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Metagenomic characterization of the core vaginal microbiome in healthy women using 
chaperonin-60 based methods

Deborah Money, Matthew Links, Teenus Paramel, Emily Wagner, Danielle Bourque, 
Julianne van Schalkwyk, Gregor Reid, Sean Hemmingsen, Janet Hill.

Introduction: The vaginal microbiome is a vital determinant of a woman's reproductive health, 
influencing quality of life, susceptibility to infection, fertility and pregnancy outcomes. Our 
goal was to define the core vaginal microbiome of healthy women using the 60 kDa chaperonin 
gene (cpn60), a highly informative universal target with superior resolution power. We 
hypothesized that healthy women share a core microbiome, with variations that can be clearly 
defined and correlated with menstrual phase and standard clinical criteria.

Methods: 32 reproductive-aged women who reported regular menstrual cycles, no use of
hormonal birth control or IUD, and no recent use of antimicrobial medication were recruited. 
Clinical and behavioural data were recorded, and vaginal swabs were self-collected weekly for 
1 month to generate cpn-60 PCR product libraries and conventional Gram stain slides.

Results: 77 samples spanning the menstrual cycle yielded sufficient data for analysis
(menstrual=8, follicular=20, periovulatory=15, luteal=34). Assembly of sequence reads 
identified 1,894 operational taxonomic units (OTU). Although no single OTU was detected in 
every sample, the predominant OTU observed in at least 50% of samples corresponded to 
Lactobacillus crispatus, L. iners, L. jensenii, and Gardnerella vaginalis. Clustering of microbial 
profiles based on OTU abundance patterns identified distinct OTU groups associated with 
Nugent score, and suggested changes in OTU abundance with menstrual phase.

Interpretation: All women were clinically asymptomatic despite variation in microbial profiles, 
including those with aberrant microbiota. Substantial inter- and intra-individual variation in 
microbial profiles was observed, supporting that a healthy vaginal microbiome encompasses a 
range of profiles rather than a universal “core” set of species.
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Distribution of cpn60-defined subtypes of Gardnerella vaginalis in vaginal 
microbiomes of women with and without bacterial vaginosis

Teenus Paramel Jayaprakash, Matthew G. Links, Deborah M. Money, Sean M. Hemmingsen, 
Julie van Schalkwyk, and Janet E. Hill

Bacterial vaginosis (BV), characterized by a shift from normal vaginal microbiota to a dense 
biofilm containing mixed anaerobic and Gram-negative organisms, is an important risk factor in 
poor reproductive health outcomes.The Nugent score, based on Gram stain, is used to 
diagnoseBV, and Gardnerellavaginalis abundance in the sample is one major factor 
determining Nugent score. However,a high Nugent score does not always correspond to 
thepresence of clinical symptoms. As more studies of the vaginal microbiomes of women are 
conducted, G.vaginalisis becoming recognized as a heterogeneous group of organisms, and is 
also being accepted as a part of normal vaginal microbiome. In addition, asymptomatic BV and 
non-Gardnerella types of BV are being recognized.The cpn60 universal target is used for 
generating high-resolution microbial profiles from clinical samples, and based on these data; 
three subtypes of G. vaginalis-like sequences can be clearly resolved. This subdivision, 
supported by whole genome similarity calculation of representative strains usingJspecies, 
demonstrates that these categories likely represent different species. Distribution of G.vaginalis
subtypes wasanalyzed in the vaginal microbiomes of women with and withoutBV.We also 
evaluated the correlation of distribution of the three G.vaginalissubtypes to Nugent score and 
BV status. Establishment of a quantifiable relationship between G. vaginalis subtype 
distribution and clinical status could have significant diagnostic implications.
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Microbial Exclusion and Co-Occurrence: Making it All Add Up
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Given a microbial community population profile, how can we identify which subpopulations 
either co-exclude one another or show non-random co-occurrence? We show that the standard 
statistical tools used to answer these questions, such as Principal Component Analysis (PCA) 
and multiple correlation coefficients, can yield seriously misleading results and therefore may 
not be appropriate tools to answer this question. We show that the problem arises from two 
sources, namely (a) extreme non-Normality of the subpopulation-fraction distributions and (b) 
the fact that subpopulation frequencies for most data sets are relative and not absolute. The latter 
restriction, which can be equivalently stated as "the sum of all subpopulation fractions must add 
up to 100%", is shown to be particularly problematic for virtually all common statistical 
techniques. Herein we describe a novel information-theoretic approach capable of both inferring 
co-exclusion or co-occurence and quantifying the strength of dependence. Unlike previous work, 
the resultant measure of statistical dependence is shown to have a concrete physical 
interpretation that can aid the interpretation of clinical data. We conclude by applying our 
techniques to in vivo vaginal microbiota clinical samples.



5

CPNDB: A CHAPERONIN SEQUENCE DATABASE
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Chaperonins are molecular chaperones present in virtually all prokaryotes and eukaryotes. 
Sequences encoding the 60 kDa chaperonin (CPN60), are particularly useful for phylogenetic 
studies and as targets for detection and identification of organisms since a 549–567 bp segment 
of the cpn60 gene can be amplified with universal PCR primers. Chaperonin sequences provide 
more discriminating power for closely related species than 16S rRNA gene sequences. cpnDB 
(http://cpndb.cbr.nrc.ca) is a curated database of chaperonin sequences collected from public 
databases or generated by researchers exploiting the cpn60 target in clinical, phylogenetic, and 
microbial ecology studies. Since its inception, cpnDB has grown to over 15,000 records 
representing bacterial reference strains, clinical isolates, field isolates and uncultured organisms 
detected in metagenomic studies, as well as a wide range of archaea and eukaryotes. cpnDB 
includes coverage of the bacterial taxonomic hierarchy proposed by Garrity et al. (TOBA 
Release 7.7, March 2007). cpnDB also includes type II chapeornin sequences found in 
eukaryotes and archaea. The taxonomic coverage and intense curation of cpnDB have made it a 
valuable resource for researchers interested in exploiting chaperonin sequences in diagnostic 
methods or as targets for phylogenetic or metagenomic microbial ecology studies. Here we 
present a summary of the contents of cpnDB, an update on the cpnDB web interface and a 
description of user applications of cpnDB in diagnostic, metagenomic and phylogenetic 
investigations.
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Characterization of the intestinal microbiota from healthy and diarrheic domestic 
dogs using cpn60 with and without molecular enrichment for Epsilon-proteobacteria

Bonnie Chaban, Matthew Links and Janet E. Hill

Companion animals are common in North America, with approximately 1 in 3 households 
containing a domestic dog. Understanding the intestinal microbiota of dogs can address several 
questions, including the reservoir potential for zoonotic pathogens. The goal of this study was to 
characterize the bacteria shed in feces from nine healthy and nine diarrheic pet dogs using two 
different levels of molecular detection. The first survey was done by PCR amplification and 
pyrosequencing of the universal cpn60 gene target to obtain overall microbial profiles from each 
dog. Secondly, a molecular enrichment was carried out by creating a nested PCR that first 
amplified the cpn10-cpn60 region from Epsilon-proteobacteria only, followed by universal 
cpn60 target amplification and pyrosequencing. From the overall survey of the microbiota, the 
major finding was a significantly higher number of Bacteroidetes (predominated by Bacteroides 
vulgatus and Bacteroides plebius; p<0.01) present in healthy dogs compared to diarrheic dogs. 
Despite this, there was no significant difference in the evenness or richness between populations 
and Shannon diversity and Simpson indices were comparable between groups. Epsilon-
proteobacteria from the genera Helicobacter and Campylobacter were also detectable in some 
dogs, but not all. Molecular enrichment increased the proportion of Epsilon-proteobacteria 
sequences detected from each dog, as well as detecting novel sequences not seen in the survey 
libraries. Enriched libraries contained known Helicobacter and Campylobacter species, as well 
as Arcobacter and Flexispira species, and identified a clearly novel species of Helicobacter. 
These findings represent the first extensive molecular characterization of the canine intestinal 
microbiota and presents a novel metagenomic approach to studying a targeted class of organisms 
in greater detail.
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A universal type II chaperonin PCR detection system for the investigation of archaea 
in complex microbial communities

Bonnie Chaban and Janet E. Hill

Bacteria and Archaea are evolutionarily and biochemically distinct domains found together in 
many environments. Robust universal PCR primer sets targeting both the bacterial 16S rRNA 
gene and the type I chaperonin gene have been established. However, universal PCR primers for 
Archaea are currently limited to the 16S rRNA gene. We investigated the type II chaperonin 
(known as the thermosome, TF55, CCT or TCP-1) as a potential universal target for Archaea. 
Two versions of thermosome PCR primers were determined to be necessary to amplify low to 
mid-range and mid-range to high GC content archaeal species and a cocktail containing all four 
primers demonstrated reproducible amplification of thermosome gene sequences from 
representatives of all major phyla tested. Sequences generated from the ~750 bp thermosome 
universal target generated phylogenies congruent with 16S rRNA phylogenies while exhibiting 
longer branch lengths, improving resolution of closely related taxa. We compared the 
performance of the universal thermosome primers with universal archaeal 16S rRNA primers 
and methyl co-enzyme M reductase (methanogen-specific) primers by characterizing the 
archaeal metagenome of the dairy cow rumen. Clone libraries generated from each target gene, 
as well as a pyrosequencing profile of one thermosome rumen library, revealed that all three 
targets consistently detected Methanobrevibacter smithii, Methanobrevibacter ruminatium and

Methanosphaera stadtmanae as the dominant constituents. In addition, amplified
thermosome gene sequences were more diverse than either of the other targets. These 
finding demonstrate that a universal thermosome PCR protocol can be a powerful 
metagenomic tool for detecting and characterizing archaeal communities.
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The healthy vaginal microbiota largely consist of species of Lactobacillus which are depleted 
and replaced by other organisms during a state of dysbiosis termed bacterial vaginosis (BV). 
This condition often manifests itself with discharge, malodor, and elevated pH. In order to 
assess the biological activity of vaginal bacteria, we collected vaginal swabs from two women 
with BV and two with a healthy vaginal environment, and performed microbial transcriptional 
profiling.

SOLiD-based RNA-seq was used to produce a digital gene expression profile of the vaginal 
bacteria. The most prevalent vaginal organism, Lactobacillus iners, showed a differing 
expression profile in BV compared to normal. Approximately 95 strongly differentially 
expressed genes were identified representing 10% of the entire gene complement of L. iners. 
Notably, in a BV environment L. iners had increased expression of a cholesterol-dependent 
cytolysin, and mucin transport and related metabolic enzymes. Despite its minimal genome, L. 
iners responds dramatically to the altered BV environment in a manner that raises many 
questions as to how this condition arises and either self-resolves or requires antibiotic treatment. 
Gene expression of several other organisms in the samples provides additional insight into what 
may be happening at the interface of health and disease.

This first successful transcriptome analysis of the vaginal microbiota provides a means to 
evaluate activity of individual organisms and help determine how different bacteria 
contribute to the environment and outcome for the host. The technique holds great promise 
for future studies.
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What is the vaginal microbiome of post-menopausal women telling us?

Ruben Hummelen, Jean Macklaim, Jordan E. Bisanz, Jo-Anne Hammond, Amy McMillan, 
Gregory B. Gloor and Gregor Reid*

Lawson Health Research Institute, London, Canada, and Vaginal Microbiome Project Team.

The microbiota of the vagina plays an important role in health maintenance. After 
menopause, the numbers of lactobacilli are believed to decrease and play a role in conditions 
such as vaginal dryness and infection.
The vaginal microbiome of 32 post-menopausal women, not receiving estrogen replacement 
therapy (ERT) was profiled using Illumina sequencing of the 16S rRNA gene. Samples were 
obtained every two weeks for 10 weeks from 16 of the subjects. Affymetrix GeneChip Human 
1.0 ST microarrays were performed on RNA isolated from ten random samples.
Several clinically important findings emerged from this study. There was remarkable stability to 
the microbiota abundance profiles during the 10 weeks, even in women with vaginal dryness 
and atrophy. In healthy subjects, Lactobacillus iners and L. crispatus were generally the most 
abundant, countering the long-held view that lactobacilli are absent or depleted unless ERT is 
administered. Self-reported symptoms of dryness and atrophy correlated poorly with those 
observed by a nurse trained to assess these symptoms during gynecological exam. There was 
down-regulation of human genes involved in maintenance of epithelial structure and barrier 
function, and up-regulation of genes related to immune response in women suffering from 
vaginal dryness and atrophy.
The findings challenge text book concepts of the vaginal microbiota and menopause, and 
indicate that major inflammatory and tissue changes along with higher levels of non-lactobacilli 
organisms with vaginal dryness, warrants further clinical investigation.
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Multiplex Detection of Bacteria Associated with Normal Microbiota and with Bacterial 
Vaginosis in Vaginal Swabs by Use of Oligonucleotide-Coupled Fluorescent 
Microspheres

Tim J. Dumonceaux, John Schellenberg, Vanessa Goleski, Janet E. Hill, Walter Jaoko, Joshua 
Kimani, Deborah Money, T. Blake Ball, Francis A. Plummer, and Alberto Severini

Bacterial vaginosis (BV) is a recurrent condition that is associated with a range of negative 
outcomes, including the acquisition of human immunodeficiency virus and other sexually 
transmitted diseases, preterm births, and pelvic inflammatory disease. In contrast to the 
Lactobacillus-dominated normal vaginal microbiota, BV is characterized by a lack of
lactobacilli and an abundance of anaerobic and gram-negative organisms, including 
Gardnerella vaginalis and Atopobium vaginae. To date, the laboratory diagnosis of BV has
relied upon the fulfillment of criteria determined by microscopic observation of Gram-stained 
vaginal swabs. We describe a molecular-based method for the easy determination of the species 
profile within the vaginal microbiota based on the amplification of the chaperonin-60 genes of 
all bacteria present in the swab and hybridization of the amplicon to species-specific 
oligonucleotide-coupled fluorescent beads that are identified by flow cytometry with a Luminex 
instrument. We designed a nineplex Luminex array for characterization of the vaginal 
microbiota and applied it to the analysis of vaginal swabs from individuals from Africa and 
North America. Using the presence of A. vaginae or G. vaginalis, or both, as the defining 
criterion for BV, we found that the method was highly specific and sensitive for the diagnosis 
of BV using microscopy as a gold standard.
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Abstract Text

To be an informative target in microbial ecology studies exploiting next-gen sequencing (NGS) 
technologies a gene must be universal, accessible and have sufficient discriminatory power to 
identify relatively short sequences unambiguously. The universal chaperonin-60 gene (cpn60) 
has been established as an informative target for sequence-based detection, identification and 
quantification of organisms and for characterizing microbial communities. To compare the 
utility and resolving powers of cpn60 to the 16S rRNA gene, paired 16S rRNA and cpn60 
universal target (UT) sequences from ~800 bacterial type strains were aligned using CLUSTAL 
(cpn60) or NAST (16S rRNA) and pair-wise sequence distances were calculated. Individual 
sequences were also compared to the remaining type strains using a novel combination of 
BLAST and Smith-Waterman alignments (watered-BLAST, AEM 75:2889). Alignments of 
cpn60 UT sequences were more rapid and straight forward due to the uniformity of target 
length. The differences between neighboring sequences were consistently larger for the cpn60 
UT than 16S rRNA and cpn60 UT sequences were much more discrete than corresponding 16S 
rRNA sequences. A synthetic community of 20 cloned cpn60 universal targets (pair-wise 
identity 53-96%) was subjected to universal PCR and sequencing with 454 FLX and 454 
Titanium platforms and resulting data assembled using Newbler (Roche/454). The results of this 
assembly faithfully represented the composition of the original community. Our results 
demonstrate that when used in NGS-based high throughput metagenomic profiling cpn60 
provides superior resolving power with which to distinguish even closely related sequences as 
compared with 16s rRNA. We have also developed and validated procedures for the de novo 
assembly of Operational Taxonomic Units from cpn60 pyrosequencing data.
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Social and philosophical ramifications of the Human Microbiome Project
Kieran O’Doherty (PhD), Department of Psychology, University of Guelph

Research on the Human Microbiome Project (HMP) will, inevitably, bring about dramatic 
changes in conceptualizations of health and illness, and changes in the management of individual 
as well as public health. In this paper I shall discuss several questions that relate to the broader 
social and philosophical ramifications of the HMP. These questions are not intended to challenge 
the progression of the science or the implementation of novel technologies. Rather, they are 
intended to provoke a deeper engagement with the interface between research and clinical 
application; individual and public health; and science and society. My central question is this: 
how integral is the microbiome to our conception of the human being as a whole? The HMP has 
been characterized by such reconceptualisations of the human body as an ecosystem and the 
human being as a super-organism (rather than being viewed as a single organism). Given these 
claims, how fundamental should we understand changes to be that are made to an individual’s 
microbiome, relative to, for example, changes to the human genome? In the face of uncertainty 
surrounding the extent to which microbiomes are shared between individuals (and how particular 
microbial communities are spread between people) how would manipulations on individual 
microbiomes affect the surrounding community or society? In other words, what long term and 
larger scale consequences are linked to interventions on individual microbiomes? And, finally, 
what are the public health implications arising from human microbiome research? In particular, 
although much research is focused on the microbial communities associated with individuals, the 
nature of microbes suggests that applications will eventually be developed that target 
populations rather than individual patients. If this is the case, the considerations above become 
more than academic, as appropriate risk assessments and regulations will have to be carried out 
and implemented. Although these questions have social and ethical dimensions, meaningful 
answers are to a large extent contingent on certain scientific problems around which there 
currently is much uncertainty. In particular, how stable is an individual’s microbiome over time 
and how much of our microbiome is shared across the species (i.e., is there a ‘core’ human 
microbiome, and what might the extent of this be)? Addressing the questions presented here will 
thus require consideration of ongoing work across disciplines, including applied ethics, social 
and biological science.
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Abstract Text: We demonstrate that metagenomics can expand the suite of indicator organisms 
for water quality testing and microbial source tracking. Four freshwater samples (S1-S4) 
submitted to the BC Public Health Laboratory for routine testing were selected for 
pyrosequencing targeting 16s rRNA (V1-V3). We compared the microbiome of the most 
polluted sample (S2) to publicly available human and animal gut and fecal microbiomes. 
Freshwater samples were dominated by Betaproteobacteria, Sphingobacteria, 
Gammaproteobacteria and Actinobacteria. S2 demonstrated the greatest taxonomic diversity and 
appeared most closely related to a ruminant microbiome, suggesting a potential animal source of 
fecal pollution. Multiple genera were unique to S2; several genera were also identified common 
to samples with low coliform counts but absent in S2. Surprisingly, sequences of the canonical 
indicator organism E.coli and MST markers (Bacteroides) occurred in extremely low relative 
abundance (0-0.02%), even in fecally polluted samples. We show that a metagenomic approach 
to freshwater microbiome characterization is tractable, and that the data suggests potential novel 
markers of fecal pollution occurring at high enough copy numbers to be detected by molecular 
rather than culture-based. Comparison of watershed microbiomes to fecal microbiome standards 
may further identify highly specific markers of pollution source, allowing for targeted pollution 
management and improved traceback to source. Together, such tools suggest new directions for 
water quality monitoring and testing.


