing approaches are being used to identify most
of the bacterial genes present in the microbiota at a particular site at a specific point in time.
Such data permit the determination of metabolic pathways most common in a chosen
environment. Moreover, direct measurement of metabolites in samples is possible and is
being done. An additional approach to discovering what the microbiota is doing is
transcriptomics, which measures the specific mMRNAs being produced by the microbiota.
Ultimately, proteomic approaches can be used to identify and measure the gene products
actually being produced by the microbiota. Further adding to the complexity is determining
how the human host responds to differing microbiota. Of particular interest are the
inflammatory response pathways. While all of these approaches will generate interesting
information, the cost of generating the data will be high despite decreases in sequencing,
transcriptome measurement, and protein identification costs, and there is a need for new
mega-data analysis tools beyond what is currently available. Therefore, specimens for such
analyses will need to be carefully selected in order to ensure that the most useful data are
obtained. In my opinion, until it is clear which of the vaginal microbiota variants is
associated with human disease, there is risk of wasting scarce research funding on detailed
metabolomic, transcriptomic, and proteomic studies if the data may not have clinical
relevance. On the other hand, it could be argued that the longitudinal risk-association studies
required to establish the significance of newly defined vaginal microbiota categories will
also be very expensive and will require many years. An alternative approach might be cross-
sectional studies of the host inflammatory response to the differing vaginal microbiota,
which would provide clues as to which research approaches will likely yield the most useful
results.

In summary, over the last 10 years a clearer picture of the complexities of the vaginal
microbiota has begun to emerge based on the techniques of molecular microbiology. We
have learned that many previously unknown bacteria are important components of the
vaginal microbiota. At the same time, it has become more and more apparent that none of
these organisms alone is likely to be of great significance. High-throughput sequencing
studies have provided a more complete picture of total bacterial diversity in the vaginal
environment and also are revealing previously unrecognized categories of vaginal
microbiota. A key challenge for the immediate future of research in this field is to tie
together the findings from studies utilizing differing sequencing approaches in order to reach
agreement as to the identity of clinically important vaginal microbiota categories. Only then
will researchers be able to proceed with the clinical research necessary to identify which
categories are associated with health and which are associated with disease. Once
microbiotas that are clearly beneficial or clearly detrimental to women’s health have been
identified, “omic” technology will be available to investigate mechanisms of pathogenesis
and/or protection, which, in turn, may lead to interventions designed to improve women’s
health.
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Table 1
Relative bacterial species composition (%) based on DNA extracted from vaginal
specimens clinically diagnosed as normal (Nuget score of 0 to 3), intermediate (4 to 6), or
BV (7 to 10).

The data shows the composition of the samples solely based on the 19 bacterial species assayed. The
concentrations from each individual species-specific gPCR assay in each specimen were summed and each
individual species concentration was expressed as a percentage of the total as follows:
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The column labeled “Prevotella spp.” shows the percent contribution of this genus to the total composition of
each specimen. The percent contribution was calculated as above, but in this case the concentrations of the
total Prevotella spp. gPCR assay were included in the calculations instead of those of the P. buccalis-like
gPCR. (This table is reproduced with permission from Zozaya-Hinchliffe M, Lillis R, Martin DH, Ferris MJ.
Quantitative PCR assessments of bacterial species in women with and without bacterial vaginosis. J Clin
Microbiol. 2010;48:1812-9.)
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6136| 0 | 0 | 0.000 99.995 0.000 0.000 0.004 0.000 0.000 0.000 0.000 <0.001 <0.001 0.000 0.000 0.000 0.000 0.000 0.000 <0.001 0.000 0.032
6165| 0 | 0 |98.463 0.792 0.552 0.000 0.192 0.000 <0.001 0.000 0.000 <0.001 0.000 0.000 0.000 0.000 0.000 <0.001 0.000 0.000 0.000 0.002
i6192f 0 [ 0 | 0.000/99.999 0.000 0.000 0.000 0.000 <0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 <0.001 0.000 0.000 0.000 0.081
6194 0| 0 [99.871 0.125 0.000 0.000 0.000 0.000 <0.001 <0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.003
6209| 0 | 0 |99.961 0.036 0.000 0.000 0.001 0.000 <0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 <0.001 0.000 0.000 <0.001 0.000 0.181
6220 0 | 0 |<0.001 89.032 0.000 0.000 10.948 0.002 0.000 0.001 <0.001 0.000 0.008 0.001 0.000 <0.001 <0.001 0.004 0.001 0.004 <0.001 1.591
6176 | 2 | 1 | 2.177 76.396 9.571 0.000 50642 0.878 0.000 0.000 0.000 5.335 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.022
6236| 2 | 1 | 0.098 93.351 0.000 0.000 2710 3.445 0.013 0.002 0.000 0.381 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.565
6250 1| 1 | 0.006 0.428 0.000 0.002 67.749 30.311 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.055 0.000 0.000 1.276 0.173; :23.928
i6146| 2 [ 2 | 0.032 53430 0.000 0.000 42.445 0.784 0.022 0.002 0.000 0.004 3.199 0.058 0.009 0.000 0.008 0.000 0.000 0.000 0.007 0.677
‘6088 | 0| 3 | 0.073/87.954 0.000 0.091 11598 0.013 <0.001 0.000 0.000 <0.001 0.000 0.000 0.000 <0.001 0.063 0.002 0.012 0.194 <0.001 59.906
6104| 1| 3 | 0.001 60.537 0.000 0.000 36.077 1.798 0.000 0.044 0.009 1.394 <0.001 <0.001 0.003 <0.001 0.041 0.003 0.005 0.087 0.001 2.305
6240| 2 | 3 |20.075 0.123 55.562 0.000 24.142 0.002 <0.001 <0.001 0.000 0.034 0.000 0.026 0.000 <0.001 0.000 <0.001 0.000 0.036 <0.001 0.240
6045| 3 | 4 |<0.001 73.083 0.002 0.000 18.668 0.364 2.955 0.001 0.000 4.329 <0.001 <0.001 0.000 0.000 0.015 0.001 0.001 0.580 0.001; :12.339
6112| 1| 4 | 0.028 43.946 0.000 0.000 34.029 5.192 <0.001 = 0.257 0.001 14.292 0.000 0.000 0.000 <0.001 ~0.309 0.033 0.039 1.803 0.073{ }44.101
6166 | 1 | 4 | 0.697 94.727 0.000 0.000 2.189 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.386 0.000 5.186
16203| 4 [ 4 |]<0.001 9.887 0.000 0.000 33.633 0.353 0.007 0.041 0.004 41.729 10.666 1.697 <0.001 <0.001 0431 0.054 0.080 1.386 0.031} :96.678
{6044 1 | 5 [<0.001 72.360/ 0.000 0.000 27.539 0.068 0.007 0.001 <0.001 0.010 0.000 0.000 0.000 0.000 0.002 0.006 0.003 0.004 <0.001 0.101
6126 | 0 | 5 |<0.001 88.642 0.000 0.000 9.172 2.185 <0.001 0.000 0.000 <0.001 0.000 0.000 0.000 0.000 0.000 <0.001 0.000 0.000 0.000 1.030
6022| 2 | 6 | 0.000 49.280 0.000 0.000 35.613 0.407 3.666 0.338 0.002 7.569 0.000 0.026 0.000 0.000 0.083 0.122 0.085 2655 0.154i :67.491
6180| 3 | 6 [<0.001 16.017 0.000 0.000/67.900 4.737 <0.001 1.112 0.000 4.819 0.000 0.000 0.000 0.000 0.098 0.463 0.277 4.572 0.007; :84.708
6135 3 | 7 |[<0.001 5.645 0.000 0.000 12.245 30.048 17.543 1.103 0.070 14.242 0291 0.045 0.002 <0.001 0.670 4.855 0.267 12.766 0.208! :87.311
6294 | 4| 7 | 0.000 71.156 0.001 0.000 16.054 0.234 0.323 0.050 <0.001 11.438 0.000 0.027 0.001 0.000 0.053 0.039 0.020 0.600 0.005; :56.734
16340 4 [ 7 | 0.000 29.709 0.000 0.000 4.383 0.144 44.197 0400 0.002 9463 0460 0.032 <0.001 <0.001 = 0.253 0.220 0.001 10.728 0.008{ £75.290
i6232| 3 | 8 [<0.001 16.852 0.000 0.000/59286 3.212 <0.001 1.092 0.008 12913 <0.001 0002 0000 0.000 0.089 0.776 0.532 5.238 <0.001 87.521
6300 3| 8 | 0.015 0948 0.000 0.000 58.731 10.553 0.000 0.887 0.025 0.190 18.904 1.077 0.000 0.001 0.080 2.563 0.538 5.261 0.225] :93.831
6369 4 | 8 | 0.000 0431 0.000 0.000 17.755 0.419 47.036 0.497 0.085 2.955 17.829 1.340 0.225 0.000 0.199 0.043 0.034 11.106 0.045; :93.095
6243 | 3 | 9 [<0.001 2934 0.000 0.000 40.208 15.469 2.669 0.474 <0.001 32.473 0.036 0.041 <0.001 <0.001 0.145 0.171 0.036 5.343 <0.001 71.973
6070 | 4 | 10| 0.000 0.567 0.000 0.000 17.305 11.340 39.237 0.882 0.000 21.977 <0.001 0.000 0.049 <0.001 0.429 0.531 0.249 7.394 0.039; :90.655;
6074 4 | 10| 0.000 0.990 0.000 0.000 9.543 1.154 85.473 0.110 0.001 0.938 0406 0.003 0.005 0.000 0.047 0.008 0.009 1.308 0.004; }60.413
16080 | 4 [10| 0.000 2.749 0.000 0.000 20.448 0.058 64.229 0.261 0.004 3.801 0.000 0.039 0.000 0.001 0.074 0.120 0.044 8.160 0.011} £68.549
i6120| 4 [10| 0.000/ 0.354 0000 0.000 18.820 0.901 75091 0.431 0001 3731 0221 0.004 0003 <0.001 0059 0.005 0.006 0672 0.002] :44.918
6148 | 4 | 10| 0.000 0.247 0.000 0.000 5.112 0.918 90.157 0.061 0.006 3.030 0.000 0.000 <0.001 <0.001 0.052 0.242 0.143 0.006 0.025; :60.267
6247 4 | 10| 0.000 0.015 0.000 0.000 23.235 0.118 66.755 0.125 0.002 8.738 0.000 0.034 <0.001 <0.001 0.075 0.101 0.037 0.753 0.009; :63.808
6259 4 | 10| 0.000 19.442 0.000 0.000 25.886 26.889 <0.001 0.931 0.017 10.884 <0.001 0.031 0.444 <0.001 0.187 0.752 0.120 14.393 0.023{ :90.929
6286 | 4 | 10[<0.001 2722 0.000 0.000 7.069 0.149 79.690 0.031 0.001 6.059 0.869 0.000 0.088 <0.001 0.105 0.041 0.028 3.139 0.009; :61.306
6377 4 | 10| 0.006 0.025 0.001 0.000 35.105 0.591 34.054 0.347 0.005 26.066 0.033 0.142 0.001 <0.001 0.205 0.959 0.240 2207 0.014} :89.781
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