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The means by which vaginal microbiomes help prevent urogenital
diseases in women and maintain health are poorly understood.
To gain insight into this, the vaginal bacterial communities of 396
asymptomatic North American women who represented four ethnic groups (white, black, Hispanic, and Asian) were sampled and the
species composition characterized by pyrosequencing of barcoded
16S rRNA genes. The communities clustered into ﬁve groups: four
were dominated by Lactobacillus iners, L. crispatus, L. gasseri, or
L. jensenii, whereas the ﬁfth had lower proportions of lactic acid
bacteria and higher proportions of strictly anaerobic organisms,
indicating that a potential key ecological function, the production
of lactic acid, seems to be conserved in all communities. The proportions of each community group varied among the four ethnic
groups, and these differences were statistically signiﬁcant [χ2(10) =
36.8, P < 0.0001]. Moreover, the vaginal pH of women in different
ethnic groups also differed and was higher in Hispanic (pH 5.0 ±
0.59) and black (pH 4.7 ± 1.04) women as compared with Asian (pH
4.4 ± 0.59) and white (pH 4.2 ± 0.3) women. Phylotypes with correlated relative abundances were found in all communities, and
these patterns were associated with either high or low Nugent
scores, which are used as a factor for the diagnosis of bacterial
vaginosis. The inherent differences within and between women
in different ethnic groups strongly argues for a more reﬁned
deﬁnition of the kinds of bacterial communities normally found
in healthy women and the need to appreciate differences between individuals so they can be taken into account in risk assessment and disease diagnosis.
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he human body harbors microorganisms that inhabit surfaces
and cavities exposed or connected to the external environment. Each body site includes ecological communities of microbial species that exist in a mutualistic relationship with the
host. The kinds of organisms present are highly dependent on
the prevailing environmental conditions and host factors and
hence vary from site to site. Moreover, they vary between individuals and over time (1). The human vaginal microbiota seem to
play a key role in preventing a number of urogenital diseases,
such as bacterial vaginosis, yeast infections, sexually transmitted
infections, urinary tract infections (2–9), and HIV infection (10,
11). Common wisdom attributes this to lactic acid–producing
bacteria, mainly Lactobacillus sp., that commonly inhabit the
vagina. These species are thought to play key protective roles by
lowering the environmental pH through lactic acid production
(12, 13), by producing various bacteriostatic and bacteriocidal
compounds, or through competitive exclusion (13–16). The advent of culture-independent molecular approaches based on the
cloning and sequencing of 16S rRNA genes has furthered our
understanding of the vaginal microbiota by identifying taxa that
had not been cultured (17–24). However, this technique is limited by high cost and low throughput, hence only small numbers
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of samples have usually been analyzed, and the depth of sample
analysis was not great.
In this study we sought to develop an in-depth and accurate
understanding of the composition and ecology of the vagina
microbial ecosystem in asymptomatic women using a highthroughput method based on pyrosequencing of barcoded 16S
rRNA genes. The data obtained are an essential prerequisite for
comprehending the role and ultimately the function of vaginal
microbiota in reducing the risk of acquiring diseases and identifying factors that determine disease susceptibility. Speciﬁcally we
sought to characterize the vaginal microbial communities in a cohort of 396 North American women equally representing four
ethnic backgrounds (Asian, white, black, and Hispanic) and further address three aims. The ﬁrst was to establish whether there
were correlations between community composition and vaginal
pH because these would be indicative of community performance.
The second was to explore how the species composition of vaginal communities was reﬂected in Nugent scores (25), a diagnostic
factor commonly used to identify women with bacterial vaginosis
(26). Finally, the third aim was to identify patterns in the relative
abundances of different species because these might reﬂect antagonistic or cooperative interspecies interactions.
Results and Discussion
We characterized the vaginal microbiota and vaginal pH of 396
asymptomatic, sexually active women who fairly equally represented four self-reported ethnic groups: white (n = 98), black (n =
104), Asian (n = 97), and Hispanic (n = 97). The demographics
and other characteristics of the women are given in Table S1. Each
woman used two swabs to self-collect midvaginal samples. One
swab was used to evaluate the vaginal microbiota on the basis of
the Nugent criteria used for the diagnosis of bacterial vaginosis
(25), and the second was used in procedures to determine the
species composition and structure of the resident bacterial communities (27). The latter was accomplished by phylogenetic analysis of 16S rRNA gene sequences (28). Whole-genomic DNA
was extracted from each swab, and variable regions 1 and 2
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(V1–V2) of 16S rRNA genes were PCR ampliﬁed using the barcoded universal primers listed in Table S2 and pyrosequenced
using a Roche 454 FLX instrument. This produced a dataset
consisting of 897,345 high-quality sequences with an average
length of 240 bp and ≈2,200 reads per sample that were classiﬁed
using the Ribosomal Database Project (RDP) Naïve Bayesian
Classiﬁer (29). Species-level taxonomic assignments of Lactobacillus sp. were done using a bioinformatics algorithm based on
a combination of species-level hidden Markov models and clustering as described in SI Materials and Methods. Overall, a total
of 282 taxa were observed in the vaginal microbiota of these
women (Table S3).
The taxonomic assignments of vaginal bacterial community
members and the associated metadata for each subject are shown
in Table S4. The depth of coverage for each community was
sufﬁcient to detect taxa that constitute ≈0.1% of the community.
Although taxa present at less than this level are often referred to
as low-abundance or “rare” taxa, they are only rare in the context
of sampling depth. If a vaginal bacterial community has ≈108
cells per milliliter of vaginal secretion, then high numbers (105
cells/mL) of “rare” members are present in the community,
whereas phylotypes present at densities of <105 cells per milliliter would remain undetected. These “rare” taxa could play
major roles in the ecology of a community, whereas undetected
members may constitute a “seed bank” of species whose numbers
increase under conditions that favor their growth.
Vaginal Bacterial Community Composition and Structure. The vaginal
bacterial communities were grouped according to community
composition (Fig. 1A and Table S5), and the phylotypes were
clustered according to their correlation proﬁles as explained in SI
Materials and Methods (Fig. 1C). The heatmap in Fig. 1 shows the
results obtained using log10-transformed percentage abundance
of each taxon. It highlights the diversity found in all vaginal bacterial communities, even those where the phylotype abundance is
highly skewed and dominated by a single phylotype, and identiﬁes
taxa with similar correlation proﬁles. By way of comparison, Fig.
S1 shows the clustering of communities according to bacterial
composition and abundance done as described above but based
on only the 25 most abundant taxa.
The analysis revealed ﬁve major groups of microbial communities (Fig. 1 and Fig. S1), which is reminiscent of previously
published studies on microbial diversity in the human vagina (18).
The ﬁve groups, designated I, II, III, IV, and V, contained 104, 25,
135, 108, and 21 taxa, respectively (Table S3). The most diverse
communities were those of group IV, and this was reﬂected in the
Shannon diversity indices of the communities (Fig. 1 and Fig. S1).
In addition to these groupings there were two singletons: one was
dominated by Lactobacillus_3 (99% of the community), and another was dominated by members of the genus Enterococcus (76%
of the community).
Unlike any other anatomical site on the human body, most vaginal
communities (73%) were dominated by one or more species of
Lactobacillus that constitute >50% of all sequences obtained (Fig. S1
and Tables S4–S6). Communities in group I, which occurred in
26.2% of the women sampled, were dominated by L. crispatus,
whereas groups II (6.3%), III (34.1%), and V (5.3%) were dominated by L. gasseri, L. iners, and L. jensenii, respectively. As shown in
Table 1, communities belonging to group I have the lowest median
pH (4.0 ± 0.3), whereas communities in group IV had the highest
median pH (5.3 ± 0.6). Interestingly, communities dominated by
species of Lactobacillus other than L. crispatus have slightly higher
pH, ranging from 4.4 (group III) to 5.0 (group II), indicating that
these communities as a whole might not produce as much lactic acid
as those of group I or might have different buffering capabilities.
The skewed rank abundances of species in these communities
leave the impression that these communities are species poor,
but this may not be the case because there are an unknown
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number of “rare” species. The remaining communities found in
27% of the women formed a large heterogeneous group (IV)
and were typiﬁed by higher proportions of strictly anaerobic
bacteria, including Prevotella, Dialister, Atopobium, Gardnerella,
Megasphaera, Peptoniphilus, Sneathia, Eggerthella, Aerococcus,
Finegoldia, and Mobiluncus. This ﬁnding is consistent with those
of previous studies wherein the species composition of vaginal
communities was investigated by cloning and sequencing of 16S
rRNA genes (17–24). It should be pointed out that although
communities of group IV seem to be diverse relative to the other
groups (Fig. S1), it could simply reﬂect greater species evenness.
Resolution of this will require more intensive analysis by deep
sequencing of 16S rRNA genes (>100,000 reads) of communities
within all these groups.
Although communities in group IV were not dominated by
Lactobacillus sp., L. iners and L. crispatus were detected in 78.7%
and 51.9% of group IV communities (Table S6), respectively.
Only four subjects in group IV lacked detectable Lactobacillus
sp. in their vaginas, and those communities were dominated by
Prevotella, Sneathia, Megasphaera, or Streptococcus. Interestingly,
all communities contained members that have been assigned to
genera known to produce lactic acid, including Lactobacillus,
Megasphaera, Streptococcus, and Atopobium. This suggests that
an important catabolic function, namely the production of lactic
acid, may be conserved among communities despite differences
in the species composition.
By clustering taxa on the basis of their correlation proﬁles,
three subgroups of communities in group IV were identiﬁed (Fig.
1C). The ﬁrst of these was deﬁned by the cooccurrence of seven
taxa, including Cryptobacterium, Gemella, Gardnerella, Aerococcus, Prevotellaceae_1, and Ruminococcaceae_7 and Anaeroglobus. The second cluster was also deﬁned by the cooccurrence
of seven taxa, including Sneathia, Megasphaera, Anaerotruncus,
Eggerthella, Atopobium, Prevotellaceae_2, and Parvimonas. The
third cluster was marked by the cooccurrence of ﬁve taxa, including Porphyromonas, Peptoniphilus, Mobiluncus, Dialister, and
Prevotella. The signiﬁcance of these associations is unknown,
but they could reﬂect meaningful ecological interactions that
should not be overlooked in considering differences among
individuals.
Somewhat unexpectedly, Prevotella sp. were detected in 68.5%
of the samples, with abundance ranging from a few percent to
more than 45%. Although Prevotella sp. have been previously
demonstrated to be members of vaginal communities, their prevalence may have been underappreciated, and their role in the
community is unknown. However, it should be noted that Prevotella sp. have been shown to positively affect the growth of
Gardnerella vaginalis and Peptostreptococcus anaerobius by producing key nutrients for these species, such as ammonia and
amino acids. Both of these species have been linked to bacterial
vaginosis, hence the wide distribution of Prevotella sp. in the
vaginal microbiota might be a factor that facilitates bacterial
vaginosis (4, 30, 31).
Core Microbiomes of the Human Vagina. One objective of studies on
the human microbiome is to determine whether there is a core
set of microbial species associated with the bodies of all humans.
It is postulated that changes to this “core microbiome” may be
correlated with changes in human health or risk to disease. The
results from this study suggest that for the human vagina there is
no single core microbiome. Instead, it seems there are multiple
core microbiomes that can be deﬁned by the community groups
I–V depicted in Fig. 1. As noted above, these groups can be
readily distinguished on the basis of two criteria: (i) whether the
constituent communities are dominated by Lactobacillus, and (ii)
the particular species of Lactobacillus present. The vast majority
of communities in groups I, II, III, and V had more than one
phylotype of lactic acid bacteria, suggesting a degree of funcPNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4681

tional redundancy, but they differed widely in abundance. For
example, a positive association between L. crispatus and Lactobacillales_6 was observed, with these taxa cooccurring in 99.1%
of the communities in group I (Table S6), but the latter was
much less abundant than the former. Likewise, in community

group III, Lactobacillales_2 and Lactobacillales_5 cooccurred
with L. iners in 97.8% and 97% of the samples, respectively
(Table S6). Although we noted these strong positive associations,
we cannot explain their existence. Aside from species of Lactobacillales no taxa were so consistently found together in any
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Fig. 1. Heatmap of log10-transformed proportions of microbial taxa found in the vaginal bacterial communities of 394 women of reproductive age (color key is
indicated in the lower right corner). (A) Complete linkage clustering of samples based on the species composition and abundance of vaginal bacterial communities that deﬁne community groups I to V. (B) Nugent scores and pH measurements for each of the 394 community samples (color key is indicated above C).
(C) Complete linkage clustering of taxa based on Spearman’s correlation coefﬁcient proﬁles, which were deﬁned as the set of Spearman’s correlation coefﬁcients calculated between one taxon and all of the other taxa (SI Materials and Methods). (D) Spearman’s correlation coefﬁcients between the presence of
a taxon and the Nugent score or pH of a sample. (E) Shannon diversity indices calculated for 394 vaginal communities (two singletons were excluded).
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Table 1. pH of vaginal community groups in women of different ethnicities
Community groups*
I (L. crispatus)
Ethnic groups Subjects
Asian
White
Black
Hispanic
All ethnic
groups

24
44
23
14
105

†

pH
4.4
4.0
4.0
4.0
4.0

±
±
±
±
±

‡

0.52
0.0
0.0
0.0
0.3

II (L. gasseri)
Subjects
5
8
5
7
25

†

pH
4.4
4.7
5.0
4.7
5.0

±
±
±
±
±

‡

0.44
0.44
0.0
0.22
0.7

III (L. iners)
Subjects
41
26
33
35
135

†

IV (Diversity group)
‡

4.0
4.3
4.0
4.4
4.4

pH

Subjects

±
±
±
±
±

19
10
42
37
108

0.0
0.30
0.0
0.59
0.6

†

‡

5.5
5.5
5.3
5.3
5.3

V (L. jensenii)

pH

Subjects

±
±
±
±
±

7
9
1
4
21

0.44
0.74
0.44
0.44
0.6

†

‡

pH
5.0
4.85
4.7
5.0
4.7

±
±
±
±
±

0.89
0.22
0.44
0.59
0.4

All groups
Subjects†
96
97
104
97
394

pH‡
4.4
4.2
4.7
5.0
4.4

±
±
±
±
±

0.59
0.30
1.04
074
0.7

*Community groups are deﬁned as in Fig. 1.
†
Total number of subjects within a community group (two singleton clusters were identiﬁed and are not included).
‡
pH values expressed as median ± median absolute deviation.
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community group (Fig. 1). Although no core microbiome can be
identiﬁed on the basis of the taxa found in these communities, we
posit that core functions are conserved among communities despite differences in their species composition and that functional
redundancy would be associated with increased community reliability in the face of environmental changes (32).
Correlation Proﬁles of Taxa and Nugent Scores. The Nugent criteria
(25) are widely used to diagnose bacterial vaginosis according to
the proportions of different cellular morphologies seen in gramstained smears of vaginal samples. The weighted score computed
using these criteria is thought to reﬂect the relative abundance of
the following morphotypes: lactobacilli, Gardnerella vaginalis or
Bacteroides (small gram-variable rods or Gram-negative rods),
and curved gram-variable rods. The resulting scores range from
0 to 10, with those of 7 and higher considered to be indicative of
bacterial vaginosis, whereas scores of 4–6 and 3 or less are
considered intermediate and normal, respectively. In this study
communities with high Nugent scores were most often associated
with communities in group IV but were also observed in communities belonging to other groups (Fig. 1).
Because Nugent scores are based on weighted counts of different cellular morphotypes, we sought to better deﬁne what
phylotypes actually form the basis of Nugent scores and to determine the kinds of communities associated with high Nugent
scores. Phylotypes whose presence or absence is measured by
Nugent scores were identiﬁed by computing the Pearson correlation coefﬁcients for the relative abundances of all phylotypes
and the corresponding Nugent scores, which were categorized as
low (Nugent scores 0–3), medium (Nugent scores 4–6), and high
(Nugent scores 7–10). We found that 119 phylotypes were either
positively or negatively correlated with Nugent score. Of these,
59 had modest correlation coefﬁcients in the range of 0.0–0.2
that were not statistically signiﬁcant (P > 0.001; Fig. S2C). These
were excluded in subsequent calculations. The phylotypes with
highly signiﬁcant correlations are listed in Table S7. A correlogram depicting the correlation proﬁles of the remaining 60 taxa
that were signiﬁcantly correlated to Nugent scores is shown in
Fig. 2. In this ﬁgure phylotypes with similar correlation proﬁles
were placed near each other using complete linkage hierarchical
clustering based on Euclidean distances between correlation
proﬁles. Clusters 3, 4, and 5 included taxa with high positive
coefﬁcients of correlation to Nugent score (Fig. 2). Of these,
cluster 3 was most correlated to high Nugent scores, and it included the following phylotypes: Aerococcus, Anaeroglobus,
Anaerotruncus, Atopobium, Coriobacteriaceae_2, Dialister, Eggerthella, Gardnerella, Gemella, Megasphaera, Mobiluncus, Parvimonas, Peptoiphilus, Prevotella, Porphyomonas, Prevotellaceae_1,
Prevotellaceae_2, Ruminococcaceae, and Snethia. On the other
hand, taxa whose correlation proﬁles were associated with low
Ravel et al.

Nugent scores (clusters 1 and 2 in Fig. 2) included mainly phylotypes of Lactobacillus that were commonly found in community
groups I, II, III, and V. The fact that phylotypes in clusters 1 and
2 are commonly found together is readily apparent, as is the
cooccurrence of phylotypes of clusters 3, 4 and 5. Conversely, it
is evident that phylotypes in clusters 1 and 2 tend not to occur
with phylotypes in clusters 3–5. This may reﬂect antagonistic
interactions or competitive exclusion among these groups of
phylotypes.
A comparable analysis was done based on pairwise interactions between Spearman’s rank correlation coefﬁcients based
on the relative abundances of phylotype pairs for all 282 bacterial phylotypes found in the vaginal communities analyzed in this
study, and the results are shown in Fig. S2B.
Differences in Vaginal Microbiomes of Ethnic Groups. The study cohort consisted of roughly equal numbers of four self-described
ethnicities (white, Asian, black, and Hispanic), and this offered
the opportunity to assess the relationship of ethnic background
on vaginal bacterial community composition. The proportions of
each community group varied among the four ethnic groups (Fig. 3
and Fig. S3A), and these differences were statistically signiﬁcant
[χ2(10) = 36.8, P < 0.0001]. No statistically signiﬁcant associations
were observed between age and community types within or across
ethnic groups.
Vaginal bacterial communities dominated by species of Lactobacillus (groups I, II, III, and V) were found in 80.2% and
89.7% of Asian and white women, respectively, but in only 59.6%
and 61.9% of Hispanic and black women, respectively. The
higher median pH values in Hispanic (pH 5.0 ± 0.59) and black
(pH 4.7 ± 1.04) women reﬂects the higher prevalence of communities not dominated by Lactobacillus sp. (cluster IV) in these
two ethnic groups when compared with Asian (pH 4.4 ± 0.59)
and white (pH 4.2 ± 0.3) women (Table 1). This is signiﬁcant
because the occurrence of high numbers of lactobacilli and pH
<4.5 have become synonymous with “healthy”. If accepted at
face value, this common wisdom suggests that although most
Asian and white women are “healthy”, a signiﬁcant proportion of
asymptomatic Hispanic and black women are “unhealthy”—
a notion that seems implausible. It also begs the question of what
kinds of bacterial communities should be considered “normal” in
Hispanic and black women. We found that community group IV
(diverse group) was overrepresented in Hispanic (34.3%) and
black (38.9%) women as compared with Asian (17.6%) and
white (9.3%) women (Fig. S3B). From these data we conclude
that vaginal bacterial communities not dominated by species
of Lactobacillus are common and appear normal in black and
Hispanic women. The data from this study are in accordance
with the results of Zhou et al. (17, 18), who studied the vaginal
bacterial communities of white, black, and Japanese women. The
PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4683
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Fig. 2. Correlogram of 60 microbial taxa with negative or positive correlation to Nugent scores. Microbial taxa with the highest negative or positive correlation with Nugent scores were selected as described in SI Materials and Methods. The Spearman’s correlation coefﬁcients between each taxon and all other
taxa were used to build the correlogram that illustrates the cooccurrence of taxa in communities. Spearman’s correlation coefﬁcients between taxa and
Nugent scores are also indicated.

reasons for these differences among ethnic groups are unknown,
but it is tempting to speculate that the species composition of
vaginal communities could be governed by genetically determined
differences between hosts. These might include differences in innate and adaptive immune systems, the composition and quantity
of vaginal secretions, and ligands on epithelial cell surfaces, among
others. Although these may be key to shaping vaginal communities,
previous studies have also shown that human habits and practices,

including personal hygiene, methods of birth control, and sexual
behaviors, also exert strong inﬂuences (33).
The small number of different kinds of vaginal communities is
somewhat surprising given that these communities are probably
assembled independently after birth. The repeatability of community assembly suggests that a host exerts strong selection for
a rather limited number of different kinds of bacteria. This is
especially evident in the limited number of Lactobacillus phylo-
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Fig. 3. Representation of vaginal bacterial community groups within each ethnic group of women. The number of women from each ethnic group is in
parentheses.
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A

L. gasserii
100%

B

Diverse group

100%

L. jenseni

100%

L. crispatus
100%

L. iners

C

Fig. 4. Relationships among vaginal bacterial communities visualized by principal component analysis in which the relative abundances are expressed as
proportions of the total community and displayed in 3D space. Communities dominated by species of Lactobacillus and representing community groups I, II,
III, and V are shown at each of the four outer vertices of the tetrahedron, with communities of group IV at the inner vertex and shown in the Inset. (A) Each
point corresponds to a single subject and was colored according to the proportions of phylotypes in each community. (B) pH of each vaginal community
shown in A. (C) Nugent score category of each vaginal community shown in A.
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types and other lactic acid–producing bacteria that are abundant
in these communities. The prominence of these populations and
their important role in modulating vaginal pH suggests they
might be drivers in these communities and thought of in terms of
Walker’s driver–passenger model (34, 35). This model posits that
ecological function resides in “driver” species or in functional
groups of such species that have key ecological functions that
signiﬁcantly structure ecosystems, whereas “passenger” species
are those that have minor ecological impact. Studies done to
tease out the inﬂuence of these various factors on vaginal community ecology will be important to understanding community
stability, resistance, and resilience so that strategies can be developed to maintain human vaginal health and prevent disease.
Vaginal Community Space. The relationships among communities
were visualized by principal component analysis and displayed in
3D space. The three principle components explained 82% of the
variance. Each point in Fig. 4 represents the vaginal community
of an individual. Communities dominated by species of Lactobacillus and representing groups I, II, III, and V are shown at
each of the four outer vertices of the tetrahedron, with communities of group IV at the inner vertex. Communities found on
the edges joining two vertices are mixtures of the two Lactobacillus species that dominate the communities found at the corresponding vertices, with an equal proportion of each species at
the midpoint of the edge. We refer to each location in this 3D
space as a community state, and one can consider the entire
Ravel et al.

space to represent the plausible alternative community states, or
vaginal bacterial community space.
The cross-sectional design of this study with only one sample
from each subject precludes knowing whether the locations of
these communities in vaginal community space vary over time.
Nonetheless, at this stage we can propose four distinct conceptual
models for the variation of community composition over time.
The ﬁrst is the “dynamic equilibrium hypothesis”, in which the
composition of a community is comparatively invariant over time
and exists in a single dynamic equilibrium. A second “community
space hypothesis” is the opposite of the ﬁrst, and each community
can and does occupy any position in community space over time
and throughout a woman’s lifetime. These changes are postulated
to occur in response to hormonal cycles, an individual’s habits and
practices, changes in diet, or some other ecological force. A third
model is an “alternative equilibrium states hypothesis”, wherein
a woman’s community can change over time, but the number of
alternative states are limited in number and governed by unknown
factors. A fourth possibility is a “community resilience hypothesis”, in which a community normally resides in a single region of
space. Under this scenario the composition and structure of
a vaginal community can change to a transitional state in response
to disturbance, but the resistance and resilience of a community
determine the extent and duration of a change, whereas homeostatic mechanisms drive communities back to their “ground
state”. We expect that no single hypothesis will explain the dynamics of all communities. Each of these hypotheses can only be
PNAS | March 15, 2011 | vol. 108 | suppl. 1 | 4685

formally evaluated once time-series data on vaginal microbial
community dynamics are available along with extensive metadata
on subject’s behaviors, habits and practices, health history, and
other information. Currently the short-term temporal dynamics of
vaginal communities are unknown because no studies have been
done in which the same individuals are frequently sampled and
variation in community composition assessed over time using
cultivation-independent methods.
The pH and Nugent scores of each community are depicted in
the 3D community space on Figs. 4 B and C. The ﬁgures (and Fig.
S4) show a strong correlation between high pH and high Nugent
scores. As presented in Table 1 and depicted here, the lowest pH
values were associated with community states dominated by L. iners
and L. crispatus, and the highest pH values were associated with
community states not dominated by species of Lactobacillus. Both
Nugent scores and pH values increased as the proportion of nonLactobacillus sp. increased. This was most readily seen in communities that contained decreasing proportions of L. iners. Interestingly, elevated pH and high Nugent scores were observed in
some communities that have high proportions of Lactobacillus
species (also shown in Fig. 1), suggesting that these metrics cannot
be predicted with absolute certainty solely on the basis of the
proportion of Lactobacillus in a community. Clearly additional research is needed to understand the various factors that govern
vaginal pH.
By analogy with other biological communities, it is reasonable
to assume that vaginal microbial communities exist in a state of
dynamic equilibrium and that homeostatic mechanisms exist to
provide resilience. Given the fundamental differences in the
species composition of these communities, one can speculate that
they will differ in terms of number and strength of interspecies
interactions. This will in turn have implications for the relative
resistance and resilience of each community type to disturbances.
If that is the case then invasive species, including both opportunistic and overt pathogens, are more likely to become established
in communities that exhibit low stability, and the converse will
also be true (36). This has direct implications for the assessment of
susceptibility to infectious diseases. Importantly, it also suggests
that differences in vaginal bacterial community composition
should be taken into account in the estimation of disease risks.
This would constitute the ﬁrst step toward personalized medicine
for women’s reproductive health, wherein differences between
the vaginal microbiomes of individuals would be taken into account in risk assessment and for disease diagnosis and treatment.
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Materials and Methods
Sample Collection and Study Design. Women were recruited at three clinical
sites: two in Baltimore at the University of Maryland School of Medicine and
one in Atlanta, at Emory University. Enrollment occurred between June 2008
and January 2009. All women were not pregnant, of reproductive age,
ranging from 12 to 45 years (mean 30.6 ± 7.32 years), regularly menstruating
(25- to 35-day menstrual cycles), with a history of sexual activity, and had not
taken any antibiotic or antimycotic compounds in the past 30 days. Women
were asked to refrain from sexual activity in the 48 h before the visit.
Women were excluded from the study if they had used douches, vaginal
medications or suppositories, feminine sprays, genital wipes or contraceptive
spermicides, or had reported vaginal discharge in the past 48 h. Further,
women who were menstruating or were currently using contraceptives that
are directly delivered to the vaginal mucosa, such as NuvaRing, were also
excluded. After obtaining informed consent, each participant completed
a questionnaire on sexual health and behaviors.
Participants obtained two self-collected swabs using the Elution-swab
system (Copan). The ﬁrst swabs were stored in 1 mL of Amies transport
medium (Copan) and frozen upright on dry ice until transported to the
laboratory, where they were stored at −80 °C. The second swabs were rolled
by the clinical nurse onto a microscope glass slide that was air-dried, gramstained, and then scored using Nugent criteria (4). The second swab was
then stored in 1 mL of Amies transport medium and frozen upright on dry
ice until being transported to the laboratory, where they were archived at
−80 °C. Two technicians independently scored the gram-stained slides, and
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a third technician evaluated discrepancies. Those with a score of 0–3 were
reported as having a low score, whereas those with scores of 4–6 and 7–10
were categorized as intermediate and high, respectively.
Vaginal pH was measured using the VpH glove (Inverness Medical) and
scored by the clinical nurse according to the manufacturer’s instructions using
a scale ranging from 4.0 to 7.7.
The institutional review boards at Emory University School of Medicine,
Grady Memorial Hospital and the University of Maryland School of Medicine
approved the protocol. Guidelines of the universities were followed in the
conduct of the clinical research. The study was registered at clinicaltrials.gov
under ID NCT00576797.
Whole-Genomic DNA Extraction from Vaginal Swabs. The swabs were thawed
on ice before analysis and vortexed vigorously for 5 min to resuspend the
cells. A 0.5 mL-aliquot was transferred to a sterile 2.0 mL tube and stored on
ice. Cell lysis was initiated by adding 50 μL of lyzosyme (10 mg/mL), 6 μL of
mutanolysin (25,000 U/mL; Sigma- Aldrich), 3 μL of lysostaphin (4,000 U/mL in
sodium acetate; Sigma- Aldrich), and 41 μL of TE50 buffer (10 mM Tris·HCL
and 50 mM EDTA, pH 8.0). After a 1-h incubation at 37 °C the cells were
disrupted by bead beating, which was performed with bleached and rinsed
0.1-mm-diameter zirconia/silica beads (BioSpec Products), for 1 min at room
temperature, with 36 oscillations per second (2,100 rpm) in a Mini-Beadbeater-96 (BioSpec Products). The resulting crude lysate was processed using
QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s recommendation for crude lysates. The samples were eluted with 2 × 200 μL of AE
buffer (10 mM Tris-Cl, 0.5 mM EDTA; pH 9.0) into separate tubes. The DNA
concentrations in the samples were measured using the Quant-iT PicoGreen
dsDNA assay kit from Molecular Probes (Invitrogen).
Pyrosequencing of Barcoded 16S rRNA Gene Amplicons. Universal primers 27F
and 338R were used for PCR ampliﬁcation of the V1–V2 hypervariable regions
of 16S rRNA genes (3). The 338R primer included a unique sequence tag to
barcode each sample. The primers were as follows: 27F-5′-GCCTTGCCAGCCCGCTCAGTCAGAGTTTGATCCTGGCTCAG-3′ and 338R-5′-GCCTCCCTCGCGCCATCAGNNNNNNNNCATGCTGCCTCCCGTAGGAGT-3′, where the underlined
sequences are the 454 Life Sciences FLX sequencing primers B and A in 27F
and 338R, respectively, and the bold letters denote the universal 16S rRNA
primers 27F and 338R. The 8-bp barcode within primer 338R is denoted by
8 Ns. Using 96 barcoded 338R primers (Table S2) the V1–V2 regions of 16S
rRNA genes were ampliﬁed in 96-well microtiter plates using AmpliTaq Gold
DNA polymerase (Applied Biosystems) and 50 ng of template DNA in a total
reaction volume of 50 μL. Reactions were run in a PTC-100 thermal controller
(MJ Research) using the following cycling parameters: 5 min of denaturation
at 95 °C, followed by 20 cycles of 30 s at 95 °C (denaturing), 30 s at 56 °C
(annealing), and 90 s at 72 °C (elongation), with a ﬁnal extension at 72 °C for
7 min. Negative controls without a template were included for each barcoded primer pair. The presence of amplicons was conﬁrmed by gel electrophoresis on a 2% agarose gel and staining with SYBRGreen. PCR products
were quantiﬁed using a GelDoc quantiﬁcation system (BioRad) and the
Quant-iT PicoGreen dsDNA assay. Equimolar amounts (100 ng) of the PCR
amplicons were mixed in a single tube. Ampliﬁcation primers and reaction
buffer were removed from each sample using the AMPure Kit (Agencourt).
The puriﬁed amplicon mixtures were sequenced by 454 FLX pyrosequencing
using 454 Life Sciences primer A by the Genomics Resource Center at the
Institute for Genome Sciences, University of Maryland School of Medicine,
using protocols recommended by the manufacturer as amended by
the Center.
Sequence Read Binning. Sequences were binned by samples using the samplespeciﬁc barcode sequences and trimmed by removal of the barcode and primer
sequences. Criteria previously described (28) were used to assess the quality of
sequence reads. To pass, a sequence read (i) included a perfect match to the
sequence tag (barcode) and the 16S rRNA gene primer; (ii) was at least 200 bp
in length; (iii) had no more than two undetermined bases; and (iv) had a least
60% match to a previously determined 16S rRNA gene sequence. On average
4.8% of the sequence reads did not pass this quality-control step.
Each processed 16S rRNA gene sequence was classiﬁed using the RDP Naïve
Bayesian Classiﬁer (7). RDP classiﬁer quality score ﬁltering was not used,
and all reads were classiﬁed to the genus or species level as described in SI
Materials and Methods.
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