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background

 

Bacterial vaginosis affects millions of women and is associated with several serious
health conditions. The cause of bacterial vaginosis remains poorly understood despite
numerous studies based on cultures. Bacteria in microbial communities can be identi-
fied without cultivation by characterizing their ribosomal DNA (rDNA) sequences.

 

methods

 

We identified bacteria in samples of vaginal fluid with a combination of broad-range
polymerase-chain-reaction (PCR) amplification of 16S rDNA with clone analysis, bac-
terium-specific PCR assay of 16S rDNA, and fluorescence in situ hybridization (FISH)
performed directly on vaginal fluid from 27 subjects with bacterial vaginosis and 46 with-
out the condition. Twenty-one subjects were studied with the use of broad-range PCR
of 16S rDNA, and 73 subjects were studied with the use of bacterium-specific PCR.

 

results

 

Women without bacterial vaginosis had 1 to 6 vaginal bacterial species (phylotypes) in
each sample (mean, 3.3), as detected by broad-range PCR of 16S rDNA, and lactobacil-
lus species were the predominant bacteria noted (83 to 100 percent of clones). Women
with bacterial vaginosis had greater bacterial diversity (P<0.001), with 9 to 17 phylotypes
(mean, 12.6) detected per sample and newly recognized species present in 32 to 89 per-
cent of clones per sample library (mean, 58 percent). Thirty-five unique bacterial species
were detected in the women with bacterial vaginosis, including several species with no
close cultivated relatives. Bacterium-specific PCR assays showed that several bacteria that
had not been previously described were highly prevalent in subjects with bacterial vag-
inosis but rare in healthy controls. FISH confirmed that newly recognized bacteria de-
tected by PCR corresponded to specific bacterial morphotypes visible in vaginal fluid.

 

conclusions 

 

Women with bacterial vaginosis have complex vaginal infections with many newly rec-
ognized species, including three bacteria in the Clostridiales order that were highly
specific for bacterial vaginosis.

abstract
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acterial vaginosis is a common

 

condition, affecting millions of women an-
nually,

 

1

 

 and is associated with numerous
health problems including preterm labor result-
ing in low birth weight,

 

2

 

,

 

3

 

 pelvic inflammatory
disease,

 

4

 

,

 

5

 

 and acquisition of the human immuno-
deficiency virus.

 

6

 

,

 

7

 

 Malodorous vaginal discharge
may be the only symptom of bacterial vaginosis,
and many affected women are asymptomatic.

 

8

 

Studies using cultivation methods have shown
that women with bacterial vaginosis have loss of vag-
inal lactobacilli and concomitant overgrowth of
anaerobic and facultative bacteria. Several bacte-
ria have been implicated in bacterial vaginosis, such
as 

 

Gardnerella vaginalis 

 

9

 

 and 

 

Mobiluncus curtisii

 

,

 

10

 

 but
these species are also found in subjects who do not
have bacterial vaginosis and thus are not specific
markers for disease.

 

11

 

 For this reason, bacterial cul-
tivation of vaginal fluid has not proved useful for
the diagnosis of bacterial vaginosis. Rather, clinical
criteria or Gram’s staining of vaginal fluid is used
for diagnosis. 

At least three of the following four elements
must be present to fulfill the clinical criteria of Am-
sel et al. for bacterial vaginosis

 

12

 

: thin, homoge-
neous, milky vaginal discharge; vaginal-fluid pH
greater than 4.5; a positive whiff test (i.e., produc-
tion of a fishy odor when 10 percent potassium
hydroxide is added to a slide containing vaginal-
fluid); and clue cells (>20 percent of epithelial cells
with adherent bacteria) on microscopical exami-
nation of vaginal fluid.

 

12

 

 An alternative diagnostic
approach is to use Gram’s staining of vaginal fluid
to distinguish normal vaginal flora (i.e., gram-pos-
itive rods and lactobacilli) from bacterial vaginosis
flora (gram-negative morphotypes)

 

13

 

 according to
the Nugent score.

 

14

 

Koch’s postulates for establishing disease cau-
sation have not been fulfilled for any bacterium or
group of bacteria associated with bacterial vagi-
nosis. The disorder responds to treatment with an-
tibiotics such as metronidazole and clindamycin,
but metronidazole has a low level of activity in vitro
against 

 

G. vaginalis

 

 and 

 

M. curtisii.

 

 Relapse and persis-
tence are common.

 

11

 

 Thus, the causes and patho-
genesis of bacterial vaginosis remain poorly under-
stood, and management can be challenging.

Only a small fraction of the bacteria present
in most microbial ecosystems are amenable to
propagation in the laboratory.

 

15

 

 Bacteria in com-
plex microbial communities can be identified by
characterizing their ribosomal RNA genes (rDNA),

an approach that has the advantage of detecting
fastidious or cultivation-resistant organisms.

 

16

 

 We
sought to detect and identify bacteria in vaginal-fluid
samples with the use of molecular methods.

 

study population

 

A total of 87 women were recruited from two groups
known to have a high prevalence of bacterial vagi-
nosis.

 

17

 

-

 

20

 

 We studied the first 73 women enrolled.
Fourteen were patients at Public Health–Seattle and
King County Sexually Transmitted Disease (STD)
Clinic, and 59 were study participants at Harbor-
view Medical Center Women’s Research Clinic, in
Seattle, who reported engaging in same-sex behav-
ior in the previous year and most of whom were
also sexually active with male partners. Women were
eligible if they were 16 to 45 years of age and able
to provide written informed consent. 

Single baseline samples of vaginal fluid from the
73 subjects were studied with the use of bacteri-
um-specific polymerase-chain-reaction (PCR) as-
says of 16S rDNA, including samples from 27 sub-
jects with bacterial vaginosis as defined according
to the clinical criteria of Amsel et al.

 

12

 

 and from
46 subjects without bacterial vaginosis. Samples of
vaginal fluid from 21 of these 73 subjects were stud-
ied with the use of broad-range bacterial PCR of
16S rDNA with clone analysis, including single base-
line samples from 9 subjects with bacterial vagino-
sis and 8 subjects without bacterial vaginosis and
multiple follow-up samples from 4 subjects with
newly diagnosed, resolved, relapsed, or persistent
bacterial vaginosis (11 samples). 

At both clinics, subjects underwent examina-
tions with a speculum to collect vaginal fluid for
saline microscopy, microscopical visualization with
potassium hydroxide, measurement of pH, and as-
sessment for an amine odor. Subjects at the STD
clinic were tested routinely for 

 

Chlamydia trachoma-
tis

 

 and 

 

Neisseria gonorrhoeae

 

,

 

 and those seen at the
Women’s Research Clinic were tested with the use
of standard screening and diagnostic criteria.

 

21 

 

Vag-
inal fluid was collected for molecular studies by
brushing the lateral vaginal wall with a foam swab
that was subsequently frozen.

Written informed consent was obtained from
all participants in this prospective study, which
was approved by institutional review boards at
the Fred Hutchinson Cancer Research Center and
the University of Washington in Seattle. Samples

b

methods
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were collected between October 16, 2001, and
May 5, 2004.

 

sample preparation

 

Swabs for PCR assays were placed in 15-ml coni-
cal tubes with saline, and the mixture was vor-
texed to dislodge cells. Sham swabs (with no pa-
tient contact) were processed in parallel to monitor
for contamination of reagents. Saline solution was
centrifuged at 14,000¬

 

g

 

 for 10 minutes, and the su-
pernatant was discarded. The pellet was digested
with the use of the QIAmp stool kit (Qiagen) with a
95°C lysis step according to the manufacturer’s in-
structions. Methods for broad-range PCR of 16S
rDNA, bacterium-specific PCR, and fluorescence
in situ hybridization (FISH) are described in the
Supplementary Appendix (available with the full
text of this article at www.nejm.org).

 

statistical analysis

 

The samples of vaginal fluid were assessed as they
were obtained, and the decision to stop the analy-
sis at 73 subjects was made on the basis of data
showing that there were statistically significant as-
sociations between the detection of several bacteri-
al species and bacterial vaginosis. Differences in the
number of taxa detected in bacterial vaginosis and
control libraries of clones were assessed with the
use of the Mann–Whitney U test. Univariate associ-
ations between the detection of individual bacteria
by bacterium-specific PCR and the presence of bac-
terial vaginosis were measured with Fisher’s exact
test and SPSS software (version 10.1.4), and exact
confidence intervals were calculated with the use of
Stata software (version 8.2). Multivariate logistic-
regression analysis was performed with the use of
LogXact software (version 4.0.2), and covariates, in
addition to individual bacteria and combinations
of bacteria according to bacterium-specific PCR in-
cluded the age of the subject, the clinical site of en-
rollment, the presence or absence of a report of
abnormal vaginal discharge, and the presence or ab-
sence of a report of having had sex with men. All
tests for significance were two-sided, and P values
of less than 0.05 were considered to indicate statis-
tical significance.

Of the 73 enrolled women, 27 had bacterial vagi-
nosis at baseline and 46 did not (see Table 1 of the
Supplementary Appendix). Slightly more than half

the women with bacterial vaginosis were symp-
tomatic, and very few had another genitourinary
infection in addition to bacterial vaginosis.

Broad-range bacterial PCR of 16S rDNA with
analysis of cloned sequences was performed on 28
samples of vaginal fluid from 21 subjects. Table 1
shows the bacterial species (phylotypes) detected
and the percentage of clones from each library de-
rived from these bacteria. Among subjects for whom
only single baseline samples were evaluated (Ta-
ble 1), those without bacterial vaginosis had a mean
of 3.3 bacterial phylotypes per library (range, 1 to
6). Lactobacillus species were the dominant bac-
teria detected (83 to 100 percent of clones per li-
brary; mean, 97 percent), particularly 

 

L. crispatus

 

 and

 

L. iners.

 

 Most bacterial 16S rDNA sequences in sub-
jects without bacterial vaginosis closely matched
known bacteria.

Broad-range bacterial PCR analysis of 16S rDNA
from the vaginal fluid of subjects with bacterial
vaginosis showed a high level of species diversity
(Table 1), with a mean of 12.6 bacterial phylo-
types per library of clones (range, 9 to 17), a level
significantly higher than that in subjects without
bacterial vaginosis (P<0.001). Overall, newly recog-
nized bacterial phylotypes (bacteria with 16S rDNA
that had <98 percent similarity to known sequenc-
es) were present in 58 percent of clones per library
derived from bacterial vaginosis samples (range,
32 to 89 percent).

 

L. crispatus

 

 16S rDNA was not detected in librar-
ies of clones from subjects with bacterial vaginosis,
whereas 

 

L. iners

 

 was detected in most subjects. 

 

G. vag-
inalis

 

 was detected in all bacterial-vaginosis clone
libraries and 

 

M. mulieris

 

 in one library. Mycoplas-
ma species were not detected in any clone library,
despite sequence homology with the broad-range
PCR primers of 16S rDNA that were used. Other
bacteria frequently detected in subjects with bac-
terial vaginosis included 

 

Atopobium vaginae

 

,

 

 two
megasphaera species, two distinct dialister phylo-
types, 

 

Leptotrichia amnionii

 

 and the related bacteri-
um 

 

Sneathia sanguinegens

 

,

 

 

 

Porphyromonas asaccharo-
lytica

 

,

 

 and a bacterium distantly related to 

 

Eggerthella
hongkongensis

 

 (92 percent sequence similarity). Nine
different bacteria related to prevotella species were
detected. Three phylogenetic clusters of these bac-
teria were only distantly related to known prevo-
tella species (<95 percent sequence similarity),
and we have designated these clusters prevotella
genogroups 1, 2, and 3 on the basis of shared se-
quences within each group. Less frequently detect-

results
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* For sequences with less than 98 percent similarity to known 16S rDNA sequences, the percent similarity to the closest match in GenBank is 
from each bacterial 16S rDNA phylotype or species (rows) is displayed for each sample library (column). Single vaginal-fluid samples were 
tained from four subjects in a longitudinal study and these samples are labeled L1 through L4 to designate the four subjects, and a, b, or c to desig-
between collection of the first sample and subsequent samples, and whether subjects had bacterial vaginosis at that visit (BV+) or did not 

 

in BV¡ subjects.

 

Table 1. Bacteria Identified by Broad-Range 16S rDNA Polymerase Chain Reaction in Vaginal Fluid from Subjects with Bacterial Vaginosis and 

Broad-Range 16S rDNA PCR Clones Subjects with BV Control Subjects without BV

 

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8

 

percentage of clones
Lactobacillus crispatus

 

49 74 99 48 60 89 40 100

 

L. jensenii

 

2 1

 

L. gallinarum

 

13

 

L. gasseri

 

9 1

 

L. vaginalis

 

2

 

Staphylococcus epidermidis

 

2

 

S. lugdunensis

 

1

 

Clostridium perfringens 

 

(96%) AB045286 3

 

Ureaplasma parvum

 

1

 

L. iners

 

7 22 3 1 5 38 1 46 36 10 60

 

Gardnerella vaginalis

 

35 13 2 4 28 1 25 31 39 14
Uncultured AB034121 (90.6%) (BVAB1) 43 66 34 36 17 26
Uncultured AF407407 (90.9%) (BVAB2) 10 4 10 3 5 4 4
Uncultured ULO278163 (92.9%) (BVAB3) 1 1 1

 

Atopobium vaginae

 

5 3 21 1 3 3 11 11

 

Leptotrichia amnionii

 

6 2 8 1 3 10 10

 

Megasphaera elsdenii 

 

(93.8%) AY038994 4 10 7 1 18 3 2 13 6

 

M. micronuciformis 

 

(94.6%) AF473833 1

 

Eggerthella hongkongensis

 

 (91.8%) AY288517 2 2 2 1 4 1 3 8

 

Porphyromonas asaccharolytica

 

2 5
Dialister species (

 

a

 

) 1 1 2 2 1
Dialister

 

 

 

species

 

 

 

(

 

b

 

) (94.8%) AF371693 1 2 2 2 1

 

Sneathia sanguinegens

 

3 2 16 9 9
Prevotella genogroup 1 21 24 1 7 9 12 20
Prevotella genogroup 2 7 4 6 7 1
Prevotella genogroup 3 7 3

 

P. bivia
P. buccalis

 

6

 

P. dentalis 

 

(93.2%) X81876 2 2

 

P. disiens
P. oulorum 

 

(90.6%) L16472

 

P. shahii

 

 (90.7%)

 

 

 

AB108825
Uncultured 4C28d-23 (91.2%) AB034149 1 3 1 2
Candidate division TM7

 

 

 

(93.7%)

 

 

 

AF125206 2 2 8

 

Mobiluncus mulieris
Peptoniphilus lacrimalis

 

1
Peptoniphilus species 1 2

 

Peptostreptococcus micros 

 

(97.8%) AF542231 3 2 1

 

Gemella bergeriae 

 

(95.8%) Y13365 1
Aerococcus

 

 

 

species 1 2

 

Anaerococcus tetradius

 

Uncultured (89.8%) AF371910
Uncultured (88.4%) AJ400235
Veillonella

 

 

 

species 1

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
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given in parentheses along with the GenBank accession number for that most similar sequence. The percentage of clones 
studied from nine subjects with bacterial vaginosis (BV) and eight controls without BV. Multiple vaginal-fluid samples were ob-
nate serial samples from the same patient. In the longitudinal study, rows above the sample designation indicate the interval

 

have bacterial vaginosis (BV¡). Thirty-five species of bacteria were detected in BV+ subjects and 12 species were detected 

 

from Those without Bacterial Vaginosis.* 

Clinical Status of Infection

 

Incident Cured Relapsed Persistent

BV¡ BV¡ BV+ BV+ BV¡ BV+ BV¡ BV+ BV+ BV+ BV+

Day 0 Day 28 Day 52 Day 0 Day 30 Day 0 Day 28 Day 100 Day 0 Day 34 Day 64

L1a L1b L1c L2a L2b L3a L3b L3c L4a L4b L4c

 

per sample

 

89 99 99
1

2

3
10 1 7 1 1 95 2 7

44 43 34 13 33 12 49
11 16

14 10 5 1
1 1 3
6 9 16 6 11 2 8
6 2 6 7 14 11
5 3 8 11 1 1

3 1 3 2 1
1 2 3 63 5 4
2 2 3 1 1 1
1 1 1 1 1

1 6
18 5 12 12
11 6 7 5 9 1

2 4
2 1 1 2
7 6

10
1
1

2 1 6 1
1

1
2 2
2

3
1
1 1

1
1

1
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ed bacteria included members of the TM7 division
of uncultivated bacteria and bacteria in the pep-
toniphilus, peptostreptococcus, gemella, aerococ-
cus, anaerococcus, and veillonella genera.

Three newly recognized bacteria were detected
only in libraries of clones from subjects with bac-
terial vaginosis, and we have provisionally named
these organisms bacterial vaginosis–associated
bacteria (BVAB) 1, 2, and 3. Identical 16S rDNA
sequences from these bacteria were detected in
numerous bacterial vaginosis sample libraries. A
phylogenetic tree depicting the evolutionary rela-

tionships among these bacteria and their closest
relatives, inferred on the basis of aligned 16S rDNA
sequences, is shown in Figure 1. BVAB1, BVAB2,
and BVAB3 are related to bacteria in the Clostridi-
um phylum but are not closely related to any bacte-
ria with known 16S rDNA sequences. For instance,
16S rDNA from BVAB1 is only 90.6 percent similar
to the closest sequence in GenBank (GenBank num-
ber AB034121), which is derived from an unculti-
vated bacterium detected in bovine rumen.

Figures 2, 3, and 4 are a series of rank-abun-
dance plots identifying the bacterial 16S rDNA se-
quence types detected in vaginal fluid and their fre-
quency in six clone libraries from Table 1. Results
from sequential, prospectively obtained samples
are displayed for two subjects. In one subject, lac-
tobacilli predominated at baseline, when bacterial
vaginosis was not present, but they were replaced
by a diverse community of bacteria when bacterial
vaginosis was detected two months later. In the sec-
ond subject, who had bacterial vaginosis at baseline,
the diverse community of vaginal bacteria shifted
to a predominance of lactobacilli one month after
successful treatment of bacterial vaginosis.

Table 2 shows the results of bacterium-specific
PCR assays of 73 samples of vaginal fluid from sub-
jects with or without bacterial vaginosis at baseline.
BVAB1 was found in 41 percent of bacterial-vagi-
nosis samples with the use of bacterium-specific
PCR but was present in up to 66 percent of clones
per library (Table 1). BVAB2 was found in 89 per-
cent and BVAB3 in 41 percent of bacterial-vagi-
nosis samples by specific PCR, but unlike BVAB1,
these bacteria were not predominant in 16S rDNA
clone libraries from subjects with bacterial vagi-
nosis. BVAB1, BVAB2, and BVAB3 were highly spe-
cific indicators of bacterial vaginosis. Two subjects
without bacterial vaginosis at baseline had positive
PCR assays for these bacteria (BVAB1 and BVAB2
in one and BVAB2 and BVAB3 in the other), and
bacterial vaginosis developed in both within a few
months after these tests.

Detection of leptotrichia species was also very
specific for bacterial vaginosis. Although 

 

G. vagi-
nalis

 

 was present in all subjects with bacterial vag-
inosis according to bacterium-specific PCR, it was
also found in 59 percent of subjects without bacte-
rial vaginosis. Other bacterium-specific PCR assays
showed that atopobium species, megasphaera spe-
cies, and an eggerthella-like uncultured bacterium
were detected in a high percentage of subjects with
bacterial vaginosis, and these assays had moder-

 

Figure 1. Phylogenetic Tree of Evolutionary Relationships among Bacteria 
Inferred on the Basis of Aligned 16S rDNA Sequences with the Use of 
a Maximum-Likelihood Algorithm.

 

Bacterial vaginosis–associated bacterium 1 (BVAB1), BVAB2, and BVAB3 are 
related to bacteria in the Clostridium phylum, though they are not closely re-
lated to any bacterium with known 16S rDNA sequence. Horizontal distances 
indicate evolutionary relatedness, and the bar represents 0.1 base changes 
per nucleotide position. GenBank accession numbers are provided for uncul-
tured bacteria.

BVAB3

AF407407 Uncultured bacterium

AJ278163 Uncultured bacterium

AJ249110 Uncultured bacterium

Acetivibrio cellulosolvens

Clostridium species AB093546

Clostridium straminisolvens

BVAB2

Lachnobacterium bovis

Roseburia intestinalis

Eubacterium ramulus

AB034121 Uncultured rumen bacterium

BVAB1

Gardnerella vaginalis

0.1
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ate specificity for bacterial vaginosis. Detection in
the vaginal fluid of each of the bacteria listed in Ta-
ble 2 was significantly associated with bacterial
vaginosis (P<0.001). Combinations of bacterium-
specific PCR assays did not substantially improve
sensitivity or specificity, except for the combination
of BVAB1 and BVAB3, which yielded 100 percent
specificity, and the combination of BVAB2 and me-
gasphaera, which yielded 100 percent sensitivity in
this small series.

FISH was performed on vaginal fluid to deter-
mine whether the bacteria detected with the use
of PCR were visible by fluorescence microscopy.
Table 1 of the Supplementary Appendix shows the
probes used, and Figure 5 shows fluorescence mi-
crographs of vaginal fluid from subjects with bac-
terial vaginosis. Thin, curved bacteria hybridizing
with the BVAB1 probe were found at high density
in vaginal fluid from subjects with bacterial vagino-
sis whose 16S rDNA clone libraries had significant
BVAB1 representation. The BVAB1 probe did not
hybridize with cultivated relatives of BVAB1 in the
Clostridium phylum, including 

 

Lachnobacterium bo-
vis

 

 and 

 

Eubacterium ramulus

 

,

 

 demonstrating its spec-

ificity. In contrast, under fluorescence microsco-
py, BVAB2 appeared to be a short, straight rod that
was wider than BVAB1, whereas BVAB3 was a rela-
tively long, wide, straight, lancet-shaped rod. Thus,
BVAB1, BAVB2, and BVAB3 have distinct morpho-
logic features; are easily distinguished from other
bacteria associated with bacterial vaginosis, such
as atopobium, mobiluncus, and gardnerella species;
and are found attached to vaginal epithelial cells in
a way that is typical of the clue cells that character-
ize bacterial vaginosis.

In this study, molecular analysis of the vaginal bac-
terial flora showed considerable bacterial diversi-
ty in subjects who had bacterial vaginosis, with 35
bacterial phylotypes detected in the 16 baseline and
longitudinal samples from subjects with bacterial
vaginosis. Sixteen bacterial species detected in sub-
jects with bacterial vaginosis seem to be newly rec-
ognized on the basis of poor homology with known
16S rDNA sequences in GenBank. Numerous bac-
terial genera identified in this study have not, to our

discussion

 

Figure 2. Rank-Abundance Plots Showing the Percentages of Clones in the Library Corresponding to Specific Bacterial 
16S rDNA Sequences in a Subject before (Panel A) and after (Panel B) the Onset of Bacterial Vaginosis.

 

The labels on the x axis in each panel display the percentage of similarities between the cloned 16S rDNA sequences and 
the most similar 16S rDNA sequences in GenBank. Vaginal bacteria detected in one subject with the use of broad-range 
PCR assay of 16S rDNA are shown. 

 

Lactobacillus crispatus

 

 was replaced by a complex consortium of bacteria. BVAB denotes 
bacterial vaginosis–associated bacterium.
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knowledge, been previously detected in the vaginal
milieu with the use of cultivation methods. We
found no single bacterial community in all subjects
with bacterial vaginosis, but common consortia of
bacteria were evident. In contrast, subjects without
bacterial vaginosis had relatively homogeneous vag-
inal flora, and bacterial 16S rDNA sequences close-
ly matched known cultivated bacteria in the lacto-
bacillus genus.

The cause of bacterial vaginosis remains enig-
matic. No single bacterium has been shown to cause
the disease, and many cultivated bacteria linked to
bacterial vaginosis, such as 

 

G. vaginalis

 

,

 

 frequently
colonize the vagina of women without bacterial
vaginosis.

 

22

 

 Our study identified several new bac-
terial species associated with bacterial vaginosis,
but such associations do not prove causation. Addi-
tional molecular evidence may be required to assess
causal associations with uncultivated bacteria.

 

23

 

Furthermore, the scenario of disease causation
by a microbial community defies the traditional ap-
plication of Koch’s postulates. Bacterial vaginosis
may be an example of polymicrobial disease cau-
sation due to the metabolic interdependence of
several bacterial species in the vaginal niche.

The presence of BVAB1, BVAB2, or BVAB3 was
highly specific for bacterial vaginosis in our sub-
jects, and BVAB2 was found in 89 percent of sub-
jects with bacterial vaginosis. We have not cultivated
these microbes, and the 16S rDNA sequences from
these bacteria are related only distantly to known
bacteria; therefore, we have not suggested species
or genus designations. Atopobium, leptotrichia,
megasphaera, and eggerthella-like bacterial spe-
cies were found in a high percentage of subjects
who had bacterial vaginosis, according to bacteri-
um-specific PCR. The presence of atopobium was
less specific for bacterial vaginosis than was the
presence of BVAB1, BVAB2, or BVAB3. Several
groups have detected 
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 16S rDNA in vagi-
nal fluid from subjects with bacterial vaginosis and
have suggested a role of this bacterium in bacterial
vaginosis,
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-
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 although this organism has also
been detected in subjects without bacterial vagino-
sis.

 

27

 

 As these assays are used in larger groups of
women with bacterial vaginosis and those without
bacterial vaginosis, their performance characteris-
tics should be refined, and they eventually may prove
useful for the microbiologic diagnosis of bacterial
vaginosis.

 

Figure 3. Rank-Abundance Plots Showing the Numbers of Clones in the Library Corresponding to Specific Bacterial 
16S rDNA Sequences in a Subject before (Panel A) and after (Panel B) Successful Treatment with Antibiotics for Bacterial 
Vaginosis. 

 

Vaginal bacteria are shown. Disease resolution was associated with the loss of the diverse bacterial community and col-
onization with lactobacillus species.
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This study has several limitations. First, broad-
range 16S rDNA primers will not amplify DNA from
every known and unknown bacterial species. For
instance, the Bact-338F primer used in the present

study does not amplify 16S rDNA from bacteria in
the chlamydia genus.

Second, our findings may not be generalizable
to all women with bacterial vaginosis, and the as-

 

Figure 4. Rank-Abundance Plots Showing the Numbers of Clones in the Library Corresponding to Specific Bacterial 
16S rDNA Sequences.

 

Single vaginal-fluid samples were studied from nine subjects with bacterial vaginosis (BV1 through BV9). Panel A shows 
vaginal bacteria present in a subject who had bacterial vaginosis in which BVAB1 was the dominant bacterial 16S rDNA 
sequence detected. Panel B shows results from a 420-clone analysis from one subject with bacterial vaginosis. BVAB1, 
BVAB2, and BVAB3 were present in this library, along with 18 other bacterial species.
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sociation between the bacteria detected in this study
and bacterial vaginosis should be assessed in larg-
er numbers of women with diverse demographic
characteristics and other risk factors for the dis-
ease. However, conventional methods of cultiva-
tion have yielded remarkably similar microbiologic

profiles among different risk groups of women with
bacterial vaginosis, including pregnant women, pa-
tients at gynecologic and STD clinics, and lesbi-
ans.20,28-30

Third, analysis of 100 16S rDNA clones per sam-
ple library may miss certain bacterial 16S rDNA se-

* The values represent assays of baseline vaginal-fluid samples, with odds ratios and exact 95 percent confidence intervals unadjusted and ad-
justed for subject age, site of clinic enrollment, presence or absence of a report of abnormal vaginal discharge, and presence or absence of a 
report of having had sex with men. BVAB denotes bacterial vaginosis–associated bacterium.

† The odds ratio either could not be computed or could not be computed accurately because the value approaches infinity.

Table 2. Associations between Particular Bacterial Species and Bacterial Vaginosis Based on Bacterium-Specific PCR Assay in 27 Subjects 
with Bacterial Vaginosis (BV) and 46 Subjects without Bacterial Vaginosis.*

Bacterium-Specific 
PCR Result

Bacterial
Vaginosis

Sensitivity
(95% CI)

Specificity
(95% CI)

Unadjusted Odds Ratio
(95% CI)

Adjusted Odds Ratio
(95% CI)

Present
(N=27)

Absent
(N=46)

BVAB1

Yes 11 1 40.7 (22.4–61.2) 97.8 (88.5– 99.9) 30.9 (3.8–1359.9) 19.0 (2.2–910.7)

No 16 45

BVAB2

Yes 24 2 88.9 (70.8–97.6) 95.7 (85.2– 99.5) 176.0 (22.8–1862.8) 106.1 (14.3–4755.1)

No 3 44

BVAB3

Yes 11 1 40.7 (22.4–61.2) 97.8 (88.5–99.9) 30.9 (3.8 –1359.9) 21.9 (2.5–1056.4)

No 16 45

Gardnerella

Yes 27 27 100.0 (89.5–100.0) 41.3 (27.0–56.8) (5.2–∞)† 27.2 (3.9 –∞)†

No 0 19

Atopobium species

Yes 26 9 96.3 (81.0–99.9) 80.4 (66.1–90.6) 106.9 (12.9–4493.6) 95.0 (14.5–∞)†

No 1 37

Eggerthella-like uncultured
bacteria

Yes 25 4 92.6 (75.7–99.1) 91.3 (79.2–97.6) 131.3 (19.0–1323.6) 103.8 (13.5–4812.8)

No 2 42

Leptotrichia species

Yes 23 2 85.2 (70.8–97.6) 95.7 (85.2–99.5) 126.5 (18.3–1279.6) 330.6 (23.1–∞)*

No 4 44

Megasphaera a

Yes 26 4 96.3 (81.0–99.9) 91.3 (79.2–97.6) 273.0 (26.6–11,428.3) 134.4 (16.6–6509.8)

No 1 42

BVAB1 and BVAB3

Yes 9 0 33.3 (16.5–54.0) 100.0 (93.7–100.0) (5.7–∞)† 24.7 (3.2–∞)†
No 18 46

BVAB2 or megasphaera a

Yes 27 4 100.0 (89.5–100.0) 91.3 (79.2–97.6) (57.2 – ∞)† 190.1 (28.3 – ∞)†
No 0 42
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Figure 5. Fluorescence Micrographs of Vaginal-Fluid Smears Analyzed by FISH with Labeled Oligonucleotide Probes 
Targeting Bacterial rRNA, with Enlargements Shown in Insets.

Vaginal fluid from Subject 6 in the group of women with bacterial vaginosis (Panel A) shows a field of bacteria hybridiz-
ing with probes for BVAB1 (green), BVAB2 (red), and other bacteria (stained with 4',6-diamidine-2-phenylindole, dihy-
drochloride [DAPI], blue). The inset in Panel A shows that BVAB1 is a thin, curved rod. A sample from the same subject 
shows bacteria attached to a vaginal epithelial cell (Panel B). These bacteria include organisms hybridizing with probes 
for BVAB1 (green) and BVAB2 (red). The cell nucleus is stained with DAPI (blue). The inset in Panel B shows that BVAB2 
is a short, wide rod (red). The bacteria attached to a vaginal epithelial cell in sample L4b (Panel C) hybridize with the 
probe for BVAB3 (red). Other bacteria and nuclear debris stain with DAPI (blue). The inset in Panel C shows that BVAB3 
is a long, lancet-shaped rod. In Panel D, a clump of bacteria from sample L4b shows many coccoid cells hybridizing with 
the atopobium probe (red) and other bacteria hybridizing with the broad-range bacterial probe Eub338 (blue). In Panel 
E, in sample L4b, bacteria hybridize with a probe for BVAB1 (green) and mobiluncus (red), but the broad-range bacterial 
probe Eub338 hybridizes with other bacteria (blue). The inset in Panel E shows that mobiluncus (red) is larger than BVAB1 
(green) but both are small, curved rods. In Panel F, a sample from Subject 7, who had bacterial vaginosis, shows the rel-
ative proportions of BVAB1 (green), Gardnerella vaginalis (red), and other bacteria (DAPI, blue). G. vaginalis and BVAB1 
were the most common clones detected in the broad-range PCR library generated from this sample.

A B

C D

E F

10 µm
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quences present at low frequency in vaginal fluid.
Although numerous statistical approaches can be
used to assess species richness, we explored the ef-
fect of increasing the size of a library from 100 to
420 clones in one sample obtained from a patient
with bacterial vaginosis (BV7) that was suspected
to contain additional species diversity on the basis
of the 5 single clones in the 100-clone library. We
found that 415 of 420 clones identified (98.8 per-
cent; see Fig. 4B) were identical to clones previous-
ly detected in the 100-clone library (Table 1, sample
BV7). Five additional bacteria were present as single
clones in the expanded library, increasing the total
number of phylotypes detected from 16 to 21.

Fourth, different bacteria have different num-
bers of 16S rDNA genes per genome, and thus there
is not a one-to-one relationship between the num-
ber of 16S rDNA clones detected by PCR and the
number of bacteria present in a sample. Further-
more, the percentage of clones in a library should
not be interpreted to indicate absolute bacterial rep-
resentation, because the PCR assay is subject to am-
plification bias and the reaction was not stopped
in the exponential phase, when it is most quanti-

tative. Quantitative PCR and FISH methods can be
used to assess bacterial representation more accu-
rately, although one needs to know the number of
rRNA operons per organism to make quantitative
PCR of 16S rDNA reflect absolute bacterial counts,
and these data are lacking for most of the organ-
isms in our study.

In conclusion, bacterial vaginosis in our sub-
jects was associated with complex vaginal bacteri-
al communities that included many newly recog-
nized bacterial species that have not previously been
detected with conventional cultivation techniques.
We identified three bacterial species in the Clostridi-
ales order that were highly specific for the presence
of bacterial vaginosis and only distantly related to
known bacteria.

Supported by grants (R03AI053250, to Dr. Fredricks; and
R01AI052228, to Dr. Marrazzo) from the National Institute of Aller-
gy and Infectious Diseases. Dr. Marrazzo reports receiving a research
grant from Presutti Laboratories.

Presented in part at the 42nd annual meeting of the Infectious
Diseases Society of America, Boston, October 2, 2004.

We are indebted to Corey Fish, Kathleen Ringwood, Katherine K.
Thomas, Susan Heideke, Lauren Asaba, Nancy Dorn, and Dwyn Dith-
mer for their technical, organizational, statistical, and clinical con-
tributions.

references

1. Wang J. Bacterial vaginosis. Prim Care
Update Ob Gyns 2000;7:181-5.
2. Leitich H, Bodner-Adler B, Brunbauer
M, Kaider A, Egarter C, Husslein P. Bacterial
vaginosis as a risk factor for preterm deliv-
ery: a meta-analysis. Am J Obstet Gynecol
2003;189:139-47.
3. Hillier SL, Krohn MA, Cassen E, East-
erling TR, Rabe LK, Eschenbach DA. The
role of bacterial vaginosis and vaginal bac-
teria in amniotic fluid infection in women
in preterm labor with intact fetal membranes.
Clin Infect Dis 1995;20:Suppl 2:S276-S278.
4. Peipert JF, Ness RB, Blume J, et al. Clini-
cal predictors of endometritis in women
with symptoms and signs of pelvic inflam-
matory disease. Am J Obstet Gynecol 2001;
184:856-63.
5. Hillier SL, Kiviat NB, Hawes SE, et al.
Role of bacterial vaginosis-associated mi-
croorganisms in endometritis. Am J Obstet
Gynecol 1996;175:435-41.
6. Martin HL, Richardson BA, Nyange
PM, et al. Vaginal lactobacilli, microbial flo-
ra, and risk of human immunodeficiency
virus type 1 and sexually transmitted disease
acquisition. J Infect Dis 1999;180:1863-8.
7. Moodley P, Connolly C, Sturm AW. In-
terrelationships among human immunode-
ficiency virus type 1 infection, bacterial vagi-
nosis, trichomoniasis, and the presence of
yeasts. J Infect Dis 2002;185:69-73.
8. Klebanoff MA, Schwebke JR, Zhang J,
Nansel TR, Yu KF, Andrews WW. Vulvovagi-

nal symptoms in women with bacterial vagi-
nosis. Obstet Gynecol 2004;104:267-72.
9. Gardner HL, Dukes CD. Haemophilus
vaginalis vaginitis: a newly defined specific
infection previously classified non-specific
vaginitis. Am J Obstet Gynecol 1955;69:962-
76.
10. Spiegel CA, Eschenbach DA, Amsel R,
Holmes KK. Curved anaerobic bacteria in
bacterial (nonspecific) vaginosis and their
response to antimicrobial therapy. J Infect
Dis 1983;148:817-22.
11. Spiegel CA. Bacterial vaginosis. Clin Mi-
crobiol Rev 1991;4:485-502.
12. Amsel R, Totten PA, Spiegel CA, Chen
KC, Eschenbach D, Holmes KK. Nonspecif-
ic vaginitis: diagnostic criteria and microbi-
al and epidemiologic associations. Am J Med
1983;74:14-22.
13. Spiegel CA, Amsel R, Holmes KK. Diag-
nosis of bacterial vaginosis by direct gram
stain of vaginal fluid. J Clin Microbiol 1983;
18:170-7.
14. Nugent RP, Krohn MA, Hillier SL. Reli-
ability of diagnosing bacterial vaginosis is
improved by a standardized method of gram
stain interpretation. J Clin Microbiol 1991;
29:297-301.
15. Hugenholtz P, Goebel BM, Pace NR. Im-
pact of culture-independent studies on the
emerging phylogenetic view of bacterial di-
versity. J Bacteriol 1998;180:4765-74. [Erra-
tum, J Bacteriol 1998;180:6793.]
16. Pace NR. A molecular view of microbi-

al diversity and the biosphere. Science 1997;
276:734-40.
17. Hillier SL, Critchlow CW, Stevens CE,
et al. Microbiological, epidemiological and
clinical correlates of vaginal colonisation by
Mobiluncus species. Genitourin Med 1991;
67:26-31.
18. Hallen A, Pahlson C, Forsum U. Bacteri-
al vaginosis in women attending STD clin-
ic: diagnostic criteria and prevalence of
Mobiluncus spp. Genitourin Med 1987;63:
386-9.
19. Berger BJ, Kolton S, Zenilman JM, Cum-
mings MC, Feldman J, McCormack WM.
Bacterial vaginosis in lesbians: a sexually
transmitted disease. Clin Infect Dis 1995;
21:1402-5.
20. Marrazzo JM, Koutsky LA, Eschenbach
DA, Agnew K, Stine K, Hillier SL. Character-
ization of vaginal flora and bacterial vagino-
sis in women who have sex with women.
J Infect Dis 2002;185:1307-13.
21. Sexually transmitted diseases treatment
guidelines 2002. MMWR Recomm Rep 2002;
51(RR-6):1-78.
22. Sobel JD. Bacterial vaginosis — an eco-
logic mystery. Ann Intern Med 1989;111:
551-3.
23. Fredericks DN, Relman DA. Sequence-
based identification of microbial pathogens:
a reconsideration of Koch’s postulates. Clin
Microbiol Rev 1996;9:18-33.
24. Burton JP, Devillard E, Cadieux PA, Ham-
mond JA, Reid G. Detection of Atopobium

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission. 



n engl j med 353;18 www.nejm.org november 3, 2005

bacteria associated with bacterial vaginosis

1911

vaginae in postmenopausal women by culti-
vation-independent methods warrants fur-
ther investigation. J Clin Microbiol 2004;42:
1829-31.
25. Ferris MJ, Masztal A, Aldridge KE,
Fortenberry JD, Fidel PL Jr, Martin DH. Asso-
ciation of Atopobium vaginae, a recently de-
scribed metronidazole resistant anaerobe,
with bacterial vaginosis. BMC Infect Dis
2004;4:5.
26. Verhelst R, Verstraelen H, Claeys G, et
al. Cloning of 16S rRNA genes amplified
from normal and disturbed vaginal micro-

flora suggests a strong association between
Atopobium vaginae, Gardnerella vaginalis
and bacterial vaginosis. BMC Microbiol 2004;
4:16.
27. Zhou X, Bent SJ, Schneider MG, Davis
CC, Islam MR, Forney LJ. Characterization
of vaginal microbial communities in adult
healthy women using cultivation-indepen-
dent methods. Microbiology 2004;150:2565-
73.
28. Hillier SL, Krohn MA, Nugent RP, Gibbs
RS. Characteristics of three vaginal flora
patterns assessed by Gram stain among

pregnant women. Am J Obstet Gynecol 1992;
166:938-44.
29. Hill GB, Livengood CH III. Bacterial
vaginosis-associated microflora and effects
of topical intravaginal clindamycin. Am J
Obstet Gynecol 1994;171:1198-204.
30. Puapermpoonsiri S, Kato N, Watanabe
K, Ueno K, Chongsomchai C, Lumbiganon
P. Vaginal microflora associated with bac-
terial vaginosis in Japanese and Thai preg-
nant women. Clin Infect Dis 1996;23:748-
52.
Copyright © 2005 Massachusetts Medical Society.

physician-journalist

The Journal is seeking a physician with substantial reporting 
experience to write articles on timely topics in medicine and society 

for the Perspective section. Send curriculum vitae and writing samples 
to Perspective Editor, New England Journal of Medicine, 10 Shattuck St., 

Boston, MA 02115, or at writer@nejm.org.

Copyright © 2005 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission. 


