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CATEGORIZATION OF MICROBIAL
COMMUNITIES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priornty to and benefit of
U.S. provisional application No. 60/644,080, filed Jan. 14,
2003, which 1s mncorporated herein 1n 1ts entirety for all pur-
poses.

FIELD OF THE DISCLOSUR.

(L]

[0002] This disclosure relates to the field of microbial ecol-
ogy. More specifically, the disclosure relates to methods for
identifying and categorizing populations of microbiota.

BACKGROUND

[0003] Bacterial vaginosis (BV) 1s the most prevalent cause
of vaginitis among women of childbearing age (Holmes et al.,
Sexually Transmitted Diseases (1999)). The prevalence of
BV 1in women varies depending on the population studied, but
ranges from 4% to >50%. The occurrence of BV 1s associated
with an 1ncreased risk of acquiring sexually transmitted dis-
cases (STDs) including HIV (Martin et al., J Infect Dis 1778:
10353-1039 (1998); Schmid et al., Sex Transm Infect 76:3-4
(2000); Taha et al., AIDS 12:1699-1706 (1998); Sobel, Arnnu
Rev Med 51:349-356 (2000); Schwebke, Curr Infect Dis Rep
2:14-17 (2000); Guptaetal., JInfect Dis 178:446-450 (1998);
Hawes et al., J Infect Dis 174:1038-1063 (1996)), as well as
preterm infertility (Sweet, Infect Dis Obstet Gynecol 8:184-
190 (2000)), delivery of low birth weight infants (Hillier et al.,
N Engl J Med 333:1737-1742 (1995)), spontaneous abortion
(Leitich et al., Am J Obstet Gynecol 189:139-1477 (2003);
Ralph et al., BALJ319:220-223 (1999)), pelvic inflammatory
disease, and various postoperative inifections (Sobel, Annu
Rev Med 51:349-356 (2000); Pybus & Onderdonk, Microbes
Infect 1:285-292 (1999), and references therein).

[0004] The etiology of BV 1s complex and poorly under-
stood (Sobel, Annu Rev Med 51:349-356 (2000)). It 1s com-
monly thought that BV results from replacement of the nor-
mal hydrogen peroxide-producing Lactobacillus sp. in the
vagina with high numbers of Gardrerella vaginalis, Myco-
plasma hominis, and Mobiluncus sp. (Pybus & Onderdonk,
Microb. Ecol. Health Dis. 9:19-26 (1996); Workowski &
Levine, Sexually Transmitted Diseases Treatment Guide-
lines, on the world wide web at cdc.gov/immwr/preview/
mmwrhtml/rr5106a.1.htm). This in turn leads to the develop-
ment of an oxygen-depleted environment that facilitates the
growth of strict anaerobes including Gram-negative species
of Prevotella, Porphvromonas, Bacteroides, as well as Pep-
tostreptococcus (Sobel, Annu. Rev. Med. 51:349-356 (2000)),
and to higher cytokine levels 1n the cervix and vagina (Hay et
al., Brit. Med. J. 308:295-298 (1994); McGregoretal., Am. J.
Obstet. Gynecol. 170:1048-1060 (1994)). The cause(s) that
trigger the depopulation of lactobacilli, changes 1n microbial
community structure, and the overgrowth of other organisms
are not fully understood. However, an increased incidence of
BV 1s known to be positively correlated with multiple sex
partners, the frequency of mtercourse, and douching (Simp-
son et al., J. Pediatr. Adolesc. Gynecol. 17:249-2355 (2004)).
Since the development of BV has not been attributed to the
presence or absence of any single bacterial taxon 1t 15 com-
monly diagnosed based on the existence of three of the fol-
lowing four symptoms: (a) thin homogeneous malodorous
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discharge; (b) vaginal pH fluid >4.5; (¢) an amine odor from
vaginal fluid when 10% KOH 1s added; and (d) the presence
of “clue” cells (vaginal epithelial cells with adherent bacteria

that obscure cell margins) (Amsel etal., Am. J. Med. 74:14-22

(1983)). Alternatively, the abundance of clue cells 1n Gram-

stained vaginal smears can also be used as a means to diag-
nose BV (Nugent et al., J Clin. Microbiol. 29:297-301

(1991)).

[0005] Curiously, up to 50% of women diagnosed with BV
may not exhibit all or any of the classic symptoms (Sweet,
Infect. Dis. Obstet. Gynecol. 8:184-190 (2000); Schmud, /nt.
J. Gynaecol. Obstet. 67 Suppl. 1:517-S20 (1999); Schwebke,
Int. J. Gynaecol. Obstet. 67 Suppl. 1:521-S23 (1999)). Such
asymptomatic women are diagnosed as having BV due to the
absence of numerically abundant populations with cellular
morphologies that resemble those of lactobacilli. The equat-
ing of absence of lactobacilli with the occurrence of BV, has
gained wide acceptance despite the fact that numerous studies
have shown that a significant fraction of women without BV
symptoms lack appreciable numbers of lactobacilli. This
conundrum has not been resolved, nor 1s 1t recognized by the
Centers for Disease Control. For example, the CDC publica-
tion, Sexually Transmitted Diseases Treatment Guidelines
2002 states the following: “BYV 1s a clinical syndrome result-
ing from replacement of the normal hydrogen peroxide pro-
ducing Lactobacillus sp. 1n the vagina with high concentra-
tions ol anaerobic bacteria (e.g., Prevotella sp. and
Mobiluncus sp.), G. vaginalis, and Mycoplasma hominis.’
This guidance equates the absence of lactobacilli with the
existence ol BV, and asserts that even women without vaginal
lactobacilli, without overt classical symptoms, have BV.

[0006] The pH of the vagina 1s thought to be a principle
factor 1n governing the composition of the vaginal microbial
community in reproductive age women. A low pH environ-
ment selects for various acid-tolerant bacterial populations
that can colonize and reproduce under such conditions, while
precluding those that cannot (Pybus & Onderdonk Microbes
Infect. 1:285-292 (1999)). Shiits in the structure of the vagi-
nal microbial community that result 1n replacement of lacto-
bacilli as the numerically dominant species, regardless of the
cause, are typically accompanied by an upward swing in the
environmental pH. This 1n turn provides an opportunity for
abnormal flora such as yeasts and various anaerobes and
bactenial species associated with BV to proliferate. It seems
that the production of lactic acid per se 1s important, but the
particular species of Lactobacillus present 1s less so since 1t
varies among women. It also has been postulated that the
production of hydrogen peroxide also may be an important
mechanism by which some species of Lactobacillus suppress
the growth of bacterial species that might otherwise represent
a health threat. For example, Eschenbach et al., (J. Clin.
Microbiol. 277:251-256 (1989)) have reported that vaginal
lactobacilli that produce hydrogen peroxide are present in
96% of healthy women, but they are found i only 6% of
women with BV. Importantly, decreased numbers of lactoba-
cilli are correlated with an increased risk of acquiring HIV
and STDs (Cohen etal., 41159:1093-1097 (1993); Sewanka-
mbo et al., Lancet 350:546-550 (1997); Taha et al., AIDS
12:1699-1706 (1998); Taha et al. J. Acquir Immune Defic.
Syndr. Hum. Retrovirol 20:52-59 (1999); Royce et al., J
Acquir. Immune Defic. Syndr. Hum. Retrovirol. 20:382-386
(1999); Martin et al., J. Infect. Dis. 178:1053-1059 (1998);
Martin etal., J. Infect. Dis. 180:1863-1868 (1999)), and those

that produce hydrogen peroxide have been shown to 1acti-
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vate the HIV virus (Kiebanoil & Coombs, J. Exp. Med. 174
289-292 (1991), which might lower the risk of HIV acquisi-
tion. The possible role of hydrogen peroxide in preventing,
colomization of the vagina by pathogenic bacteria is appealing
since hydrogen peroxide 1s known to be microbicidal. How-
ever, direct evidence for the excretion of hydrogen peroxide
in vivo 1s lacking, and the apparent failure of hydrogen per-
oxide to similarly affect members of the vaginal microbiota 1s
a paradox that has not been resolved.

[0007] Many investigators have studied the species compo-
sition of vaginal flora and paid heed to the species of Lacto-
bacillus present. It 1s widely believed that the principal Lac-
tobacillus species 1n the vagina of healthy women are
Lactobacillus crispatus, Lactobacillus jensenii, and Lactoba-

cillus gasseri (Antonio et al., J. Infect. Dis. 180:1950-1956
(1999); Pavlova et al., J Appl. Microbiol. 92:451-459
(2002)). There 1s, however, disagreement in the literature and
various other species have been reported as members of nor-
mal vaginal flora. For example, Reid et al. (FEMS. Immunol.
Med. Microbiol. 15:23-26 (1996)) sampled 100 healthy pre-
menopausal women and cultivated the dominant aerobic or
microaerophilic 1solates of Lactobacillus from vaginal swab
samples. Fight species were detected, the most common spe-
cies being L. jensenii. The uncertainty regarding the actual
species of Lactobacillus 1n the human vagina can 1n part be
attributed to the difficulties of classitying lactobacilli on the
basis of phenotypic criteria and the historical confusion sur-
rounding the taxonomy of Lactobacillus. While investigators
have focused attention on the role and importance of lacto-
bacilli as members of the vaginal flora, the fact that between
10 and 42% of women lack appreciable numbers of lactoba-
cilli (Eschenbach et al., Clin. Infect. Dis. 30:901-907 (2000);
Hillier, AIDS Res. Hum. Retroviruses 14 Suppl 1: S17-S21
(1998); Larsen Momnii, Clin. Infect. Dis. 32:¢69-¢77 (2001);
Marrazzo et al., J Infect. Dis. 185:1307-1313 (2002);

Redondo-Lopez et al., Rev. Infect. Dis. 12:856-872 (1990))
has been nearly overlooked.

[0008] Prior efforts to characterize the vaginal flora have
largely employed methods that are commonly used in clinical
microbiology laboratories (Redondo-Lopez et al., Rev. Infect.
Dis. 12:856-872 (1990), and references therein). These meth-
ods are iherently limited because they require cultivation of
organisms on selective and nonselective media 1n the labora-
tory, after which they are classified ito broad taxonomic
groups based on phenotypic characters and microscopy. Slow
growing, strictly anaerobic, or fastidious organisms may not
be recovered by these methods. Others may have failed to
grow because mvestigators are unaware of their inability to
grow on selective media. Finally, the coarse classification
methods used do not distinguish ecotypically distinct popu-
lations 1n samples. Traditional culture-dependent methods
are tedious and labor intensive, and their use for the analysis
of large numbers of samples 1s costly, permitting analysis of
only small numbers of samples per study.

[0009] Recently, mnventories of resident human bacterial
flora done using cultivation-independent approaches based
on analyses of 16S rRNA gene sequences have revealed a
large degree of previously uncharacterized diversity even
within well-studied and familiar microbial environments
such as the human gingival crevice (Kroes et al., Microbiol.
06:1454°7-14552 (1999); Paster et al., J. Bacteriol. 183:3770-
3’783 (2001)), mtestines (Favier et al., App. Environ. Micro-
biol. 68:219-226 (2002); Zoetendal et al., J. Nutr. 134:465-
472 (2004)), mner ear (Frank et al., J Clin. Microbiol.
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41:295-303 (2003)), tongue (Kazor et al., J. Clin. Microbiol.
41:558-563 (2003)), and the esophagus (Pe1 et al., Proc. Natl.
Acad. Sci. USA 101:4250-4255 (2004)).

SUMMARY OF THE DISCLOSUR.

(Ll

[0010] The present disclosure provides embodiments of a
method for characterizing microbial populations. Exempli-
fied by methods for characterizing microbiota 1n vaginal
samples, the methods provided herein are widely applicable
to the characterization of microbial communities. Also pro-
vided are probiotic regimens and methods for selecting
appropriate probiotic regimens based on the normal vaginal
microbiota of a subject. Reagents and kits for detecting nor-
mal vaginal microbiota and diagnosing pathogenic microor-
ganisms in the vagina are also provided.

[0011] The foregoing and other objects, features, and
advantages of the mnvention will become more apparent from
the following detailed description, which proceeds with ref-
erence to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 1sadendrogram illustrating the relationships
between normal categories of vaginal microbiota 1n Cauca-
s1an women.

[0013] FIG. 21sabar graph illustrating categories of micro-
biota in Caucasian women.

[0014] FIG. 3 1s a dendrogram 1llustrating the relationships
between normal categories of vaginal microbiota in African-
American women.

[0015] FIG. 41sabar graph illustrating categories of micro-
biota 1n African-American women an and comparing catego-
ries between Caucasian and African American women. Left
hand bars represent Caucasian women, whereas right hand
bars represent African-American women.

BRIEF DESCRIPTION OF THE SEQUENC
LISTING

[0016] SEQ ID NOs:1-5 are oligonucleotide primers for
amplifying the 16S rRNA gene.

[0017] SEQID NOs:6-23 are oligonucleotides that specifi-
cally hybridize and/or specifically amplify specified species
ol microorganisms.

(Ll

DETAILED DESCRIPTION

I. Summary of Specific Embodiments

[0018] The present disclosure provides a method for
assessing the phylogeny of populations 1n microbial commu-
nities. In an embodiment, the present disclosure provides a
method of i1dentifying one or more microbial communities
involving providing a plurality of microbial profiles obtained
from samples of microorganisms; 1dentifying one or more
consensus profiles from among the plurality of microbial
profiles; and, assigning at least a subset of the plurality of
microbial profiles to a consensus profile that defines a micro-
bial community. The microbial profiles can be obtained by
analysis ol a variety of sample sources, including environ-
mental samples, plant samples, animal subjects and human
subjects. The samples can include symbiotic microorgan-
1sms, commensal microorganisms, pathogenic microorgan-
1sms, environmental microorgamisms, and mixtures thereof1n
any combination.
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[0019] Typically, the microbial profiles are provided by a
culture-independent method. For example, the microbial pro-
files can be provided by preparing a nucleic acid sample
including at least one molecular indicator of 1dentity from at
least one species of microorganism present in the sample of
microorganisms. The molecular indicator of 1dentity 1s then
detected to provide a microbial profile. Typically, the molecu-
lar indicator of identity 1s polymorphic polynucleotide, such
as a phylogenetically informative gene. One example of a
molecular indicator of 1dentity 1s an rRNA gene, for example
the 16S rRNA gene. The molecular indicator of identity can
be detected, for example, by determining the nucleotide
sequence (“sequencing”’) the polymorphic polynucleotide, or
a portion or subsequence thereof. In an embodiment, the
molecular indicator of 1dentity 1s detected by evaluating the
s1zes of terminal restriction fragments of the 16S rRNA gene.
For example, the terminal restriction fragments of the 16S
rRNA gene can be evaluated by T-RFLP (terminal restriction
fragment length polymorphism) analysis.

[0020] In an embodiment, related profiles (that 1s, one or
more consensus profiles) are i1dentified using a clustering
alogorithm. A clustering algorithm 1s typically a statistical
method, such as a cubical clustering criterion analysis, a
pseudo F analysis or a pseudo T” test, or a combination
thereol.

[0021] Throughout this disclosure the method 1s exempli-
fied by the characterization of bacterial populations 1n the
human vagina. In this exemplary embodiment, the microbial
community 1s a community of normal vaginal microbiota. In
such an embodiment, a plurality of vaginal microbiota pro-
files are obtained from women without a vaginal pathology

“normal” women); one or more consensus profiles 1s 1denti-
fied among the plurality of vaginal microbiota profiles; and, at
least a subset of the plurality of vaginal microbiota profiles 1s
assigned to a consensus profile that defines a normal vaginal
microbiota.

[0022] Inanembodiment, the disclosure provides a method
for categorizing a vaginal microbiota community as normal.
Such a method involves 1dentifying one or more predominant
species ol microbiota in a vaginal sample, thereby producing
a vaginal microbiota profile; and, categorizing the vaginal
microbiota population as normal by assigning the vaginal
microbiota profile to a category of normal vaginal microbiota.
Most commonly, the predominant species of microbiota 1s a
species ol bacteria, or a combination of species of bacteria.
Nonetheless, the predominant species of microbiota can also
include species of yeast, species of fungi and species of
VIruses.

[0023] Incertain embodiments, the predominant species of
microbiota 1s a species ol bacteria selected from among Lac-
tobacillus crispatus, Lactobacillus iners, Lactobacillus jens-
enii, Lactobacillus gasseri, Lactobacillus coleohominis, Sta-
phylococcus sp., Streptococcus sp., Atopobium vaginae,
Lachnospiraceae sp., Megasphaera sp., Enterococcus faeca-
lis, Peptoniphilus sp., Anaevococcus sp., Micromonas sp.,
Gemella palaticanis, Dialister sp., Clostridaceae sp. e.g.,
Clostridium perfringens, Aerococcus sp., Veillonella sp.,
Finegoldia magna, Granulicatella elegans, Gardinerella
vaginalis, Pseudomonas sp., Mvcoplasma sp., Mobiluncus
muleiri, Peptostreptococcus anaevobis, 'schervichia coli, Shi-
gella sp., or a bacterium of the order Clostridiales.

[0024] Normal vaginal microbiota 1s shown herein to vary
among women, and varies statistically between women of
different racial and/or ethnic backgrounds. Accordingly,
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embodiments of the method described herein can be used to
determine the categories of normal (and conversely, the cat-
egories of abnormal) vaginal microbiota 1n groups of women
regardless of how the groups are defined, that 1s regardless of
how the distinctions between groups of women are drawn.
For example, the normal vaginal microbiota can be deter-
mined 1n women of different racial and/or ethnic ancestry, and
among women from different geographic locations. In an
embodiment, the categories provided include categories of
normal vaginal microbiota prevalent among Caucasian
women, for example, women of European ancestry. In other
embodiments, the categories of normal vaginal microbiota
are commonly found among women of African ancestry,
among women of Asian ancestry, etc. Thus, embodiments
disclosed herein are applicable regardless of the racial and/or
cthnic classification of the subjects, and can be used to deter-
mine the categories of normal vaginal microbiota 1n any
group of women.

[0025] For example, among Caucasian women, seven cat-
egories of normal vaginal microbiota predominate: 1) Lacto-

bacillus iners; 11) Lactobacillus crispatus; 111) Lactobacillus
crispatus and Lactobacillus jensenii; IV) Lactobacillus iners,
Lactobacillus crispatus, and Lactobacillus gasseri; V) Ato-
pobium vaginae, and one or more species ol the order
Clostridiales; V1) Lactobacillus crispatus and Lactobacillus
gasseri; and VII) Lactobacillus crispatus, Lactobacillus
iners, and Lactobacillus jensenii. Additionally, individuals
with vaginal microbiota predominated by Streptococcus sp.,
Veillonella sp., and Gemella palaticanis; Streptococcus sp.,
or Lactobacillus gasseri are observed.

[0026] An overlapping set of bacterial phylotypes are
found 1n normal women of African ancestry, with five catego-
ries predominating: 1) Lactobacillus iners; 11) Lactobacillus
crispatus; V) Atopobium vaginae, and one or more species of
the order Clostridiales; VIII) Lactobacillus gasseri; and 1X)
Megasphaera sp., and one or more species of the order
Clostridiales. Additional microbial profiles include Lactoba-
cillus gasseri, Gardinerella vaginalis and Streptococcus sp.;
Escherichia coli and Shigella sp.; Lactobacillus jensenii and
Streptococcus sp.; and, Gemella palaticanis and Mycoplasma
sp. These species include: Peptoniphilus sp., Anaervococcus
tetradius, Micvomonas sp., Dialister sp., Aervococcus sp.,
Veillonella sp., Finegoldia magna, Granulicatella elegans,
Clostridium perfringens, Mobiluuncus mulievi, Peptostrepto-
coccus anaerobius, Pseudomonsa sp., uncultured Myco-

plasma sp (GENBANK® Accession No. S000123722),
uncultured bacterium (GENBANK® Accession No.
S000329832) and additional uncultured species represented
by GENBANK® Accession Nos. S000126539, S00343908,
S000343909, S000343911, S000245992, and a species pre-

viously not identified 1n vaginal samples represented by
GENBANK® Accession Nos. S000350386.

[0027] As described above, the predominant species of
microbiota are typically identified using a culture-indepen-
dent method of identification. For example, one or more
predominant species of microbiota can be identified using
PCR with selective primers, quantitative PCR with selective
primers, DNA-DNA hybridization, RNA-DNA hybndiza-
tion, 1n situ hybridization, any of a variety ol comparable
techniques, and combinations thereof. Optionally, DNA-
DNA hybridization and/or RNA-DNA hybridization 1s per-
formed on a microarray. In another embodiment, one or more
predominant species of microbiota can be identified by deter-
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mimng the nucleotide sequence of a portion of a microbial
genome, such as a 16S rRNA gene.

[0028] In another embodiment, a method for identifying at
least one predominant species of microbiota 1n a vaginal
sample 1s disclosed. Such a method for 1dentifying predomi-
nant species of microbiota in a vaginal sample mnvolves pro-
viding a vaginal sample comprising one or more species of
vaginal microbiota, and detecting at least one predominant
species of microbiota in the vaginal sample by a culture-
independent method. One embodiment of the method
involves preparing a nucleic acid sample including a molecu-
lar indicator of identity from at least one species of microbiota
present 1n the vaginal sample and detecting the molecular
indicator of identity. For example, the method can involve
preparing at least one nucleic acid sample by preparing a
DNA sample. As indicated above, the molecular indicator of
identity can be a polymorphic polynucleotide, such as an
rRNA gene (for example, a 16S rRNA gene). The molecular
indicator of i1dentity can be detected by determining the
nucleotide sequence of the polymorphic polynucleotide, such
as the 16S rRNA gene, or a portion or subsequence thereof.
Alternative embodiments for detecting the molecular indica-
tor of 1identity also include PCR with selective primers, quan-
titative PCR with selective primers, DNA-DNA hybridiza-
tion, RNA-DNA hybridization, 1 situ hybridization, and
combinations thereof. For example, the polymorphic poly-
nucleotide can be detected by hybridization to a species spe-
cific probe. In such an example, the species specific probe
hybridizes to a polymorphic target nucleic acid, such asa 16S
rRNA gene. Optionally, the nucleic acid can be hybridized to
at least one array comprising a plurality of species specific
probes, e.g., a plurality of species specific probes, each of
which i1dentifies a species of vaginal microbiota. Detecting,
the molecular indicator of 1dentity can also be accomplished
using protein probes (such as antibodies) that bind to poly-
morphic target proteins, for example polymorphic target pro-
teins that identify the species of vaginal microbiota.

[0029] In another embodiment, the disclosure relates to
methods for establishing or maintaining a normal bacterial
community. These methods ivolve 1dentifying one or more
predominant species of microbiota 1n a biological sample to
produce a microbiota profile; assigning the microbiota profile
to a category of normal microbiota; and providing a compo-
sition comprising one or more species of microorganism
selected from the microbiota profile. In certain embodiments,
the methods mvolve 1dentifying and categorizing microbiota
in a subject. Typically, the i1dentification 1s accomplished
using culture-independent methods. For example, as dis-
closed herein, the predominant species can be 1dentified by
PCR using selective primers, quantitative PCR with selective
primers, DNA-DNA hybridization, RNA-DNA hybridization
and/or 1n s1tu hybridization. In some cases the hybridization 1s
performed on a microarray. Alternatively, the one or more
predominant species can be identified by determining the
nucleotide sequence of a portion of a microbial genome, such

as a 165 rRNA gene.

[0030] For example, 1n some embodiments, the methods
involve identifying normal microbiota from a vaginal sample
from a subject in order to select a safe and effective probiotic
regimen for establishing or maintaining a normal category of
vaginal microbiota, such as a normal vaginal microbiota that
1s not dominated by Lactobacillus sp. Embodiments of the
method for selecting a sate and eflective probiotic regimen
involve producing a vaginal microbiota profile by identifying
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one or more predominant species of microbiota in a vaginal
sample; assigning the vaginal microbiota profile to a category
of normal vaginal microbiota; and, selecting a safe and etiec-
tive probiotic regimen comprising one or more species of
microbiota selected from the vaginal microbiota profile.

[0031] Incertain embodiments, the predominant species of
bacternia 1s/are one or more of: Lactobacillus crispatus, Lac-
tobacillus iners, Lactobacillus jensenii, Lactobacillus gas-
seri, Lactobacillus coleohominis, Staphylococcus sp., Strep-
tococcus sp., Atopobium vaginae, Lachnospiraceae sp.,
Megasphaera sp., Enterococcus faecalis, Peptoniphilus sp.,
Anaervococcus sp., Micromonas sp., Gemella palaticanis,
Dialister sp., Aerococcus sp., Veillonella sp., Finegoldia
magna, Granulicatella elegans, Gardinervella vaginalis,
Pseudomonas sp., Mycoplasma sp., Mobiluncus muleiri,
Peptostreptococcus anaerobis, Eschervichia coli, Shigella sp.,
or a bacterium of the order Clostridiales. For example, in one
embodiment, the category of normal vaginal microbiota 1s
characterized by one or more predominant species of bacteria
selected from the following categories: a) Lactobacillus
iners;, b) Lactobacillus crispatus; ¢) Lactobacillus crispatus
and Lactobacillus jensenii, d) Lactobacillus iners, Lactoba-
cillus crispatus and Lactobacillus gasseri, e) Atopobium
vaginae and one or more species of the order Clostridiales; 1)
Lactobacillus crispatus and Lactobacillus gasseri; g) Lacto-
bacillus crispatus, Lactobacillus iners and Lactobacillus

Jensenii; h) Streptococcus sp., Veillonella sp. and Gemella

palaticanis; 1) Streptococcus sp.; and 1) Lactobacillus gas-
seri. These are categories common among Caucasian women.
In another embodiment, the category of normal vaginal
microbiota 1s characterized by one or more predominant spe-
cies of bacteria selected from the following categories: a)
Lactobacillus iners; b) Lactobacillus crispatus; c) Atopobium
vaginae and one or more species of the order Clostridiales; d)
Lactobacillus gasseri, €) Megasphaera sp. and one or more
species of the order Clostridiales; 1) Lactobacillus gasseri,
Gardinerella vaginalis and Streptococcus sp.; g) Escherichia
coli and Shigella sp.; h) Lactobacillus jensenii and Strepto-
coccus sp.; and, 1) Gemella palaticanis and Mycoplasma sp.
These categories are common among women ol African
ancestry.

[0032] Inother embodiments, probiotic regimens for estab-
lishing or maintaining normal categories of vaginal micro-
biota are disclosed herein. For example, probiotic regimens
including at least one composition that promotes growth of
one or more species of microorganisms selected from a nor-
mal vaginal microbiota are disclosed. Such a composition can
include one or more pharmaceutical and/or nutritional com-
position that promotes growth of one or more species of
microorganisms selected from a normal vaginal microbiota
and/or the composition can include one or more species of
microorganisms selected from a normal vaginal microbiota,
or combinations thereof. For example, probiotic regimens
including a species other than a species of Lactobacillus, such
as Atopobium vaginae are described. In some cases, the pro-
biotic regimen also includes one or more species selected
trom Lactobacillus crispatus, Lactobacillus iners, Lactoba-
cillus jensenii, Lactobacillus gasseri, Lactobacillus coleo-
hominis, Staphylococcus sp., Streptococcus sp., Atopobium
vaginae, Lachnospiraceae sp., Megasphaera sp., Enterococ-
cus faecalis, Peptoniphilus sp., Anaervococcus sp., Micromo-
nas sp., Gemella palaticanis, Dialister sp., Aervococcus sp.,
Veillonella sp., Finegoldia magna, Granulicatella elegans,
Gardinerella vaginalis, Pseudomonas sp., Mycoplasma sp.,
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Mobiluncus muleiri, Peptostreptococcus anaerobis, E'scheri-
chia coli, Shigella sp., and a bactertum of the order Clostridi-
ales.

[0033] Methods of formulating probiotic regimens based
on selecting one or more species of microorganism suitable
for establishing or maintaining normal vaginal microbiota 1n
a human or animal subject are also provided. The methods for
formulating probiotic regimens nvolve identilying one or
more predominant species of microbiota in a vaginal sample
to produce a vaginal microbiota profile; assigning the vaginal
microbiota profile to a category ol normal vaginal microbiota;
and providing a pharmaceutically acceptable formulation
comprising one or more species of microorganism selected
from the microorganisms of a category of normal vaginal
microbiota, such as the categories listed above.

[0034] TTypically, the microorganism 1s selected from
among the microorganisms characteristic in of a category of
normal vaginal microbiota, such as a category ol normal
vaginal microbiota selected from among the normal catego-
ries of vaginal microbiota observed 1n a definable population
to which the subject belongs. For example the category of
normal vaginal microbiota can be a category of normal vagi-
nal microbiota selected from among the categories of normal
vaginal microbiota found 1n a racially or ethnically defined
population of women. Alternatively, the category can be
selected from among those of a population of female human
or animal subjects defined by one or more personal or envi-
ronmental, e.g., geographic, characteristics other than race or
cthnicity.

[0035] In certain examples, the method for formulating a
probiotic regimen involves providing a pharmaceutically
acceptable formulation comprising one or more species of
microorganism from a category of normal vaginal microbiota
selected from the group consisting of:

a) Lactobacillus iners;

b) Lactobacillus crispatus,

c) Lactobacillus crispatus and Lactobacillus jensenii;

d) Lactobacillus iners, Lactobacillus crispatus, and Lactoba-
cillus gassevri;

¢) Atopobium vaginae and one or more species ol the order
Clostridiales:

1) Lactobacillus crispatus and Lactobacillus gasseri;

o) Lactobacillus crispatus, Lactobacillus iners and Lactoba-
cillus jensenii.

h) Streptococcus sp., Veillonella sp. and Gemella palaticanis,

1) Streptococcus sp.; and

[0036] 1) Lactobacillus gasseri.

[0037] In another example the method of formulating a
probiotic regimen involves providing a pharmaceutically
acceptable formulation comprising one or more species of
microorganism from a category of normal vaginal microbiota
selected from the group consisting of:

a) Lactobacillus iners;

b) Lactobacillus crispatus;

c) Atopobium vaginae and one or more species ol the order
Clostridiales:

d) Lactobacillus gasseri;

¢) Megasphaera sp. and one or more species of the order
Clostridiales:

1) Lactobacillus gasseri, Gardinerella vaginalis, and Strep-
lococcus Sp.,

o) Escherichia coli and Shigella sp.;
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h) Lactobacillus jensenii and Streptococcus sp.; and,
1) Gemella palaticanis and Mycoplasma sp.

[0038] In another embodiment, the disclosure provides
methods for expressing a product encoded by a recombinant
nucleic acid, such as a recombinant protein in the vagina of a
subject. Such methods 1nvolve selecting an appropriate host
strain of microorganism based on the vaginal microbiota that
1s normal for the subject. A recombinant nucleic acid encod-
ing the product, e.g., protein or RNA, of interest 1s introduced
(e.g., transformed) into the host microorganism, which 1s then
introduced 1nto the vagina of a subject. The host strain 1s able
to stably colonize the vagina of the subject and express the
recombinant product (such as a recombinant polypeptide or
an RNA, e.g., an siRNA or a rnibozyme).

[0039] Also described are kits including a plurality of spe-
cies specilic probes suitable for detecting microorganisms
from a vaginal sample of microorgamisms. For example, the
kit can 1nclude a plurality of species specific probes and/or
primers, each of which identifies a particular species (or
group ol species, such as a genus or phylum) of normal
vaginal microbiota. The probes can be nucleic acid probes,
such as DNA or RNA polynucleotides or oligonucleotides
that specifically hybridize and/or specifically amplity a par-
ticular species or group of microorganisms. Alternatively, the
probes can be binding proteins, such as antibodies, receptors,
ligands or receptor or ligand analogues, that interact with a
protein or other antigen produced by the microorganism.

[0040] In an embodiment, the kit includes a plurality of
probes and/or primers that detect species selected from the
group consisting of Lactobacillus crispatus, Lactobacillus
iners, Lactobacillus jensenii, Lactobacillus gasseri, Lacto-
bacillus coleohominis, Staphylococcus sp., Streptococcus
sp., Atopobium vaginae, Lachnospiraceae sp., Megasphaera
sp., Enterococcus faecalis, Peptoniphilus sp., Anaerococcus
sp., Micromonas sp., Gemella palaticanis, Dialister sp.,
Aerococcus sp., Veillonella sp., Finegoldia magna, Granuli-
catella elegans, Gardinerella vaginalis, Pseudomonas sp.,
Mycoplasma sp., Mobiluncus muleiri, Peptostreptococcus
anaerobis, Escherichia coli, Shigella sp., and/or a bacterium
of the order Clostridiales. In one example, the kit includes a
plurality of probes selected from SEQ ID NOs:6-23. For
example, the kit can include one or more species speciific
probes selected from SEQ ID NOs:6-23 and one or more
unmversal primers, e.g., SEQ ID NO:1 and SEQ ID NO:3.
Optionally, the kit can include probes (and/or primers) for one
or more species ol pathogenic microorganism 1n addition to

the probes (and/or primers) for the species of normal vaginal
microbiota.

[0041] In some embodiments, the plurality of probes are
arrayed on a solid matrix, such as a slide, a chip, a pin, a bead
or a membrane. In an embodiment, the solid matrix 1s a test
strip, or dipstick, or a lateral flow device.

II. Terms

[0042] Unless otherwise explained, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Definitions of common terms in molecu-
lar biology can be found 1n Benjamin Lewin, Genes V, pub-

lished by Oxford University Press (1994) (ISBN 0-19-
854287-9); Kendrew et al., (eds.), The Encyclopedia of
Molecular Biology, published by Blackwell Science Ltd.
(1994) (ISBN 0-632-02182-9); and Robert A. Meyers (ed.),
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Molecular Biology and Biotechnology: a Comprehensive
Desk Reference, published by VCH Publishers, Inc. (1993)

(ISBN 1-56081-569-8).

[0043] The singular terms “a,” “an,” and “the” include plu-
ral referents unless context clearly indicates otherwise. Simi-
larly, the word *or” 1s intended to include “and” unless the
context clearly indicates otherwise. It 1s further to be under-
stood that all base s1zes or amino acid sizes, and all molecular
weight or molecular mass values, given for nucleic acids or
polypeptides are approximate, and are provided for descrip-
tion. Although methods and materials similar or equivalent to
those described herein can be used 1n the practice or testing of
this disclosure, suitable methods and materials are described
below. The term “comprises” means “includes.” The abbre-
viation, “e.g.” 1s derived from the Latin exempli gratia, and 1s
used herein to indicate a non-limiting example. Thus, the
abbreviation “e.g.”” 1s synonymous with the term *“for
example.”

[0044] In order to facilitate review of the various embodi-
ments of this disclosure, the following explanations of spe-
cific terms are provided:

[0045] The term “microbe” refers to an organism that is too
small to be visible with the naked eye, and 1s used synony-
mously with the term “microorganism.” Microorganisms
include bacteria (Archaea, Eubacteria), yeast, fungi, and for
the purposes of this disclosure, shall be understood to include
viruses. The term “species of microorganism’ 1s used herein
to refer to a taxonomically and/or genetically distinct group
of microorganism. The term “predominant species” (for
example, predominant species of microorganism) refers to
one or more species that 1s/are numerically more frequent
than other species 1n a mixed sample or population. For
example, a predominant species may be the most numerically
frequent species 1n a mixed sample or population, or a pre-
dominant species may be one of several numerically frequent
species present 1 a mixed sample or population. In an

embodiment, a predominant species 1s at least 10% of the
mixed sample or population. For example, a predominant
species can be at least 20%, or at least 30%, frequently greater
than about 40%, or greater than 50% of the mixed population.
In some cases, the predominant species 1s often than about
60%, sometimes greater than about 70%, and can be greater
than 80% or even 90% of the mixed sample or population. In
another embodiment, a predominant species 1s at least 2x as
prevalent 1n the mixed sample as another species of microor-
ganism. Alternatively, the predominant species 1s at least 3x
as frequent 1n the mixed sample as other organisms. In some
cases, the predominant species 1s at least 4x, or at least about
Sx, or even as much as 10x as frequent 1n the mixed sample or
population than another species of microorganism.

[0046] The term “microbiota” refers to an assemblage of
microorganism localized to a distinct environment. For
example, “vaginal microbiota” are an assemblage of one or
more species ol microorganisms that are localized to, or
found 1n, a vagina. “Normal vaginal microbiota™ are a popu-
lation of microorganisms that localize to the vagina 1n a
normal, that 1s, a non-pathological or non-pathogenic, state.
For example, a sample of normal vaginal microbiota is
obtained from a woman without a vaginal pathology, that is,
from a woman with no sign or symptom corresponding to or
resulting from a pathology of the vagina. Normal vaginal
microbiota can be obtained from a woman with a pathology of
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an organ or tissue other than the vagina. In a medical context,
the term “microflora” 1s often used synonymously with the
term “microbiota.”

[0047] The term “microbial commumty™ refers to one or
more microbial populations found together 1n a shared envi-
ronment. For example, a shared environment can be a defined
site or location on or 1n a subject (e.g., a host), or can be an
environmental site or location not associated with a subject.
Thus, a shared environment can be a specific organ or tissue
within the body of a subject, such as the skin, the oral cavity,
the gingival crevice, the esophagus, the ear, the small intes-
tine, the large intestine, the rectum, the vagina, etc. Alterna-
tively, a shared environment can be a site or location, such as
so1l, water, or another environmental source not pertaining to
a particular subject (such as a human subject). For purposes of
clarnity, samples obtained from an environment on or 1n (per-
taining to a) subject will be so designated, for example, a
sample obtained from a human subject, a sample obtained
from an animal subject, a sample obtained from a plant sub-
ject. In contrast, a sample obtained from a source other than a
subject will be referred to as an “environmental sample.”

[0048] Individual species of microorganisms obtained
from a subject, such as a human, animal or plant subject, may
ex1st 1n various relationships with respect to the subject (or
host). For example, the microorganism can be a “symbiotic
microorganism’ that exists in a relationship with 1ts host that
provides a benefit to both the microorganism and the host, that
1s, amutually beneficial relationship. The microorganism also
can be a “commensal microorganism” that exists 1n a rela-
tionship that 1s beneficial to the microorganism and neither
benelits nor harms the host. Alternatively, the microorganism
can be a “parasitic microorganism” that derives benefit from
its host at the expense of or detriment to the host. Addition-
ally, a microorganism can be a “pathogenic microorganism”™
that causes or 1s capable of causing a disease state or condition
in the host.

[0049] A “muicrobial profile” 1s a set of the species and/or
strains ol microorganisms present 1n a sample of microorgan-
isms. To the extent that a sample of microorganisms 1is
obtained from, and corresponds to the species found 1n, a
shared environment, the microbial profile details the species
present 1n a microbial community. The term “consensus pro-
f1le” 1s used herein to refer to the species common to multiple
samples with stmilar microbial profiles. That 1s, a consensus
profile includes the species of microorganisms that are com-
mon to each of multiple samples, which may or may not have
additional unshared species.

[0050] The term “molecular indicator of 1dentity” refers to
any molecule that differs between species or strains, and for
which the difference can be detected. Most typically, a
molecular indicator of i1dentity 1s polymorphic nucleic acid,
or a polymorphic polypeptide encoded by a polymorphic
nucleic acid. The term “polymorphic” or “polymorphism™
refers to a nucleic acid or polypeptide that exists 1n two or
more variant forms. The variant forms may be detectable at
the molecular level (e.g., at the nucleic acid or polypeptide
level) or may be detectable as functional vanants, for
example, by phenotypic differences between species or
strains. In some cases, a molecular indicator of 1dentity 1s not
directly encoded by a polymorphic polynucleotide. For
example, polymorphic glycoproteins can be detected based
on differences 1n their carbohydrate moieties. In addition, 1n
some cases the molecular indicator of 1dentity can be a meta-
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bolic product that differs between species, for example a
detectable metabolite, such as a secondary metabolite, that
differs between species.

[0051] A polymorphic nucleic acid can include a “phylo-
genetically informative gene,” that 1s, a functional genetic
clement that differs between species. A phylogenetically
informative gene 1s one 1 which the differences in nucleotide
sequence retlect the evolutionary relationships of organisms.
More generally, polymorphic nucleic acids are characterized
by polymorphic polynucleotide sequences, that 1s, polynucle-
otide sequences with one or more nucleotide differences
when aligned across a window of comparison. Such ditfer-
ences can be detected by determining the nucleotide sequence
of the polymorphic polynucleotide, that is, by sequencing the
polynucleotide, or at least a portion thereof, using any known
methods, including automated methods, for sequencing
nucleic acids. Alternatively, a polymorphism 1n a nucleic acid
can be detected by a variety of techniques including RFLP,
AFLP, SSCP, SNP, etc.

[0052] An “rRNA gene” 1s one exemplary polymorphic
nucleic acid. The rRNA genes encode the ribonucleic acid
(“RNA”) components of ribosomes, and can be categorized
based on the size of the ribosomal component 1n which the
encoded RNA 1s localized. Prokaryotic rRNA genes include:
the 16S rRNA gene, the 23S rRNA gene and the 35S rRNA
gene. Eukaryotic rRNA genes include the 18S, 285 and 5.85
rRNA genes, respectively.

[0053] A composition for administration to a subject (such
as a probiotic regimen or formulation) should provide the
desired benefit(s) without causing side effects (adverse
events) that would outweigh those benefits. Accordingly, a
pharmaceutical composition should be both safe and effec-
tive. The term “safe’ 1s used to indicate that the incidence and
severity of adverse events 1s acceptable in view of the desired
benefits produced by administration of the composition. The
fundamental basis of the quantitative relationships between
exposure to an agent and the incidence of an adverse response
1s the dose-response assessment. Analysis of dose-response
relationships start with the determination of the critical
clfects to be quantitatively evaluated. Approaches for charac-
terizing threshold dose-response relationships include deter-
mimng no observed adverse effect levels INOAEL) or lowest
observed adverse effectlevels (LOAELSs). An “adverse event”
(AE) can be defined as any unfavorable and unintended sign
including an abnormal laboratory finding, symptom or dis-
case temporally associated with use of a medicinal (1nvesti-
gational) product whether or not related to the investigational
product. An adverse drug reaction (ADR) means that a causal
relationship between a medicinal (investigational) product
and an adverse event 1s at least areasonable possibility, that 1s,
the relationship cannot be ruled out. The term “effective”
indicates that the composition has the capacity or power to
produce a desired effect. Efficacy has been defined as the
maximum ability of a drug or treatment to produce a result
regardless of dosage. The efficacy of the product should be
determined based on an appropriately designed research and/
or clinical study. In the procedure mandated by the FDA,
Phase II clinical trnials gauge eflicacy, and Phase III trials
coniirm 1it.

I11. Identification of Microbial Communities

[0054] Thepresent disclosure provides methods for analyz-
ing microbial communities that are applicable 1n a wide vari-
ety of settings to determine the constituent species of micro-
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biota 1n an environment. The constituent species 1n a sample
are 1dentified, providing a microbial profile that distinguishes
the predominant species of microorganisms in the sample. By
ascertaining the microbial profile from numerous samples
with a shared characteristic, consensus profiles can be deter-
mined that provide a reference point for further analysis.

[0055] Microbial profiles are obtained by identifying the
predominant species present 1 samples of microorganisms.
The sample of microorganisms can be obtained from essen-
tially any environmental source. The source can be a particu-
lar tissue or organ on or 1n a host organism, or can be an
external environmental source such as soil, water, waste eftlu-
ent, etc. For example, microbial profiles can be ascertained to
determine the diversity and community structure of bacterial

populations in different ecosystems as disclosed 1n Liu et al.,
Appl Env Microbiol 63:4516-4522 (1997); Zhou etal., Micro-

biology 150:2565-2573 (2004), which are incorporated
herein 1n their entirety for all purposes.

[0056] For example, samples of microorganisms can be
obtained from an external surface of a subject organism by
wiping, swabbing, scraping or other mechanical means for
removing objects at or near the surface of an organism.
Optionally, a wetting agent, butlfer, lubricant or other agent
can be employed to facilitate recovery of the sample. Samples
can be similarly obtained from orifices and internal surfaces,
such as the surface of a body cavity such as the oral cavity, the
gingival crevice, the nose, the esophagus, the ear, the small
intestine, the large intestine, the rectum, the vagina, etc.

[0057] Microbial communities are typically found on both
external and internal surfaces of a subject organism, and can
be sampled 1n both normal and disease conditions. Under
certain conditions, typically pathological (or abnormal) con-
ditions, samples ol microorganisms can be obtained from
inside the body of a subject, from a source that 1s not contigu-
ous with the external environment. Such samples, typically
must be obtained using more invasive procedures, including
percutaneous blood sampling, sampling of cerebrospinal
fluid, for example by lumbar puncture, and laparoscopically
guided sampling of the peritoneneal cavity. Samples can be
obtained from any subject for which the identification or
classification of resident microbiota 1s desirable. Accord-
ingly, subjects that serve as hosts for microbial communities
can include, human and other animal subjects as well as plant
subjects.

[0058] Once the sample 1s obtained, the constituent species
are determined. To prevent introduction of bias into the analy-
s1s, the constituent species of a sample are determined using
a method that does not require preliminary culturing of the
microorganisms. Identification of the constituent species of
microorganism, that 1s identification of the predominant spe-
cies (optionally, the identification of all of the species) estab-
lishes a microbial profile for the sample. Depending on the
source of the sample, and on the status of the subject, for
example, the health or disease status of the organism, the
samples can include one or more predominant species of
microorganisms. The species 1dentified can include symbi-
otic microorganisms, commensal microorganisms and/or
pathogenic microorganism. For example, mm a sample
obtained from a subject without a sign or symptom of a
disease (e.g., a “normal” subject), the predominant species
are likely to be symbiotic and/or commensal microorganisms.
In contrast, pathogenic microorganisms are more likely to be
observed in a sample from a subject with a disease, condition,
symptom or sign related to a pathological condition. Thus, the
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methods described herein can be used to determine the com-
munities of microorganisms present in both normal and dis-
case (abnormal) states.

IV. Culture-Independent Methods

[0059] Typically, the microbial profile 1s established by
detecting at least one molecular indicator of i1dentity from
which the species of microorganism can be determined.
[0060] Several culture-independent approaches are useful
for analyzing large numbers of samples and offer the possi-
bility of being able to detect statistically significant differ-
ences between normal communities and those associated
with diseases. Culture-independent methods offer significant
advantages over methods for classifying microorganisms that
require culture prior to analysis. For example, culture-inde-
pendent methods decrease labor and matenals costs by elimi-
nating the requirement that colomies of microorganisms be
established prior to analysis. Stmilarly, culture-independent
methods increase the throughput so that 1t 1s feasible to ana-
lyze larger numbers of samples making 1t possible to deter-
mine statistically relevant differences between categories.
Most importantly, by eliminating the need for culturing of
microorganisms prior to analysis, bias due to preferential
growth under various culture conditions i1s eliminated. By
climinating this bias, 1t becomes possible to comprehensively
determine the variety of microbiota that inhabit an environ-
ment under normal and perturbed conditions.

[0061] Culture-independent methods for identifying the
constituent species 1n a sample of microorganisms nvolve
detecting one or more molecular indicators of identity. A
molecular indicator of 1dentity can be any molecular species
present 1n or produced by the microorganism, so long as it can
be detected directly or indirectly. Preferably, the molecular
species exists 1n sufficiently polymorphic forms that 1t can
alone, or in combination with other molecular species, be
used to determine the identity of the microorganism from
which 1t 1s obtained. A molecular indicator of identity can be
a protein species that differs 1n a predictable way between
species. For example, the molecular indicator of identity can
be an antigen that differs between species of microorganism
and can be distinguished, e.g., by the binding of an antibody.
[0062] More typically, the culture-independent methods
involve preparing a nucleic acid sample from a sample of
microorganisms, and detecting at least one molecular indica-
tor of identity that can be used to determine the identity of the
constituents of the sample. The nucleic acid can be either
DNA, RNA, or both, and can be prepared by any methods
known 1n the art for the 1solation and purification of nucleic
acids. Exemplary procedures suificient to guide one of ordi-
nary skill in the preparation of nucleic acid samples from
microorganisms can be found, for example, 1n Kowalchuk et
al. (Eds.) Molecular Microbial Ecology Manual, 2% Edition,
Kluwer Academic Publishers (2004); Sambrook et al. (ed.),
Molecular Cloning: A Laboratory Manual, 2" ed., vol. 1-3,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y. (1989); and Ausubel et al., Short Protocols in Molecular
Biology, 4” ed., John Wiley & Sons, Inc. (1999)). Following
preparation of a nucleic acid sample from the sample of
microorganisms, one or more molecular indicators of identity
are detected to determine the constituent species n the
sample.

[0063] Usually, the nucleic acid 1s a polymorphic poly-
nucleotide sequence. The molecular indicator of 1dentity can
be a phylogenetically immformative gene. Phylogenetically
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informative genes include functional genomic sequences,
such as, protein coding regions and/or regulatory regions.
Phylogenetically informative genes (e.g., homologs or
orthologs of a gene) differ between species but originate from
a common ancestor. The polynucleotide sequences of
orthologous genes 1n different species have diverged over
time accumulating mutations, that 1s, nucleotide alterations
(which can be insertions, deletions, point mutations, and/or
recombination events), which can be detected using any of a
variety of methods for detecting sequence differences. Typi-
cally, a phylogenetically informative gene 1s one for which at
least one ortholog can be detected among a large number of
species ol microorganisms.

[0064] In one culture-independent method, profiles of
microbial communities based on the terminal restriction frag-
ments (““I-RFs”) of 16S rRNA genes are produced. The 165
rRNA gene 1s particularly suitable as a molecular indicator of
identity for the identification and phylogenetic analysis of
microorganisms. The 16S rRINA gene offers several signifi-
cant advantages as a molecular indicator of i1dentity. For

example, the 16S rRNA gene 1s highly conserved and univer-
sal PCR primer sets exist that can amplity the 165 rRNA gene
from the overwhelming majority of bacteria and Archea,
respectively. The 16S rRNA gene also includes regions that
are less well conserved making 1t possible to design probes
specific for the various taxons. Additionally, the 16S rRINA
gene 1s believed to have changed at a fairly constant rate
during evolution, making it, 1n effect, an evolutionary clock
with each nucleotide difference translating to an evolutionary
time unit.

[0065] The approximately 1500 by sequence of the 165
rRNA gene contains enough information to predict the 1den-
tity and phylogeny of an organism with high precision. Fur-
thermore, an extensive, rapidly growing database exists for
this gene. For example, the ARB database (available on the
world wide web at arb-home.de) contains over 25,000 aligned
16S rRINA gene sequences. Additional databases include that
of the Ribosomal Database Project (Cole et al., Nuc. Acids.

Res. 31:442-443 (2003) and the NCBI database (available on
the world wide web at ncbi.nlm.nih.gov/entrez).

[0066] T-RF profiles provide insightto the phylogeny of the
populations present in the samples. Briefly, rRNA genes are
amplified from total community DNA in a polymerase chain
reaction (“PCR”) with one or both amplification primers
labeled with a detectable moiety, such as a fluorescent dye.
The mixture of resulting rfRNA amplicons 1s then digested
with one or more restriction enzymes, and the sizes and
relative abundances of the fluorescently labeled T-RFs are
determined using an automated DNA sequencer. Since dii-
ferences 1 the sizes of T-RFs reflect differences in the
sequences of 16S rRNA genes (sequence polymorphisms),
phylogenetically distinct populations of organisms can be
resolved. Thus, the pattern of T-RFs 1s a composite of DNA
fragments with distinct lengths that retlects the diversity and
composition of the predominant populations in the commu-
nity. This method, referred to as T-RFLP, provides a usetul
method for assessing microbial community structure, for
example under various environmental conditions (e.g., based
on lack or presence of a disease state 1n the host), or over
temporal or spatial parameters based on the gain or loss of
specific fragments from the profiles. Optionally, T-RF analy-
s1s can be coupled to 16S rRNA clone library construction
and clone sequencing.
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[0067] Additional examples of phylogenetically informa-
tive genes suitable as molecular indicators of identity include:
rpoB; gyvrB; gyrA; tmRNA; recA; EF-Tu (tull; groEL (cnp60,
hsp60); atpD; ompA gene; gapA; pgl; TusA; 1leS; lepA; leusS;
pyrG; recG; rplB. Other genes (for example functional genes
encoding related enzymes that perform a defined function)
also can be utilized, at least with respect to narrower groups of
microorganisms. Examples of such functional genes include
the pmoA/amoA genes; the mmoX gene; the nifH gene; the
nirS gene; the nirK gene; the norB gene; the mcrA gene; and
the rbcL gene. Of course, one of ordinary skill will appreciate
that any polymorphic gene or gene family can be utilized as a
molecular indicator of 1dentity.

[0068] Methods for detecting the polymorphic polynucle-
otide sequences that are molecular indicators of identity
include, 1n addition to T-RFLP method described above:
restriction fragment length polymorphisms (RFLP), ampli-
fied fragment length polymorphisms (AFLP), allele specific
hybridization (ASH), amplified variable sequences, ran-
domly amplified polymorphic DNA (RAPD), self-sustained
sequence replication, simple sequence repeat (SSR), single
nucleotide polymorphism (SNP), and single-strand confor-
mation polymorphisms (SSCP).

[0069] Procedures for detecting polymorphic polynucle-
otide sequences can be based on the physical properties of the
nucleic acids. For example, polymorphic polynucleotides can
be distinguished based on hybridization to a probe nucleic
acid. Hybnidization can be performed with the probe and
target nucleic acids 1n solution, for example, followed by
capture of the duplexed nucleic acid. More commonly poly-
morphic polynucleotides are detected by hybridization meth-
ods 1n which the probe or the target nucleic acids 1s attached
to a solid phase, such as a membrane, a “chip” (for example,
a glass or plastic microarray) or a column or other substrate.
For example, the target polymorphic polynucleotide can be
detected by hybridization of a labeled DNA (or even an RNA)
probe. Stmilarly, the target polymorphic polynucleotide can
be DNA, e.g., genomic DNA, cDNA or amplification prod-
ucts, or can be RNA.

[0070] Hybndization of nucleic acids 1s dependent on a
variety of parameters, including for example, the length,
degree of complementarity, nucleotide sequence composition
(e.g., GC v. AT content), and nucleic acid type (e.g., RNA
versus DNA). In general, the more similar the sequences of
the two nucleic acids are, the more stringent the conditions at
which they will hybridize. The stringency of hybridization
conditions are sequence-dependent and are different under
different environmental conditions. Thus, hybridization con-
ditions resulting 1n particular degrees of stringency will vary
depending upon the nature of the hybridization method of
choice and the composition and length of the hybridizing
nucleic acid sequences. Generally, the temperature of hybrid-
1zation and the 10onic strength (especially the Na™ and/or Mg™™
concentration) of the hybridization buifer will determine the
stringency of hybridization, though wash times also influence
stringency. Generally, stringent conditions are selected to be
about 3° C. to 20° C. lower than the thermal melting point
(T ) for the specific sequence at a defined 10nic strength and
pH. The T 1s the temperature (under defined 1onic strength
and pH) at which 50% of the target sequence hybridizes to a
perfectly matched probe. Conditions for nucleic acid hybrid-
ization and calculation of stringencies can be found, for
example, in Sambrook et al., Molecular Cloning: A Labora-
tory Manual, Cold Spring Harbor Laboratory Press, Cold
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Spring Harbor, N.Y. (2001); Tiyssen, Hybridization With
Nucleic Acid Probes, Part I: Theory and Nucleic Acid Prepa-
ration, Laboratory Techniques 1n Biochemistry and Molecu-

lar Biology, Elsevier Science Ltd., NY, N.Y. (1993). and
Ausubel et al., Short Protocols in Molecular Biology, 4" ed.,
John Wiley & Sons, Inc. (1999).

[0071] For purposes of the present disclosure, “stringent
conditions” encompass conditions under which hybridization
will only occur if there 1s less than 25% mismatch between the
hybridization molecule and the target sequence. “Stringent
conditions” may be broken down into particular levels of
stringency for more precise defimtion. Thus, as used herein,
“moderate stringency” conditions are those under which mol-
ecules with more than 25% sequence mismatch will not
hybridize; conditions of “medium stringency” are those
under which molecules with more than 15% mismatch wall
not hybridize, and conditions of “high stringency” are those
under which sequences with more than 10% mismatch wall
not hybridize. Conditions of “very high stringency” are those
under which sequences with more than 6% mismatch will not

hybridize. In contrast nucleic acids that hybridize under “low
stringency conditions include those with much less sequence
identity, or with sequence 1dentity over only short subse-
quences of the nucleic acid.

[0072] A specific example of progressively higher strin-
gency conditions 1s as follows: 2xSS5C/0.1% SDS at about
room temperature (hybridization conditions); 0.2xSSC/0.1%
SDS at about room temperature (low stringency conditions);
0.2x55C/0.1% SDS at about 42° C. (moderate stringency
conditions); and 0.1xSSC at about 68° C. (high stringency
conditions). One of ordinary skill 1n the art can readily deter-
mine variations on these conditions. Washing can be carried
out using only one of these conditions, e.g., high stringency
conditions, or each of the conditions can be used, e.g., for
10-15 minutes each, 1n the order listed above, repeating any or
all of the steps listed. However, as mentioned above, optimal
conditions will vary, depending on the particular hybridiza-
tion reaction involved, and can be determined empairically.

[0073] Amplification products can be produced using a
variety ol well-known protocols. An example of amplifica-
tion 1s the polymerase chain reaction (PCR), 1n which a bio-
logical sample collected from a subject 1s contacted with a
pair of oligonucleotide primers, under conditions that allow
for the hybridization of the primers to a nucleic acid template
in the sample. The primers are extended under suitable con-
ditions, dissociated from the template, and then re-annealed,

extended, and dissociated to amplity the number of copies of
the nucleic acid. Numerous procedures for PCR are known in
the art and exemplary protocols can be found, e.g., in Sam-
brook and Ausubel (supra). The product of amplification can
be characterized by electrophoresis, restriction endonuclease
cleavage patterns, oligonucleotide hybridization or ligation,
and/or nucleic acid sequencing using standard techniques.
Other examples of amplification include strand displacement
amplification, as disclosed in U.S. Pat. No. 5,744,311; tran-
scription-free 1sothermal amplification, as disclosed 1n U.S.
Pat. No. 6,033,881; repair chain reaction amplification, as
disclosed 1in WO 90/01069; ligase chain reaction amplifica-
tion, as disclosed in EP-A-320 308; gap filling ligase chain

reaction amplification, as disclosed 1n U.S. Pat. No. 5,427,
930; and NASBA™ RNA transcription-iree amplification, as
disclosed 1n U.S. Pat. No. 6,025,134, which are incorporated

by reference herein.
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[0074] Such protocols include methods for amplifying tar-
get polymorphic polynucleotides using umiversal primers that
recognize a conserved sequence common between species,
which flank a polymorphic region suitable as a molecular
indicator of identity. Alternatively, amplification can be per-
formed using sequence specific or selective primers that
hybridize to and selectively amplify only one (or a subset) of
target polymorphic polynucleotides. Optionally, a quantita-
tive amplification (quantitative PCR method can be utilized).
Frequently, amplification products can be directly detected
(that 1s detected without the need to hybridize a labeled
probe). For example, amplification products are commonly
produced from nucleic acids dertved from samples of micro-
organisms in suificient quantity that they can be visualized
directly, for example, following size separation by electro-
phoresis on an agarose or acrylamide gel. Optionally, the
amplification products can be treated with a restriction
enzyme, €.g., as described above with respect to detection of
T-RFs.

[0075] Alternatively, a molecular indicator of 1dentity can
be detected 1n situ, without 1solating or otherwise preparing a
nucleic acid from the sample of microorganism. For example,
amplification methods can be adapted to 1n situ procedures, 1n
which the molecular indicator of identity 1s amplified while
still located 1n the cell of the microorganism, e.g., utilizing
labeled primers that result in a product detectable optically or
autoradiographically.

[0076] Alternatively, the molecular indicator of identity
can be detected by determining the nucleotide sequence of a
portion of the microbial genome. Typically, the portion of the
microbial genome includes one or more polymorphic poly-
nucleotides, such as the 16S rRNA gene or any of the alter-
native phylogenetically informative genes discussed above.
Methods for determining the nucleotide sequence of anucleic
acid are well established 1n the art. Additionally, numerous
kits are available for manual and/or automated sequencing of
nucleic acids. For example, a Polynucleotide sequence can be
determined, e.g., using the Sanger dideoxy termination
method (Sanger et al., Proc Nat! Acad Sci USA 74:5463-7
(19°77)), the polymerase chain reaction, 1n vitro transcription
and reverse transcription. Commercially available kits and
reagents for performing sequencing are readily available and
included, e.g., SUPERSCRIPT™ (Life Technologies, Rock-
ville, Md.); and heat stable THERMO SEQUENASE® (Li-
Cor, Lincoln, Nebr.).

V. Categorization of Microbial Communities

[0077] Identification of the predominant species of micro-
organisms among subjects in a population makes 1t possible
to determine consensus profiles defining groups or subsets
within the sampled group. More particularly, by 1dentifying,
the predominant species ol microorganmisms inhabiting the
vaginas of women without vaginal pathology, that 1s
“healthy” or “normal” women (with respect to vaginal health
or disease), categories of consensus profiles corresponding to
normal vaginal microbiota have been 1dentified. However, it
should be noted that the methods described herein with
respect to the identification of categories of normal vaginal
microbiota are broadly applicable to the identification of cat-
egories of microorganism from essentially any sample or
environment. For example, categories ol abnormal vaginal
microbiota, that 1s microbial populations present 1n the vagi-
nas of women with symptoms of a vaginal pathology, also can

be 1dentified.
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[0078] Categories defined by microbial consensus profiles
can be differentiated using any of a variety of clustering
algorithms and methodologies. In general, clustering (or clus-
ter analysis) 1s a type of unsupervised learning 1n which the
classes are unknown a prior1 and the goal 1s to discover these
classes from data. For example, 1n the context of the present
disclosure, categories of normal vaginal microbiota are dii-
ferentiated from among microbial profiles obtained from
samples from women without vaginal pathology.

[0079] Clusterning involves several distinct steps: 1) defin-
ing a suitable distance between objects, and 2) selecting and
applying a clustering algorithm. Clustering procedures com-
monly fall into two categories: hierarchical methods and par-
titioning methods. Hierarchical methods can be either divi-
stve (top-down) or agglomerative (bottom-up). Hierarchical
methods provide a hierarchy of clusters, from the largest,
where numerous objects are in one cluster, through to the
smallest, where each object 1s 1n 1ts own cluster.

[0080] Partitioning methods usually require the specifica-
tion of the number of clusters. Then, a mechanism for appor-
tioning objects to clusters must be determined. These meth-
ods partition the data into a pre-specified number, k, of
mutually exclusive and exhaustive groups. The method 1tera-
tively reallocates the observations to clusters until some cri-
terion 1s met (e.g. minimize within-cluster sums-of-squares).
Examples of partitioning methods include k-means cluster-
ing, partitioning around medioids (PAM), sell organizing
maps (SOM), and model-based clustering.

[0081] Typically, most methods used in practice are
agglomerative hierarchical methods, 1n large part due to the
availability of efficient algorithms. Advantages of hierarchi-
cal methods include fast computation, whereas their disad-
vantages include that they are rigid and cannot be corrected
later for erroneous decisions made earlier in the method.

[0082] Incontrast, partitioning advantages include the abil-
ity to provide clusters that (approximately) satisfy an opti-
mality criterion, whereas disadvantages include the require-
ment that an iitial k be specified and that the methods require
lengthy computations.

[0083] Determiming a meaningful number of clusters 1s an
important aspect of cluster analysis. This problem has been
studied rigorously 1n the statistical literature (Cooper & Mil-
ligan (1984 ); Milligan & Cooper, Psychometrika 50: 159-179
(1985)). Milligan & Cooper (1985) used simulations and four
hierarchical clustering methods to compare thirty methods
for estimating the number clusters 1 a population (SAS
manual (1996)). Their results favor three critenia (SAS
Manual 1996): the Cubical Clustering Criterion (CCC) intro-
duced by Salle The Cubic Clustering Criterion. SAS Institute
(1983); pseudo F introduced by Calinski & Harbasz (Com-
munications in Statistics 3:1-2°7 (1974)); and a statistic that
can be transformed to pseudo T developed by Duda & Hart
Pattern Classification and Scene Analysis John Wiley &
Sons, Inc., New York (1973).

[0084] For example, the cubical clustering criterion (CCC)
of Sarle can be used to identily the optimum number of
clusters 1n a population, and 1s a suitable method for deter-
mining consensus profiles. This approach compares the R?;
the proportion of variance accounted for by the clusters—to
the expected value of the R* calculated under the assumption
that the data come from a uniform distribution based on a
hyperbox. The optimal number of clusters 1s 1dentified by
plotting the CCC index against the number of clusters, and
then locating the number of clusters that has the highest
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positive index value that 1s greater than 2. Peaks between O
and 2 indicate possible clusters. Negative values that are
decreasing for one or more clusters indicate umimodal or long
tailed distribution of the data. Extreme negative values indi-
cate the presence of outliers. The following equation shows
the CCC 1ndex as presented by Sarle (SAS Technical Report
A-108, SAS Institute Inc., Cary N.C. (1983)):

np*
1 — E(RH) p)
| 1-R? |(0.001+ E(R?))

CCC =1n

[0085] Another exemplary method for determining consen-
sus profiles of normal vaginal microbiota i1s the pseudo F
index (Calinski & Harabasz, supra). The pseudo F index 1s
calculated as follows:

o trace|B/(k —1)]
 trace[W /(n — k)]

where n 1s the number of individuals 1n a sample, k 1s the
number of clusters, B 1s the between cluster sum of squares
and cross product matrix, and W 1s the pooled within cluster
sum ol squares and cross products matrix. Identification of
the optimal number of clusters using this method also
involves plotting the F index against the number of clusters.
The number of clusters associated with the maximum of the
index 1s the optimal number of clusters.

[0086] Yetanother exemplary clustering method is the ratio
index of Duda & Hart (supra). A ratio index (Je(2)/Je(1)) can
be used to 1dentify the optimum number of clusters 1n a data
set. Je(2) 1s the within cluster sum of squared error when the
data 1s divided 1nto two clusters. Je(1) 1s the sum of squared
error before division. If the within cluster sum of squared
error for the two clusters 1s less than that for one cluster
(within a certain critical value), the one cluster hypothesis 1s
rejected 1n favor of two clusters. This test can be transformed
to a pseudo T~ test (Johnson, Applied multivariate methods
for data analysis, SAS Institute (1998); SAS Manual (1996)).
To determine the optimal number of clusters one looks for a

small value for the pseudo T~ followed by a large value (S4.S
Manual (1996)). This method can be only applied with hier-
archical clustering methods (SAS Manual (1996)).

[0087] Alternatively, classification methods (or class pre-
diction) can be utilized to determine normal classes of micro-
biota. Classification methods include principal component
analysis, discriminant analysis (linear and quadratic discrimi-
nant), nearest neighbor classifiers (k-nearest neighbor), clas-
sification and regression trees (CART), evolutionary algo-
rithms, neural networks and multinomial log-linear models,
support vector machines, and aggregated classifiers (bagging,
boosting, forests).

[0088] Within Cluster Sampling

[0089] Withun cluster sampling 1s used to 1dentity a number
of communities within a cluster that properly represent the
cluster so they can be used to construct clone libraries. Sev-
eral methods can be used to i1dentily appropriate communi-
ties. Two of these methods (The Pair-wise Distances method
and the Maximum Variation method) utilize the coelfficient of
variation (CV) as a decision rule to determine the sample size.
The coetficient of variation 1s given 1n the following equation:
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Standard Error  (Standard Deviation) / Vi

mearn mean

CV =

where n 1s the sample size. The other two methods (the Sys-
tematic Cover and the Cover sampling methods) use the per-
cent cover as a decision rule to determine the appropriate
sample size. The cover 1s defined as the proportion of phylo-
types that might be detected 1n a sample as compared to the
total number of phylotypes detected 1n the whole cluster.
Detailed description of each one of these methods 1s provided
below.
[0090] The selection of methods depends on the amount of
variation 1n the cluster. The lowest resolution results from
using the Systematic Cover method, which focuses on rich-
ness alone 1 choosing a sample. The aim of this method 1s to
identify the species that make up the commumnities associated
with a certain cluster with no regard to how abundant these
species might be. The advantage 1s that smaller sample sizes
will be chosen using this method as compared to the other
methods. The highest resolution results from choosing a
sample using the Maximum Variation method, which 1s
directed at explaining as much of the variation in the cluster as
possible with a disadvantage of having to deal with large
sample sizes compared to the other methods. The Pair-wise
Distances method and the Cover Sampling method provide
intermediate resolutions. The Maximum Variation, Pair-wise
Distances, and Cover Sampling methods also provide
samples that help the practitioner study the abundance of the
different species that a cluster 1s composed of, 1n addition to
identifying which species are present.
[0091] All of these methods are based on the assumption
that every cluster represents a separate true community type
(an 1deal community made up of all the species that can be
seen 1n the sampled microbial communities that belong to that
cluster, 1t can be thought as the representative microbial com-
munity of a certain cluster) and communities that belong to
that cluster constitute all possible sample microbial commu-
nities of that community type. Given this assumption, the true
vector of means and the true variance-covariance matrix of
the peak vectors 1s obtained. Complete cover (100%) can be
attained 1f all communities within a given cluster are sampled.
[0092] Pair-wise Distances. Given the assumption that a
cluster contains all possible communities that belong to a
certain community type, the true mean pair-wise distance for
any cluster 1s known, and equal to the mean of the pair-wise
distances between the communities forming that cluster. The
following 1s an iterative approach to determine the sample
s1ze that conforms to a predefined coelficient of variation.
[0093] 1) Sample n communities repeatedly B times at
random without replacement from all communities
within a cluster. Because at least two communities are
needed to calculate pair-wise distances, n should be
greater than or equal to 2.
[0094] 2) Calculate the pair-wise distances between the
sampled communities and average the results for each of
the samples drawn.

[0095] 3) Calculate the CV associated with the sample
S1Z€ 1.
[0096] 4) Repeat 1 through 3, adding 1 to the previous

sample size, until the coellicient of variation 1s less than
or equal to the predefined lower limit for the coetficient
of variation.
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[0097] The n resulting after the last step 1s the minimum
sample size needed to attain a CV equal or less than a prede-
termined value. Ideally, the sampling distribution for the
mean pair-wise distances 1s constructed based on all possible
permutations at each sample size of interest and calculate the
standard error based on these permutations. This can be com-
putationally prohibitive. The proposed sampling without
replacement approximates this sampling distribution and 1s
less computationally intensive. The larger the number of rep-
ctitions (B), the more accurate the approximation will be.

[0098] Maximum Coeflicient of Variation. In this method
the fragment length with the maximum coelficient of varia-
tion are used to calculate the sample size. This process 1den-
tifies a sample that explains as much of the maximum vari-
ability as possible. A sampling without replacement
algorithm similar to the one described above 1s used.

[0099] 1) Calculate the CV corresponding to the peaks
associated with each of the fragment lengths 1n a cluster.

[0100] 2) Identily the fragment length that has the high-
est CV.
[0101] 3) Repeatedly sample n communities B times, at

random without replacement, from all communities
within a cluster.

[0102] 4) Calculate the CV, for the fragment length iden-
tified 1n step 2, associated with the sample size n.

[0103] 35) Repeat steps 3 and 4, adding 1 to the previous
sample size until the coellicient of variation 1s less than
or equal to the predefined coetlicient of variation.

[0104] Systematic Cover Method. In this method, the com-
munities are systematically searched until samples are 1den-
tified that provide at least a predefined cover within each
cluster. The following steps are included in this algorithm.

[0105] 1) Find the community that provides the largest
cover. This community will serve as a starting point.

[0106] 2) Search for the second community that, when
combined with the first, will again provide the largest
COver.

[0107] 3) Repeat this last step until the cover of the level
of interest 1s attained.

[0108] As indicated above, this method provides the best
cover though 1t might not provide the right representation of
the phylotype abundance 1n a community type. However, the
advantage of this method 1s that 1t provides the smallest
sample size (with respect to number of communities) needed
to 1dentily the make up of a certain community type within a
defined cover.

[0109] Cover Sampling Method. This method aims to
adjust the previous method to provide a viable representation
of phylotype abundance in the different community types.
Two stopping rules are employed for this purpose: The first 1s
the cover (described 1n the previous method); the second 1s the
frequency of attaining this cover when randomly choosing a
certain number of communities (a sample si1ze) that belong to
a cluster. The aim 1s to choose a random sample size that
covers a proportion, p, of the phylotypes 1n a-cluster with
frequency m (95% for example). Similar to the methods pre-
sented under the coellicient of variation approach, all permu-
tations of sampled communities need to be found based on a
certain sample size to create the distribution of the covers
associated with that sample size. A sampling without replace-
ment strategy 1s also used to approximate such a distribution
in this case. The sample size that meets the two rules 1s chosen
as the optimum sample size. The algorithm 1s as follows:
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[0110] 1) Repeatedly sample n communities B times, at
random without replacement, from all communities
within a cluster.

[0111] 2) The algorithm presented previously (see sys-
tematic method) 1s used to calculate the cover for each of
the (3 samples.

[0112] 3) The calculations are stopped 11 the proportion
of times that the sample cover exceeds the predefined
cover, [3, 1s more than or equal . Otherwise, steps 1 and
2 are repeated alter increasing n by 1.

[0113] Sampling Intensity

[0114] A method was developed to identity a lower bound
on the number of microbial communities sampled so that all
common microbial community types are represented with
high probability. For illustrative purposes we denote a com-
munity type as “common’ 11 1ts frequency among the micro-
bial community types 1s greater than or equal to p,=10%.

[0115] The largest sample size will be required when all of
the common microbial community types are barely above the
threshold required to be deemed common. For example, this
occurs 1n the hypothetical when there are 10 common com-
munity types each with frequency of 10 percent. Any other
configuration has fewer common community types and the
common types would appear 1n higher frequency.

[0116] With respect to a sample of size n from a group of
community types with 10 types of equal frequency: The prob-
ability that a particular community type 1s not sampled 1n the
first draw 1s 0.90, and the probability that this type 1s missed
in all n draws from the population is (0.90)”, and therefore the
chance that at least one of the 10 community types 1s missed
in each of the n draws 1s bounded above by (10)(0.90)",
making the chance that all the common types are sampled to
be at least 1-(10)(0.90)”. Setting this probability equal to
0.99, virtually assures that all the common types will be

sampled. This 1s done by solving for n 1n the following equa-
tion (10)(0.90)"=0.01, which implies that

In(.01/10)
"= o) S

In general, if p, 1s the minimum frequency of a common
community type and 1-a. 1s the probability that all the com-
mon types are sampled, then the general formula for the
sample size n 1s given by

- In(ap,)
- 111(1 o Po).

il

Yu and Williams (Biotech 10:776-777 (1991)) present a spe-
cial case of this sampling formula that 1s concerned with one
community type only. While the above formula virtually
guarantees that all common types will be represented 1n the
sample, 1t does not make any predictions about the sample
frequency of each of these types. It 1s possible that a common
type will appear 1n the sample with low frequency, simply due
to sampling error. It 1s relatively straightforward to demon-
strate that any type whose frequency 1n the population 1s 10%
or higher, will appear 1n the sample (with 0.95 probability) at
frequency of 4% or higher. The general inclusion rule, would
be to include all types with sample frequency p or higher
where
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” .

Rt

= p, — 1.645\/

[0117] Following selection of samples, according to this
within cluster analysis, the samples are further analyzed to
identily consensus profiles of normal vaginal microbiota. In
one favorable embodiment, the samples are analyzed in an
automated analysis pipeline, as described below.

V1. Automated Analysis Pipeline

[0118] In order to process large numbers of samples 1n a
labor and cost effective manner, 1t 1s desirable that an auto-
mated processing and analysis procedure be employed. For
example, to determine consensus profiles of normal vaginal
microbiota, samples of microorganisms obtained from
women without vaginal pathology can be systematically ana-
lyzed to determine the predominant species of microorgan-
1sms. Conversely, samples of microorganisms can be ana-
lyzed from women with symptoms or signs of a pathological
condition to determine consensus profiles corresponding to,
¢.g., a vaginal pathology. For example, the 165 rRNA gene
sequences can be analyzed in an automated process using a
“ribosomal RNA analysis pipeline.”” The ribosomal RNA
analysis pipeline 1s a high-throughput program that trans-
forms raw sequence data into an easily interpretable output.
This pipeline first 1dentifies high quality sequences (gener-
ally, greater than 500 bp), having less than 3% uncalled bases.
The sequences are then used as query sequences to search for
the 25 most stmilar ribosomal RNA sequences of eubacterial
species and one archaebacterial species obtained from the
Ribosomal Database Project (RDP) using the BLAST algo-
rithm. Sequences taken from the RDP database are selected to
be at least 1200 by long. The RDP sequence for the closest
relative of each input sequence 1s included 1n subsequent
analyses. All of the mput sequences used in the BLAST
search, their closest relatives and a set of 39 bacterial rRNA
sequences representing a broad range of Eubacterial
sequences, plus a single Archaea sequence are aligned using
ClustalW. The polynucleotide sequence of the aligned region
and the genetic distances between the individual sequences
can then be determined (e.g., by the Jukes and Cantor
method). The sequences are then clustered based upon these
genetic distances using the neighbor joining method as imple-
mented 1 the GCG 19 (Accelrys Inc., San Diego, Calif.)
programs “distances” and “growtree.” The resulting distance
matrix 1s used to compute the following statistics on groups of
sequences that had the same closest relative 1n the RDP type
strain database: the mean and standard deviation of the
sequence divergence within such a group; and the mean and
standard deviation of the sequence divergence of all
sequences 1n that group compared to their common closest
RDP type strain relative. The program Statgen can be
employed to compute these statistics, and 1s available by
contacting Celeste Brown (celesteb@uidaho.edu).

[0119] Usingthe methods described herein, normal vaginal
microbiota can be determined for any group or population of
women (or female animals). For example, normal vaginal
microbiota can be determined among groups of women cat-
egorized by racial, ethnic, demographic, geographic or other
indicators. Normal vaginal microbiota can be determined 1n a
selected population (or first population) of women, such as a
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population of women selected from a racially or ethnically
defined population of women. Normal vaginal microbiota can
also be determined from a different (or second or subsequent)
population of women, such as a diflerent racially or ethnically
defined population or a population defined by alternative
criteria (such as geographic or other demographic, e.g., age,
sexual activity). Optionally, the microbiota profiles and/or
categories of the first and second populations of women can
be compared. Likewise, using the methods described herein,
abnormal microbial populations can be identified, e.g., 1n
women with a specified vaginal pathology, such as BV.
[0120] Using these methods the following exemplary cat-
egories of normal vaginal microbiota were 1dentified 1n Cau-
casian women:

) Lactobacillus iners;

II) Lactobacillus crispatus;

II1) Lactobacillus crispatus and Lactobacillus jensenii;

IV) Lactobacillus iners, Lactobacillus crispatus and Lacto-
bacillus gasseri;

V) Atopobium vaginae and one or more species of the order
Clostridiales:

V1) Lactobacillus crispatus and Lactobacillus gasseri; and
VII) Lactobacillus crispatus, Lactobacillus iners and Lacto-
bacillus jensenii.

[0121] Additionally, individuals with vaginal microbiota
predominated by Streptococcus sp., Veillonella sp., and
Gemella palaticanis; Streptococcus sp., or Lactobacillus
gasseri were 1dentified.

[0122] Categories of normal vaginal microbiota can simi-
larly be 1identified among women of different ethnic and racial
backgrounds. An overlapping set of bacterial phylotypes are
found 1n normal women of African ancestry, with five catego-
ries predominating;:

) Lactobacillus iners;

I1) Lactobacillus crispatus;

V) Atopobium vaginae and one or more species of the order
Clostridiales:

VIII) Lactobacillus gasseri; and

IX) Megasphaera sp. and one or more species of the order
Clostridiales.

[0123] Numbering 1s kept consistent with the major catego-
ries observed 1n Caucasian women to facilitate comparison.
[0124] Additional microbial profiles observed in women of
Alrican ancestry include Lactobacillus gasseri, Gardinerella
vaginalis and Streptococcus sp.; Escherichia coli and Shi-
gella sp.; Lactobacillus jensenii and Streptococcus sp.; and,
Gemella palaticanis and Mycoplasma sp. These species
include: Peptoniphilus sp., Anaerococcus tetradius,
Micromonas sp., Dialister sp., Aerococcus sp., Veillonella
sp., Finegoldia magna, Granulicatella elegans, Clostridium
perfringens, Mobiluuncus wmulieri, Peptostreptococcus

anaerobius, Pseudomonsa sp., uncultured Mycoplasma sp
(GENBANK® Accession No. S000123722), uncultured bac-

terium (GENBANK® Accession No. S000329832) and addi-
tional uncultured species represented by GENBANK®
Accession Nos. S000126539, S00343908, S0003439009,
S000343911, S000245992, and a species previously noti1den-
tified 1n vaginal samples represented by GENBANK® Acces-

s1ion Nos. SO00350386.

VII. Assignment of Microbiota Profiles to a Category

[0125] Once categories of normal microbiota have been
identified within a population of subjects, the categories pro-
vide a valuable diagnostic guideline for the evaluation of
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subjects with respect to health and disease status. For
example, following characterization of categories of vaginal
microbiota in women without a vaginal pathology (“normal”
women) using the clustering methods described above,
samples can be assigned to identified categories based on the
presence and prevalence of particular species of microorgan-
1sms 1n a sample.

[0126] Because an individual woman 1s expected to main-
tain a relatively stable microbiota profile over time, a baseline
sample obtained during routine gynecological exam can be
utilized to determine the category of vaginal microbiota that
1s normal for the particular woman. Such a baseline profile
provides a convenient comparison in the event that the subject
presents with symptoms of a condition aflecting vaginal
health. Even 1n the absence of a baseline profile, the recogni-
tion of these normal profiles makes 1t possible to provide a
more accurate diagnosis with respect to conditions that inter-
tere with a normal vaginal ecology.

[0127] Additionally, the recognition of multiple categories
of normal microbiota makes 1t possible to develop and select
probiotic regimens suitable for maintaining normal micro-
biota (for example, by prophylactic administration) and treat-
ing disruptions in the normal vaginal microbiota that are
specific for the microbial ecology of a particular subject, and
thus, more likely to exert a long-term beneficial effect. Thus,
a probiotic regimen can be selected for a particular subject
based on her baseline “normal” profile. By identifying the
predominant species ol microbiota present i the subject’s
vagina under normal conditions and assignming the profile to
one of the predefined categories of normal vaginal micro-
biota, it 1s possible to select a probiotic regimen that 1s spe-
cifically designed to maintaining and/or restoring the healthy
vaginal microbiota of the subject.

VIII. Diagnostic Reagents and Kits

[0128] Based on the identification of species of microor-
ganisms present 1n the vagina under normal health conditions,
primers and probes are provided that greatly simplity the
detection and categorization of vaginal microbiota. Using
probes and/or primers specific for the species of microorgan-
1sms present 1n the vagina under normal condition, the vaginal
microbiota can be quickly and effectively categorized to, for
example, generate a baseline microbial profile. Accordingly,
primers and probes specific for the predominant species of
normal vaginal microbiota are a feature of the mvention.
Similarly, kits including multiple primers and/or probes use-
tul for detecting multiple species of microorganisms, such as
the predominant species that define categories of normal
vaginal microbiota, are a feature of the invention. The primers
and probes can be utilized 1n a wide variety of methods and
protocols, including the hybnidization and amplification
methods described above. Optionally, the primers and probes
can be immobilized onto a substrate, such as an array, e.g., a
microarray on a glass or plastic matrix, chip or slide. Exem-
plary primers and probes are provided in the Examples sec-
tion below, e.g., 1n Table 4.

[0129] Generally, the kits described herein are optionally
packaged to include reagents for preparing nucleic acids or
proteins, amplifying nucleic acids, and/or detecting nucleic
acids or other biomolecules. For example, the kits optionally
include assay components, such as bullers, reagents,
enzymes, serum proteins (such as antibodies), receptors, etc.,
for detecting microorganisms normally present 1in the vagina.
Optionally, additional probes and/or reagents are included for
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detecting pathological organisms such as yeast (Candida
albicans) or pathogenic bacteria. In the case of prepackaged
reagents, the kits optionally include pre-measured or pre-
dosed reagents that are ready to incorporate into the assay
methods without measurement, e.g., pre-measured fluid ali-
quots, or pre-weighed or pre-measured solid reagents that can
be easily reconstituted by the end-user of the kit. Generally,
such reagents are provided in a stabilized form, so as to
prevent degradation or other loss during prolonged storage,
¢.g., from leakage. A number of stabilizing processes are
widely used for reagents that are to be stored, such as the
inclusion of chemical stabilizers (1.e., enzymatic inhibitors,
microcides/bacteriostats, anticoagulants), the physical stabi-
lization of the matenal, e.g., through immobilization on a
solid support, entrapment 1n a matrix (1.e., a bead, a gel, etc.),
lyophilization, or the like.

[0130] Such kats also typically include appropnate istruc-
tions for using the probes and reagents, and optionally for
preparing samples and the like. The various elements of the
kits are typically packaged together 1n a single package or set
of related packages.

[0131] When utilizing a plurality of probes, for example, a
plurality of probes each of which 1s specific for a species of
normal vaginal microbiota, such as those described in the
Examples, the probes can be arranged 1n an ordered liquid or
solid array. Optionally, the array also includes probes that are
specific for pathogenic microorganisms (usually organisms
that cause a pathology of the vagina). A wide variety of array
formats can be employed in accordance with the present
disclosure. One example includes a linear array of oligo-
nucleotide bands, generally referred to in the art as a “dip-
stick.” Another suitable format comprises a two-dimensional
pattern of discrete cells (e.g., 96 squaresina 8 by 12 array). As
would be readily appreciated by those skilled 1n the art, other
array formats including, but not limited to, slot (rectangular)
and circular arrays are equally suitable for use (see U.S. Pat.
No. 5,981,185). In one embodiment, the array 1s formed on a
polymer medium, which 1s a thread, membrane or film. An
example of an organic polymer medium 1s a polypropylene
sheet having a thickness on the order of about 1 mil (0.001
inch) to about 20 mil, although the thickness of the film 1s not
critical and can be varied over a fairly broad range. Particu-
larly disclosed for preparation of arrays at this time are biaxi-
ally oriented polypropylene (BOPP) films; in addition to their
durability, BOPP films exhibit a low background fluores-
cence.

[0132] The arrays of the present disclosure can be included
in a variety of different formats. A “format™ includes any 1tem
to which the solid support can be affixed, such as microtiter
plates, test tubes, inorganic sheets, dipsticks, and the like. For
example, when the solid support i1s a polypropylene thread,
one or more polypropylene threads can be affixed to a plastic
dipstick-type device, polypropylene membranes can be
ailixed to glass slides, etc. The particular format 1s, 1n and of
itself, unimportant. All that 1s necessary 1s that the solid
support can be affixed thereto without atfecting the functional
behavior of the solid support or any biopolymer absorbed
thereon, and that the format (for example, the dipstick or
slide) 1s stable to any materials mto which the device 1s
introduced (for example, clinical samples, hybridization
solutions, and the like).

IX. Probiotic Formulations

[0133] Previous studies done using cultivation-dependent
methods have shown that L. jensenii, L. acidophilus and L.
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casei, and L. gasseri are the dominant species 1n the human
vagina (Reid et al. FEMS Immunol Med Microbiol 15:23-26,
1996), while others have reported that L. acidophilus, L.
rhamnosus, and L. fermentum are the most common species
(Hughes et al., Obstet Gynecol '75:244-248, 1990; Reid et al.,
FEMS Immunol Med Microbiol 35:131-134, 2003). The cor-
relation between the occurrence of high numbers of lactoba-
cilli and the absence of BV or yeast infections has ispired
clforts to use lactobacilli as probiotics. Indeed, the age-old
practice ol a vaginal instillation of yoghurt has the same
premise. Efforts to use L. crispatus and L. jemsenii, or L.
rhamnosus and L. fermentum as probiotics have met with
mixed results. Other commercially available probiotic prepa-
rations such as Lactobac, which contains Lactobacillus
rhamnosus and Bifidobacterium longum, or Femilac, which
contains L rhamnosus, L delbrueckii, L. acidophilus, and
Streptococcus thermophilus, were also shown to be not effec-
tive. This failure 1s likely to be due at least in part to differ-
ences 1 the composition of vaginal communities between
women.

[0134] Based on the identification of novel groups of nor-
mal microbiota described herein, and the ability to classify
vaginal microbiota according to these groups, 1t 1s possible to
design probiotic regimens and formulations to maintain and
reestablish the microbial community that1s normal or healthy
for a particular woman. Although probiotic treatment has
been advocated for the maintenance of a healthy vaginal
microbiota, until the present disclosure, 1t has not been pos-
sible to tailor the probiotic regimen to the specific species of
microbiota that are healthy for a particular individual. For
example, douching with yoghurt containing Lactobacillus
species has been a common folk remedy for the treatment of
yeast infections. More recently, 1t has been suggested that
particular strains of Lactobacillus, such as Lactobacillus
rhamnosus GR-1 and Lactobacillus fermenturm RC-14 can
be used to cure yeast infections and reduce the risk of viral

infections (see, e.g., U.S. Patent Application no.
20040022773).
[0135] The present disclosure extends these findings, and

makes 1t possible to select and administer probiotic formula-
tions and regimens that not only reassert a desirable microbial
community, but reestablish a microbial profile that closely
resembles the normal microbial community of the particular
subject, and 1s likely to be maintained 1n the long term based
on the subject’s personal physiology. Accordingly, a probiotic
formulation 1s administered to a subject, either prophylacti-
cally or therapeutically, that includes at least one composition
that promotes growth of one or more species of microorgan-
1sms selected from a normal vaginal microbiota. The probi-
otic regimen typically includes one or more species ol micro-
organisms, and, optionally, one or more pharmaceutical or
nutritional composition that promotes growth of the selected
microorganism(s).

[0136] Based on the category of microbiota normally
present 1n a woman, a probiotic regimen 1s selected that
corresponds to the microorganisms corresponding to the con-
sensus profile defining the category oI normal microbiota. For
example, the realization that bacterial species other than Lac-
tobacillus sp. are 1mportant 1n the vaginal microbiota of
healthy women supports the utilization of species other than
Lactobacillus 1n probiotic formulations. For example, 1n
women whose vaginal microbiota include Atopobium vagi-
nae, this species of microorganism can be favorably
employed 1 a probiotic regimen. Similarly, based on the
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disclosure provided herein, a suitable probiotic regimen can
be selected for essentially any subject once her normal vagi-
nal microbiota is ascertained and categorized.

[0137] Forexample, when selecting a probiotic regimen for
treatment of Caucasian women, the probiotic regimen 1s typi-
cally selected to promote the growth of microorganisms in
one of the following supergroups common among Caucasian
women:

) Lactobacillus iners;

I1) Lactobacillus crispatus;

II1) Lactobacillus crispatus and Lactobacillus jensenii;

IV) Lactobacillus iners, Lactobacillus crispatus and Lacto-
bacillus gasseri;

V) Atopobium vaginae and one or more species of the order
Clostridiales;

V1) Lactobacillus crispatus and Lactobacillus gasseri; and
VII) Lactobacillus crispatus, Lactobacillus iners and Lacto-
bacillus jensenii.

[0138] When selecting a probiotic regimen for treatment of
a woman ol African ancestry, the probiotic regimen 1s typi-
cally selected to promote the growth of microorganisms in on
of the following supergroups common among Adfrican-
American women:

) Lactobacillus iners;

II) Lactobacillus crispatus;
V) Atopobium vaginae and one or more species of the order
Clostridiales:

VIII) Lactobacillus gasseri; and
IX) Megasphaera sp. and one or more species of the order
Clostridiales.

[0139] Of course, probiotic regimens for promoting estab-
lishment, growth or maintenance of other species identified as
constituents of normal vaginal microbiota, including species
disclosed herein as constituents of the normal vaginal micro-
biota of a single subject can also be selected and adminis-
tered. Likewise, probiotic regimens that correspond to spe-
cies of microorganisms present in categories of normal
vaginal microbiota of other populations of women can be
selected.

[0140] Thus, amonoculture (for example, a monoculture of
Atopobium vaginae) or mixed culture of microorganisms can
be introduced 1nto a subject to atfect the subject beneficially.
For example, to assert of beneficial effect upon vaginal health,
a culture of microorganisms 1s introduced 1nto the vagina of a
subject. Following colonization of the vagina, the introduced
species of microorganism(s) reduce vaginal pH, secrete a
variety ol metabolites which provide beneficial effects, and
are non-toxic to the host.

[0141] The selected microorganisms can be aerobically,
microaerophillically or anaerobically grown using any appro-
priate growth medium typically used to culture the species of
bacteria. For example, the cultures can be grown 1n LB broth,
TB broth, MRS broth or the like. The resulting cultures can be
vaginally instilled as viable whole cells. Such vaginally
administered microorganisms can colonize the human uro-
genital tract, thereby reasserting a normal vaginal microbiota
and eliminating undesirable microorganisms such as patho-
genic bacteria, yeast and viruses. The vaginally administered
microorganisms also stimulate the indigenous normal tlora of
the urogenital tract, thereby preventing, treating and/or reduc-
ing the occurrence of infections caused by pathogenic bacte-
ria, yeast and viruses.

[0142] Although this invention 1s not intended to be limited
to any particular mode of application, one favorable route 1s
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vaginal administration of the compositions. Where multiple
species ol microorganisms are present 1 a group, the micro-
organisms can be administered together, substantially simul-
taneously, or sequentially. The microorgamisms can be
administered by any method now known or hereafter devel-
oped, including but not limited to, in the form of tablet, pill or
capsule. One exemplary form of application ivolves the
preparation of a freeze-dried capsule comprising the compo-
sition of the present invention. Another exemplary form of
application involves the preparation of lyophilized cells
within a capsule. Still another exemplary form of application
involves the preparation of a heat dried cells within a capsule.

[0143] Such a capsule contains an effective amount of the
microorganism to achieve a beneficial effect without causing,
significant side effects. An effective amount of the microor-
ganism will vary with the particular goal to be achieved, the
age and physical condition of the patient being treated, her
race, ethnicity, geographic location, etc., and the severity of
the underlying disease, the duration of treatment, the nature
of concurrent therapy and the specific microorganism
employed. For example, a capsule comprising about 107
microorganisms 1s suitable. The capsule can contain one
single or two or more diflerent species of microorganisms and
can additionally include by-products (e.g., metabolites)
thereol.

[0144] Altematively, an effective amount of the selected
microorganisms can be administered 1n a liquid formulation.
For example, viable or non-viable whole cells can be admin-
istered 1n phosphate butfered saline (“PBS”) solution, orin a
suspension of microbial nutrients.

[0145] Alternatively, a biologically compatible device can
be coated or impregnated with an effective amount of the
selected microorganisms and inserted into the urogenital
tract. For example, the effective amount of microorganisms
can be deposited on the outer surface or the inner surface of
the biologically compatible device, 1n a umiform or non-uni-
form manner. The biologically compatible device can be
composed of polymers such as cellulose polymers (for
example, modified cellulose polymers such as those com-
monly used in tampons), fluorinated ethylene propylene, sul-
fonated polystyrene, polystyrene, polyethyleneterephthalate
silicone, polyurethane, polyvinylchloride silicone rubber, or
glass. The device can be a catheter such as a urinary or
peritoneal catheter, a diaphragm, a stent, an IUD, a tampon, a
pad (such as a sanitary pad) a diaper, an intravenous line, a
peritoneal dialysis tube, an endotracheal tube, or an 1ntrav-
aginal, intrauterine, or intraurethral or intraureteral device.

[0146] The microorgamisms can be coated by, or adminis-
tered with, a material to prevent or reduce 1nactivation by
endogenous enzymes. For example, the selected microorgan-
1sms can be co-administered with enzyme inhibitors or in
liposomes. Enzyme inhibitors include pancreatic trypsin
inhibitor, diuisopropylfluorophosphate (DFP) and trasylol.
Liposomes 1nclude water-in-oi1l-in-water P40 emulsions as
well as conventional and specifically designed liposomes
which transport lactobacilli or their by-products to the uro-
genital surface. Dispersions also can be prepared, for
example, 1 glycerol, liquid polyethylene glycols, and mix-
tures thereof, and 1n oils.

[0147] The pharmaceutical forms suitable for vaginal
instillation also include sterile aqueous solutions (where
water soluble) or dispersions and sterile powders for the
extemporaneous preparation of sterile solutions or disper-
sions. The pharmaceutical forms for vaginal instillation must
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be stable under the conditions of manufacture and storage.
The carrier can be a solvent or dispersion medium containing,
for example, water, ethanol, polyol (for example, glycerol,
propylene glycol, liquid polyethylene glycol, and the like),
suitable mixtures thereof and vegetable oils. The proper flu-
1dity can be maintained, for example, by the use of a coating
such as lecithin, by the maintenance of the required particle
s1ze 1n the case of dispersion. In many cases i1t will be pret-
erable to include 1sotonic agents, for example, sugars or
sodium chloride.

[0148] The selected microorganisms conveniently can be
formulated 1nto capsules or suppositories and can also con-
tain the following: a binder, such as gum tragacanth, acacia,
corn starch or gelatin; excipients such as dicalcium phos-
phate; a disintegrating agent such as corn starch, potato
starch, alginic acid, and the like; a lubricant such as magne-
sium stearate, and combinations thereof. When the dosage
unit form 1s a capsule, 1t can contain, 1n addition to materials
of the above type, a liquid carrier. Various other materials can
be present as coatings or to otherwise modily the physical
form of the dosage unit. For instance, capsules or lactobacilli
in suspension can be coated with shellac, sugar or both.
[0149] The selected microorganisms are compounded for
convenient and effective admainistration 1n effective amounts
with a suitable pharmaceutically acceptable carrier in dosage
unit form as hereinbefore disclosed. A unit dosage form can,
for example, contain the principal active compound in an
amount approximating at least 10” viable cells.

[0150] The pharmaceutically acceptable carrier can be 1n
the form ol milk or portions thereof including yoghurt. Skim
milk, skim milk powder, non-milk or non-lactose containing
products also can be employed. The skim milk powder 1s
conventionally suspended in phosphate bullered saline
(PBS), autoclaved or filtered to eradicate proteinaceous and
living contaminants, then freeze dried, heat dried, vacuum
dried, or lyophilized. The carrier should be prepared to maxi-
mize the acidic etfect of the selected microorganisms.
[0151] Some other examples of substances which can serve
as pharmaceutical carriers are sugars, such as lactose, glucose
and sucrose; starches such as corn starch and potato starch;
lactic acid, bacteriocin; cellulose and 1ts derivatives such as
sodium carboxymethycellulose, ethylcellulose and cellulose
acetates; powdered tragancanth; malt; gelatin; talc; stearic
acids; magnesium stearate; calcium sulfate; calcium carbon-
ate; vegetable oils, such as peanut oils, cotton seed o1l, sesame
o1l, olive o1l, corn o1l and o1l of theobroma; polyols such as
propylene glycol, glycerine, sorbitol, manitol, and polyethyl-
ene glycol; agar; alginic acids; pyrogen-free water; 1sotonic
saline; cranberry extracts and phosphate butfer solution; skim
milk powder; as well as other non-toxic compatible sub-
stances used 1n pharmaceutical formulations such as Vitamin
C, estrogen and echinacea, for example. Wetting agents and
lubricants such as sodium lauryl sulfate, as well as coloring
agents, lubricants, excipients, tabletting agents, stabilizers,
anti-oxidants and preservatives, can also be present.

X. Vaginal Expression of Recombinant Nucleic
Acids

[0152] The categorization of normal vaginal microbiota as
described herein makes 1t possible to select microorganisms
optimal for use as vectors to direct expression of recombinant
nucleic acids 1n the vagina. Expressing products of recombi-
nant nucleic acids, e.g., recombinant proteins and RNA mol-
ecules, 1n the vagina 1s useful for a variety of prophylactic
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and/or therapeutic applications. For example, expression of
CD4 by Lactobacillus jensenii 1n the vagina has been sug-
gested to reduce the risk of infection by HIV (Chang et al.
Proc. Natl. Acad. Sci. USA 100:11672-11677 (2003)). S1mi-
larly, other binding proteins, e.g., receptors, can be expressed
to 1nhibit infection by other viruses and pathogens. Antigenic
polypeptides and proteins can be expressed 1n the vagina to
clicit an immune response, that 1s, as vaccines. Because the
normal vaginal microbiota 1s stable over time, and 1s resistant
to the introduction of foreign species, expression of the
recombinant protein can be optimized by selecting as the host
cell a species of microorganism that 1s normal for the particu-
lar subject, facilitating colonization of the vagina by the engi-
neered microorganism. By selecting a host microorganism
that 1s capable of successiully colonizing the vaginal environ-
ment of the particular subject, 1t 1s possible to achieve robust
long term expression of the recombinant protein with mini-
mal disruption to the native system.

[0153] Forexample, a species of microorganism 1s selected
from among the categories of normal vaginal microbiota as
described herein. A recombinant nucleic acid encoding the
polypeptide or protein of interest operably linked to transcrip-
tion regulatory sequences that are well expressed in the
selected species ol microorganism 1s mtroduced into a the
selected host microorganism. Alternatively, the recombinant
nucleic acid can encode a therapeutically useful RNA mol-
ecule, such as an antisense RNA, an siRNA, or a ribozyme.
The transcription regulatory sequence can include a promoter
endogenous to the selected strain of microorgamism or
another promoter capable of directing high level expression
of the linked polynucleotide sequence. Optionally, the
nucleic acid also includes an origin of replication. The recom-
binant microorganism icorporating the heterologous nucleic
acid encoding the protein of interest 1s mtroduced into the
vagina where it replicates and expresses the recombinant
protein.

EXAMPLES

Example 1

Categorization of Normal Vaginal Microbiota in Five
Women

[0154] Cultivation-independent methods were used to ana-
lyze samples collected at multiple time points over a 2-month
period from the mid-vagina of normal healthy women. The
species composition and structure (proportion of each spe-
cies) of each community was assessed.

[0155] In brief, total microbial community DNA was 1s0-
lated from microbial cells that had been retrieved on vaginal
swabs. Genomic DNA was 1solated from 0.5 ml aliquots of
the cell suspensions using a two-step cell lysis procedure.
First, bacterial cell walls were disrupted enzymatically by the
addition of mutanolysin (50 ug) and lysozyme (500 ug) fol-
lowed by 1ncubation for 1 hour at 37° C. Secondly, the cells
were mechanically disrupted by 6 freeze-thaw cycles. Each
cycle consisted of 2 minutes incubation at 100° C. that was
immediately followed by 2 minutes in liquid nitrogen.
Between each freeze-thaw cycle, the cell suspensions were
incubated for 1 minute 1in an ultrasonic bath. Proteins in the
disrupted cell suspension were digested with protemnase K
(Qiagen, Hilden, Germany) during a 1-hour incubation at 55°
C. Further 1solation and purification of the total DNA extract
was performed using the Wizard DNA purification kit
(Promega, Madison, Wis., USA).

Mar. 3, 2011

[0156] Samples were prepared for T-RFLP analysis as
described above. In brietf, the 16S rRINA genes 1n each sample
were amplified using fluorescently labeled primers. Reaction
mixtures for PCR contained 50 ng of genomic DNA, 5 ul of
10x butler (500 mM KCl, 100 mM Tris-HCI (pH 9.0), and 15
mM MgCl2; Amersham Biosciences, Piscataway, N.J.,
USA); bovine serum albumin (BSA; 20 ug), each dNTP at a
concentration of 200 uM (Amersham Biosciences), each
primer at a concentration of 0.4 uM, and 1 U of Tag-poly-
merase (Amersham Biosciences) in a final volume of 50 ul. IT
PCR products were used for subsequent T-RFLP analysis, the
forward primers 81: S'-agagtttgatcmtggctcag-3' (SEQ 1D
NO:1); and, 3411: 5'-cctacgggaggcagcag-3' (SEQ ID NO:2)
were labeled with S-carboxy-tluorescein (5-FAM) at the 5'
termini, and the reverse primers: 926r: 5'-ccgtcaattcctitragttt-
3' (SEQ ID NO:3); and, 1406r: acgggcggtetatrc-3' (SEQ 1D
NO:4) were labeled with 5' tetrachlorofluorescein (5-Tet) at
the 5' termimi (Eurogentec, Seraing, Belgium). The same
primers without fluorescent labels were used for PCR reac-
tions to generate target DNA for subsequent cycle sequencing
reactions as described below. DNA amplification was per-
formed with a Geneamp 9700 thermocycler (Perkin-Elmer,
Norwalk, Conn., USA) using the following program: a 3 min
initial denaturation at 94° C. followed by 30 cycles consisting
of denaturation (1 min at 94° C.), primer annealing (1 min at
49.5° C. for the primer combination 3411-926r, and 1 min at
55° C. for the primer combinations 81-926 and 81-1406r), and
primer extension (2 min at 72° C.). A final extension was
performed at 72° C. for 10 min. Amplification of DNA was
verified by electrophoresis of each PCR product 1n 1.5%
agarose 1n 1x TAE buller followed by staiming with ethidium
bromide and visualization under UV 1llumination. Reaction
mixtures for the enzymatic digestion of amplified rRNA
genes contained 100 ng of PCR product, 1x restriction butier,
20 ug of BSA, and 10 units of restriction enzyme. The mix
was adjusted to a final volume of 20 ul with water and the
DNA was digested at 37° C. for 3 hours. The restriction
enzymes used to evaluate model microbial communities were
Alul, Hhal, Haelll, 180 10 Coolen et al. Rsal, Mspl, Hinfl,
(all from Amersham Pharmacia Biotech, Uppsala, Sweden)
and Mvnl (Roche Applied Science, Indianapolis, Ind., USA)
using builers recommended by the manufacturers. For analy-
s1s of terminal restriction fragment length polymorphisms, 1
wl of digested PCR product was mixed with 0.5 ul internal size
standards (Tamara 2500, ABI) and deiomized formamide.
After 3 minutes of denaturation at 95° C., the lengths of the
various T-RFs were analyzed using an ABI 310 Prism auto-
mated sequencer (ABI). The various T-RFs were distin-
guished on the basis of differences 1n fluorescence.

[0157] 16SrRNA gene libraries were prepared from repre-
sentative samples to 1dentily the numerically dominant con-
stituent populations. To construct the libraries, 3 ul of PCR
product was cloned 1n a TOPO vector (TOPO TA cloning kit,
Invitrogen, San Diego, Calit., USA) using the method recom-
mended by the manufacturer except that salts, nucleotides
and primers were first removed from PCR products using
Qiaquick PCR purification kits (Qiagen). One Shot E. coli
cells (Invitrogen) were transtormed with ligated plasmids and
50 ul of each transformation mixture was spread onto Luria-
Bertani (LLB) agar plates that contained X-gal, IPTG, and 50
ug/ml kanamycin. After incubation overmght at 37° C., 100
white colonies were picked, inoculated 1nto 5 ml aliquots of
LB broth that contained 50 ug/ml kanamycin. After being
incubated overnight at 37° C., the cells were then harvested
from each culture and plasmids were extracted. The 165
rRNA gene inserts were individually amplified by PCR using
the conditions described above, and the amplified 16S rRNA
gene inserts were subjected to terminal restriction fragment
analysis as described above. Clones yielding T-RFs that cor-
responded to those in the T-RFLP profile were sequenced and
the data were analyzed as described above.
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[0158] From each library, the DNA sequences ol approxi-
mately 200 16S rRNA clones were determined and subjected
to phylogenetic analyses. The sequences of the 165 rRNA
genes (positions 8 to 926) of reference strains were deter-
mined with 4 cycle sequencing reactions using the primer
identified by SEQ ID NOs:1-4. Each sequencing reaction
contained 4 ul of 5x Sequencing Builer, 2 ul of the Ready
Reaction Mix (Applied Biosystems Instruments, Foster City,
Calif., USA), 20 ng of template DNA, and a final concentra-
tion of 0.2 uM of primer. Sterile water was added to a final
volume of 20 ul. Each cycle sequencing reaction was com-
prised of 25 cycles and each cycle included a melting step at
96° C. (10 sec), followed by primer annealing at 50° C. (5
sec), and extension at 60° C. (4 min). Prior to sequence
analysis, the products were purified using the 1sopropanol
precipitation method as described by ABI. Sequence data
were collected using an ABI Prism 310 Genetic Analyzer, and
analyzed using the AutoAssembler version 2.0 software
package (ABI). The 16S rRNA gene sequences obtained were
matched with all sequences presently available from the data-
bases of the Ribosomal Database Project (RDP), and GEN-
BANK® to identily their closest relatives. Comparative
analysis of the various sequences were done using the ARB
program package (on the world wide web at:biol.chemie.tu-
muenchen.de/pub/ARBY/).

[0159] The relatedness of communities was characterized
using the software program Cluster, which groups profiles
based on the number, size, and abundance of 3' and 3' frag-
ments 1n each profile. The solftware program Treeview was
used to visualize the relationships between samples as den-
drograms. The similarity tree was generated using average
linkage clustering with an uncentered correlation metric.
These applications for Windows operating systems are avail-
able on the world wide web at rana.lbl.gov/FEisenSoitware.
htm.

[0160] Marked differences in the diversity and species of
organisms detected in the vaginal microbial communities
were observed 1n an 1initial study involving five normal
healthy Caucasian women between the ages of 28 and 44

(Table 1).

TABL.

L1

1
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[0161] Species of Lactobacillus appeared to dominate the
communities in 4 of the 5 women, whereas the community of
one woman was dominated by Atopobium sp., and a second
woman had appreciable numbers of Atopobium sp., Megas-
phaera sp., and Leptotrichia sp. None of the latter organisms
have previously been shown to be common members of the
vaginal ecosystem in reproductive age women. Of the women
whose vaginal communities were dominated by lactobacilli,
cach was dominated by a single species. Two women were
colonized with phylogenetically divergent clones related to L.
crispatus, whereas two other women were colonized with
clones of L. irners that were closely related to one another.
Several bacterial populations recovered from the 16S rRINA
clone libraries are not readily cultivated and may have been
overlooked 1n previous studies. For example L. iners does not
grow on selective media commonly used for the 1solation of
Lactobacillus, namely Mann-Rogosa-Sharp (MRS) and Rog-
osa media (Falsen et al., Int J Syst Bacteriol 49:217-221
(1999)). Likewise, A. vaginae, Megasphaera sp. and Leptot-
richia sp. are strict anaerobes, require specialized media, and
grow slowly. We suspect the sample handling and cultivation
protocols normally used 1n clinical microbiology laboratories
may have precluded the recovery of these species from vagi-
nal samples 1n the past, and as a result, these genera have not
been reported 1n studies done to define normal vaginal flora.
However, 1t 1s interesting to note that Atopobium, Megas-
phaera, and Leptotrichia are all genera known to produce
lactic acid as the primary product of fermentation. This sug-
gests that the ecological function of vaginal flora, e.g., main-
tenance of a low pH environment that precludes the coloni-
zation and growth of pathogens and other undesirable
organisms, may be conserved despite differences in commu-
nity species composition.

Example 2

Categorization of Normal Vaginal Microbiota in
Caucasian Women

[0162] Mid-vaginal samples from 75 normal and healthy
North American Caucasian women between the ages o1 13-40

Abundance of phylotypes 1n 168 rRNA gene clone libraries of normal vaginal
microbial communities and percentage similarity to reference sequences.

Clones (%)t

W-1 W-2 W-3 W-4
Phylotype* (n=190) (@m=181) @m=182) (n=176)
Lactobacillus crispatus 0.0 98.3 100.0 0.0
Lactobacillus iners 2.6 0.0 0.0 98.8
Atopobium vaginae 92.1 0.0 0.0 0.0
Megasphaera sp. 3.1 0.0 0.0 0.0
Letotrichia sp. 0.0 0.0 0.0 0.0
Gardnerella sp. 0.0 0.0 0.0 0.0
Peptostreptococcus sp. 0.7 0.0 0.0 0.0
Veillonella sp. 0.0 0.0 0.0 0.0
Enterococcus faecalis 0.0 0.0 0.0 0.6
Aerococcus sp. 1.5 0.0 0.0 0.0
Novel phylotypes 0.0 1.7 0.0 0.6

W-5 Sequence
(n=250) Identity (%)
0.0 97.9 1.1
70.8 97.2+ 1.8
5.2 96.8 = 2.2
204 90.9 = 3.1
2.4 93-9%8
0.8 93-96
0.0 93
0.4 90
0.0 9%
0.0 97-9%8
0.0

Phylogenetically related clones that on average had 90% sequence similarity to a reference strain were presumed to be of the
same genus, and clones that on average had 97% sequence similarity were designated with the corresponding epithet. Clones

with <90% similarity to known orgamisms were considered to be novel.
TW-1 to W-5 represents the women sampled.

n, Number of clones analyzed.
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years were analyzed. Samples were selected so that a total of
15 samples were drawn from each of five geographic loca-
tions: Manitoba, New lJersey, Ohio, Florida, and Arizona.
Within each geographic group there was an equal number of
women from each of three age groups: 13-18, 19-33, and
36-40 years old.

[0163] Vaginal specimens were collected using a sterile
swab 1nserted into the vagina. Samples were taken near the
cervix using a saline-lubricated speculum to minimize con-
tamination by the flora of the labia during entry and with-
drawal of the swab. Swabs were placed 1n a labeled cryovial
and stored at —70° C. until analysis.

[0164] A tiered approach for sample analysis was used to
assess the structure of vaginal microbial communities. Sta-
tistical analyses were used to winnow the data and isure that
samples representative of each community cluster (group)
were carried forward to the next stage of the analysis. This
reduced the total number of samples analyzed 1n Tiers 2 and
3 and significantly streamlined the analysis.

Analysis of Vaginal Microbial Community Structure

[0165] TIER 1: T-RFLP Analyses of 165 rRNA Gene

Sequences.
[0166] In Tier 1, the T-RFLP profiles of microbial commu-
nities 1 each sample were determined as follows: genomic

DNA was 1solated from 0.5 ml aliquots of vaginal sample cell
suspensions using the two-step cell lysis procedure previ-

ously described (Zhou et al., Microbiology 150:2565-2573
(2004)). Internal regions of the 16S rRNA genes 1n each
sample were PCR amplified in two separate reactions using
primers 81 (VIC®) and 926r (6-carboxy fluorescein, 6-FAM)
and 491 (NED™) and 926r (6-FAM). The sequence of primer
491 1s S'-tnanacatgcaagtcgrrcg-3" (SEQ ID NO:5). Mixtures
ol the two resulting amplicons were digested separately with
either Mspl or Haelll, and the products of the digestions were
combined, resulting 1n amplification of samples using sets of
primers with 3 fluorophores and digestion with 2 restriction
enzymes such that each 16S rRNA gene 1n a sample gave rise
to 6 ﬂuorescently labeled T-RFs. The oligonucleotide primers
were “universal” and theoretically annealed to the majority of
16SrRNA gene sequences in DNA sequence databases. Thus,
the resulting amplicons contained regions with sequences
that varied among phylogenetically distinct populations.
Hence the amplicons from different populations (phylotypes)
were distinguished on the basis of differences in the sizes of
the restriction fragments that were produced. The restriction
enzymes used have been empirically and theoretically shown
to provide the greatest resolution of populations found 1n the
human vagina on the basis of differences in the sizes of
terminal restriction fragments. The profiles of fluorescently
labeled terminal restriction fragments were determined using
an ABI PRISM 3100 DNA Analyzer and GeneScan software
as previously described by Zhou (supra).

[0167] Cluster Analysis was used to 1dentify communities
that had similar numerically abundant populations. The first
step 1n the analysis of the T-RFLP data was to identify frag-
ment lengths from populations that are prominent members
of each microbial community. The significant fragments
(peaks 1n the electropherograms) were used to measure the
level of similanty or difference between communities. To
identily “true” peaks, a threshold (baseline) was established
according to the following method. The average peak area
(calculated from GeneScan data) 1n a profile was calculated,
and the peaks identified as outliers were successively
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removed from the dataset. The calculations were repeated
using the remaining data to reduce the variation until no
outliers remained. Any remaining variation represents noise
alone, and the 1solated peaks represent “true” peaks that can
be used in the analysis. Once the peaks 1n all the samples were
identified they were aligned so that peaks 1n different samples
that have the same length are compared to one another. Peaks
were aligned using an agglomerative clustering method based
on average linkage (Johnson, Applied multivariate methods
for data analysts (ed.) Duxbury Press (1998); Johnson &
Wichern, Applied multivariate statistical analysis, 3™ Edi-
tion (ed.) Prentice Hall, New Jersey (1992)). Alignment was
done by first pooling, then sorting, all fragment lengths from
all communities. Repeated lengths were 1dentified and elimi-
nated. Hierarchical clustering was performed to identily
those fragments with lengths close enough to group in the
same length category. The areas of peaks corresponding to
fragments that clustered together within the same sample
were compared. The Euclidean distances between T-RFLP
profiles was used to identily similar or different communities
and these were hierarchically clustered with average linkage
(UPGMA). Those communities that were similar to one
another formed clusters or groups. The aligned peaks result-
ing from processing the data were used, along with a similar-
ity or distance measure, to create a dendrogram. Three clus-
tering criteria were employed to 1dentily a consensus on the
number of groups 1n the data: the Cubical Clustering Criteria
(CCC) the pseudo F; and a statistic that can be transformed to
pseudo T°. A ‘coverage sampling approach’ was imple-
mented to 1dentify samples representative of each kind of
community for more detailed analysis 1n TIER 2. The pro-
portion of species found in the most “species diverse” sample
was 1dentified and its composition (diversity) was compared
to that of the entire cluster. From that point, a second com-
munity was identified that, when combined with the first,
provided the largest coverage of the diversity. Additional
samples were sequentially added until at least 85% of the
species diversity was accounted for by the chosen samples.
Note that this analysis also identified the specific samples that
were carried forward to the next tier. This ‘coverage sampling
approach’ greatly reduces the total number of samples that
need to be analyzed while at the same time assuring that each
cluster 1s adequately sampled. Typically, about 20-25% of the
samples were carried forward to the next tier of the analysis.

[0168] TIER 2: Phylogenetic Analyses of Partial 16S rRNA
Gene Sequences 165 rRNA.

[0169] Gene clone libraries were prepared from the
samples found to be representative of each group defined 1n
Tier 1, as previously described (Zhou et al., (2004)). Approxi-
mately 100 cloned PCR products were partially sequenced
using an ABI 3730 PRISM DNA Analyzer. The data was
analyzed using a suite of algorithms and software tools linked
together 1nto a “pipeline” as described above. The orientation
ol each sequence was determined and sequences including
more than 500 by in the 8-926 region specifically aligned
(Thompson et al., Nucleic Acids Res 22:4673-80 (1994))
along with the sequences from the RDP database (Cole et al.,
Nucleic Acids Res 31:442-443 (2003)) found to be most
closely related to each clone on the basis of BLAST searches
(Altschul etal., Nucleic Acids Res 25:3389-3402 (1997)). The
aligned sequences were used to develop a matrix of genetic
distances using the Jukes and Cantor method (In Mammalian
Protein Metabolism, Academic Press, New York (1969)

which was then used to cluster the sequences using the neigh-
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bor joining method of Saitou and Ne1 (Mol. Biol. Evol 4:406-
425 (1987)) as implemented 1n the Phylip programs “dnadist™
and “neighbor” (available on the world wide web at: evolu-
tion.genetics.washington.edu/phylip.html). The resulting
clusters defined operational taxonomic units (O1Us) wherein
phylogenetically related clones with =90% sequence simi-
larity to a reference strain were presumed to be members of
the same genus, and clones with =97% sequence similarity
were provided with the corresponding designation. Clones
with =90% sequence similarity to a reference strain were
determined to be novel organisms.

[0170] TIER 3: Phylogenetic Analyses of Complete 16S
rRNA Gene Sequences.

[0171] The nucleotide sequences of positions 8-926 of
OTUs 1dentified 1n Tier 2 were determined by bidirectional
sequencing. The sequences obtamned were edited and
assembled using ContigExpress from InforMax Vector NTI
Suite 9, then aligned using CLUSTAL X (version 1.81) by
considering 16S rRNA secondary structure information. Phy-
logenetic trees were reconstructed using the Neighbor Join-
ing/Minimum Evolution, Maximum-Parsimony and Maxi-
mum-Likelithood algorithms using the PAUP program
(Swotlord, Illinois Natural History Survey, Champaign, Ill.
(1998)), and Treeview 1.6.6 (on the world wide web at tax-
onomy.zoology.gla.ac.ck/rod.rod.htm/) was used to graphi-
cally display the evolutionary trees. Only representative
sequences and sequences that are at least 90% complete were
used for tree construction. Bootstrap analyses for 500 re-
samplings were performed to provide confidence estimates
for the tree topologies. These data indicated the phylogenetic
relationships that exist among community members and pro-
vided estimates ol phylotype diversity and relative abundance
(that 1s, community composition and structure) of species 1n
cach community.

[0172] Results

[0173] The clustering of vaginal microbial communities
based on T-RFLP data showed that 16 kinds of bacterial
communities could be differentiated (FIG. 1). There were 8
major groups that included more than 2 women, and 8 groups
that consisted of a single woman (which are hereafter referred
to as singletons). Seven supergroups of bacterial communi-
ties account for more than 90% of the vaginal communities
found 1n healthy Caucasian women (FIG. 2).

[0174] The supergroups defined here account for those that
are most commonly encountered in Caucasian women. Sta-
tistical analyses indicated that all communaity types found 1n 3
or more of the 75 women occur in the general populace with
a frequency of at least 0.10 (p=0.01). Conversely, those com-

munities that are represented <3 times occur at a frequency of
<0.10.

[0175] To identify the numerically abundant populations in
cach kind of communaity, 16S rRNA gene libraries were con-
structed from samples representative of each group. Typi-
cally, 2-4 libraries were prepared from samples 1n each major
group, and libraries were prepared from all singletons. In
total, 29 clone libraries were analyzed, and approximately 90
clones from each of the libraries were sequenced. Assuming
the bacterial numbers 1n the original samples were on the
order of 108 cells per ml of vaginal secretion, populations of
bacteria that constitute 1-100% of a library are abundant
(~10°-10° cells per ml) in the corresponding sample.

[0176] Nucleotide sequences for 26 phylotypes with =97%
sequence similarity to previously characterized genera and
species (see Table 2), and 16 novel phylotypes with =90%
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sequence similarity to previously characterized genera and
species, were submitted to GENBANK® and were assigned

accession numbers AY995236-AY 995274,

[0177] From the 16S rRNA gene sequence data obtained
from the analysis of clone libraries 1t became apparent that the
species composition of several singletons were similar to
those of the larger groups (Table 2). For example, the com-
munities of singletons 09, O10, O11, and O15 were domi-
nated by L. iners and had much lower numbers of L. crispatus
and other taxa. Since this was also characteristic of commu-
nities 1n group Cl, these five groups were combined to form
supergroup 1. Likewise, groups C3 and C6 were combined to
form supergroup III since communities 1n both groups were
dominated by L. crispatus and L. jensenii, while communities
in supergroup 11 were dominated by L. crispatus and had
much lower numbers of L. jensenii. Similar logic was used to
create the remaining supergroups. Overall, the results showed
there were 7 principle kinds of bacterial communities in the
vaginas of Caucasian women (Table 2).

[0178] Six of the seven supergroups were dominated by
lactobacilli. Most often, these were L. iners, L. crispatus, L.
Jensenii, and L. gasseri, but L. vaginalis, and L. coleohominis
were found 1n some communities. L. irners was the most
common species of Lactobacillus 1n vaginal communaities,
and was recovered 1 62/75 (83%) women and was the most
abundant species 1n 36/75 (48%) women.

[0179] There were distinctive patterns in the occurrence of
various Lactobacillus species 1 supergroups. For example,
communities in Supergroups I and 11, which account for 57%
of the women sampled, were dominated by L. iners and L.
crispatus, respectively. However, L. iners accounted for 90%
of the clones sequenced 1 Supergroup 1 and was 100-fold
more abundant than L. crispatus. The situation was reversed
in communities ol Supergroup II where L. crispatus com-
prised 88.9% of communities and greatly outnumbered L.
iners. Yaginal communities 1n supergroups 111, IV, VI, and
VII, which represent 32% of the women sampled, were domi-
nated by combinations of two or three species of lactobacilli
whose abundances were more equal. In contrast to these,
communities 1 supergroup V had low numbers of lactoba-
cilli, were more diverse, and exhibited greater species even-
ness through the inclusion of high numbers of 4. vaginae,
Lachnospiraceae sp., Arnaerococcus sp. Megasphaera sp.,
Micromonas sp., and Dialister sp., as well as a high percent-
age ol novel bacteria. These novel bactenia represented ~20-
30% of communities 1 supergroup V and all were from the
order Clostridiales.

[0180] Communities 1n supergroups I and V were distinc-
tive because they contained appreciable numbers of strictly
anaerobic bacteria. They constituted 7% of the numerically
dominant populations of communities 1n Supergroup I, and
55% of the populations in communities in supergroup V.
Atopobium sp. was common among the anaerobes present 1n
these communities and found 1n 39% of the women sampled.

[0181] Among all of the microbial communities studied, 3
of 75 did not belong to one of the seven supergroups. Com-
munity 016 resembled supergroup VI, but the latter had
10-fold higher number of L. crispatus. Community 012 and
013 had high numbers of Streptococcus sp. and Gemella
palaticanis, but differed from one another 1n that 012 also had
high numbers of Veilonella sp. G. palaticanis, which 1s a
member of the Staphylococcaceae and has been implicated in
various infectious diseases, was also recovered 1n some com-
munities 1n supergroups I and V.
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[0182] The rank abundances of normal vaginal microbial
communities are shown in FIG. 2. Statistical analyses indi-
cated that all community types found 1n 3 or more of 75
women would occur 1n the general populace at a frequency of
at least 0.10 (p=0.01).

[0183] The phylogenetic analysis of Lactobacillus species
that were found 1n the vaginas of women sampled was deter-
mined by comparing the 16S rRNA gene sequences from this
study to those of reference strains previously sequenced.
Most lactobacilli found 1n the vaginal communities of Cau-
casian women were phylogenetically related to L. iners, L.
crispatus, L. jensenii, and L. gasseri, and likely to be homo-
termentative, whereas L. vaginalis and L. colehominis were
phylogenetically distinct and related to heterofermentative
species.

TABLE 2
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that 1s distantly related to three other L. crispatus type strains.
In contrast to L. crispatus and L. jensenii, the clones of L.
iners were highly related to one another and to a single retf-
erence strain, Lactobacillus sp. LSPY 17362. The occurrence
of a clonal lineage of L. iners in different women suggests
there might be strong selection for specific phenotypic char-
acteristics that are found 1n few strains.

[0185] The normal flora of women in supergroup V
included several fastidious or strictly anaerobic microorgan-
1sms, including appreciable numbers of Atopobium sp., Lach-
nospiraceae sp., Megasphaera sp., Dialister sp. and Anaero-
coccus sp. as well as many novel bacteria that belong to the
order Clostridiales. These genera are notorious for producing
odoriferous compounds such as volatile fatty acids (e.g.,
butyrate), amines, and volatile sulfur compounds. A strong

Specles composition of vaginal communities in healthy Caucasian women.

Supergroup (% clones§)

I II 111 IV V VI  VII
Phylotype] Cl 09 010 011 015 C2 C3 C6 C4 C> 014 C7 C& 012 013 016
Lactobacillus iners 90.2 933 694 96.8 100 0.5 0 0 59.5 1.7 0 2 51.1 5.6 3.6 0
Lactobacillus 1.1 1.1 0 3.2 0 889 831 505 257 0.5 3 36.1 29.8 0 0 3.3
Crispatus
Lactobacillus jensenii 1.1 0 0 0 0 1.5 12.6 49,5 2.9 0 0 0.7 19.1 0 0 0
Lactobacillus gasseri 0.2 0 0 0 0 0 3.2 0 8.9 21.2 0 58.9 0 0 0 93.3
Lactobacillus vaginas 0 0 0 0 0 0 0.7 0 0 0 0 0.9 0 0 0 1.7
Lactobacillus 0 0 0 0 0 0 0.4 0O 0 0 0 0 0 0 0 0
coleohominis
Aerococcus sp. 0.5 2.2 1.2 0 0 0 0 0 0.6 1.5 0 0 0 1.1 0 0
Anaerococcus sp.9 0 0 0 0 0 0 0 0 0 0.5 31.9 0 0 2.2 0 0
Atopobium vaginaef 1.6 0 5.9 0 0 0 0 0 0 30.7 4.3 0 0 0 0 0
Clostridium sp.9 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Dialister sp 9 0 0 2.4 0 0 0 0 0 0 1.4 2.9 0 0 0 0 0
Enterococcus faecalis 0 0 0 0 0 0.9 0 0 0 0 0 0 0 1.1 0 0
Finegoldia magna¥ 0 1.2 0 0 0 0 0 0 0 0 0 0 0 2.2 0 0
Gardnerella vaginalis 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 1.7
Gemella palaticanis 0 0 2.4 0 0 0 0 0 0 0 4.3 0 0 12.2 4.8 0
Granulicatella 0 0 0 0 0 0 0 0 0 0 0 0 0 2.2 0 0
elegansy
Lachnospiraceae sp.9 1.4 0 0 0 0 0 0 0 0 3.5 145 0 0 0 0 0
Leptotrichia sp.9 0 0 0 0 0 0 0 0 0 9.9 0 0 0 0 0 0
Megasphaera sp.9q 0.2 2.2 14 0 0 0 0 0 0 0.5 1.4 0 0 0 0 0
Micromonas sp. 0 0 3.5 0 0 0 0 0 0 1.1 4.3 0 0 0 0 0
Peptoniphilus sp.9 0 0 0 0 0 0 0 0 0 0 4.3 0 0 0 0 0
Prevotella sp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Pseudomonas sp. 0 0 0 0 0 0 0 0 0.6 0 0 0 0 0 0 0
Staphylococcus sp. 0 0 0 0 0 4.5 0 0 0 0 0 0 0 0 0 0
Streptococcus sp. 1.8 0 0 0 0 3.5 0 0 0.6 0 0 0.7 0 15.6 91.6 0
Veillonella sp.9 0 0 0 0 0 0 0 0 0 2.6 0 0 0 57.8 0 0
Novel organisms 1.4 O 1.2 0 0 0.3 0 0 1.2 175 29.1 0.7 0 0 0 0
Numbers of women 23 1 1 1 1 16 7 4 7 4 1 4 2 1 1 1
(per group)
Numbers of women 27 16 11 7 5 4 2
(per supergroup)

1'The classification of clones was done by comparing their 165 rRNA gene sequences to those of known organisms. The genus and species names were used i1f the sequence
similarity to a type species was >97%; the genus name only was used if the sequence similarity was <97% but =90%; and a clone was designated as novel 1f the sequence

similarity to known organisms was <90%.
§Mean relative abundance of populations in clone libraries analyzed.

4|Strict anaerobes.

[0184] The mean sequence heterogeneity among clones of
L. crispatus, and L. jensenii was greater than that of L. iners
and L. gasseri, indicating that there are evolutionarily diver-
gent subpopulations of L. crispatus and L. jensenii 1n vaginal

communities. It should be noted that some clone sequences
matched L. crispatus NCTC 4 (AJ242969), a reference strain

correlation between bacterial vaginosis and malodor has long
been presumed, and new diagnostic tests based on amine and
odor formation have been developed to quickly diagnose
bacterial vaginosis. The results presented herein suggest that
these tests may result in false-positives for BV. Accordingly,
diagnostic criteria for BV should be amended to take these

results 1nto account.
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[0186] In contrast to the prior misconception that BV
results from the absence of lactobacilli, the data disclosed
herein indicate that anaerobic microorganisms are common
and 1mportant components of the vaginal microbial commu-
nities in some women. For example, 4. vaginae was found in
39% of the healthy women sampled, and therefore should be
considered a member of normal vaginal flora. Moreover, 1n
vaginal communities the anaerobic bacteria Lachnospiraceae
sp., Peptoniphilus sp., Anaerococcus sp., Dialister sp., Fine-
goldia magna, and Granulicatella elegans were reported for
the first time to be constituents of the normal vaginal flora.
These findings 1llustrate that in some cases (e.g., supergroup
V), anaerobic bacteria may outnumber lactobacilli, indicating
that these species contribute to the “normal” flora.

Example 3

Categorization ol Normal Vaginal Microbiota in
Alrican-American Women

[0187] Diasparities 1n the mncidence of BV and sexually
transmitted diseases among racial groups have been well
documented. BV occurs i 17-19% of all female patients
attending family practice climics. However the incidence
among minority (Black and Mexican-American) women
exceeds 50%. To improve diagnostic and patient management
capabilities, the i1dentity of the dominant bacterial popula-
tions of healthy Black women using cultivation-independent
methods was determined and compared to the bacterial popu-
lations 1n healthy White women.

[0188] Seventy randomly selected wvaginal samples
obtained from (seli-declared) Black subjects were selected
for analysis. Fifteen samples from four geographic sites in the
United States were chosen (Cincinnati, Ohio; East Brun-
swick, N.J.; St. Petersburg, Fla. and Scottsdale, Ariz.), and
within each geographic group there were equal numbers of
women from each of three age groups: 13-18, 19-33, and
>35-40 years old. A total of 10 samples were included from
the Canadian site (Winmpeg, Manitoba). Three (3) were from
the 13-18 age group, five were from the 19-35 age group and
2 were from the >35-40 year age group.

[0189] Samples were obtained and analyzed as described 1in
the previous Example. Supergroups were defined based on a
subjective assessment of similarities 1n the composition and
relative abundance of phylotypes 1n the various groups. The
phylogenetic relationships of vaginal bacterial populations in
the order Clostridiales were determined by comparison to
reference sequences obtained from GENBANK®.
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[0190] Results

[0191] The data from T-RFLP analysis o1 16S rRNA genes
were subjected to cluster analysis to identify related vaginal
microbial communities. Twelve kinds of bacterial communi-
ties could be differentiated (FIG. 3). The composition of
communities representative of each group were determined
by phylogenetic analysis of cloned 16S rRNA sequences
(Table 3) and similar groups were combined 1nto supergroups
based on a subjective assessment of similarities 1n the com-
position and relative abundance of phylotypes in the various
groups. There were five major supergroups represented by
=72 women, and 4 individual women whose communities

differed from each other and those 1n the supergroups. Statis-
tical analyses indicated that all community types found 1n the
general populations with a frequency of at least 0.085 were
represented by groups that contain 2 or more women (p=0.
01).

[0192] The vaginal communities of most African-Ameri-
can women (64%) were dominated by various species of
Lactobacillus (Table 1). As with Caucasian women, the most
common community type was supergroup I, which was domi-
nated L. iners. There were two supergroups found in African-
American women that were not present 1n Caucasian women,
namely VIII and IX, which were dominated by L. gasseri and
a novel uncultured bacterium, respectively. The novel bacte-
rium had <90% 16S rRNA gene sequence similarity to known
organisms, and therefore 1t represents a previously unde-
scribed lineage of bacteria. The phylotype 1s related to organ-
isms found in the order Clostridiales and the class Lachno-
spiraceae, and 1s closely related (98% similarity) to another
uncultured bacterial clone 7200-2¢13Sm (GENBANK®
Accession No. AY471619) that was also recovered from vagi-

nal swab sampled by Ferris et al. (GENBANK®).

[0193] Therank abundance of community types in African-
American and Caucasian women are shown in FIG. 4. Three
findings are readily apparent. First, communities akin to
supergroup V were four times more common in African-
American women than 1n Caucasian women. Second, com-
munities dominated by roughly equal numbers of more than
one species of Lactobacillus (supergroups 111, 1V, VI, and VII)
were not found 1in African-American women. Third, only
three of the seven supergroups (I, II and V) found 1n Cauca-
sian women were also found 1in African-American women.
Thus, a significant fraction of African-American women have
vaginal communities that differ 1n bacterial composition from
those of Caucasian women.

TABLE 3

Specles composition of vaginal communities in healthy Black women.

Supereroup (% clonesd)

I V 11 VIII IX
PhylotypeX Bl B4 B2a B B2b B3 B7 B3 B6 09 010 011 012
Lactobacilius iners 754 895 20.2 0 0.9 0.7 0 0 0 0 0 0 0
Lactobacillus crispatus 2.1 0 0 0 0 9777 978 0 0 0 0 0 0
Lactobacillus jensenii 0 1.5 0 0 0 1.7 2.2 0 0 7.3 0 80.9 0
Lactobacillus gasseri 0.3 3 0 0 0 0 0 98.8 0 40 0 0 0
Lactobacilius vaginas 0 0 0 0 0 0 0 0 0 0 0 0 0
Lactobacillius coleohominis 0 4.5 0 0 0 0 0 0 0 5.5 0 0 0
Lactobacilius salivarius9| 0.1 0 0 0 0 0 0 0 0 0 0 0 0
Actinobacculum sp 9 0.2 0 0 0 0 0 0 0 0 0 0 0 0
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TABLE 3-continued

Species composition of vaginal communities 1n healthy Black women.

Supergroup (% clonesg§)

I V 11 VIII  IX
Phylotyped Bl B4 B2a B8 B2b B3 B7 B5 B6 0Y 010 O0Ol1 012
Aerococcus sp. 1.6 0 0 1.1 0.6 0 0 0 0 0 0 0 0
Anaervobranca sp.9 02 0 0 0 2.7 0 0 0 0 0 0 0 0
Anaerococcus sp. 03 0 1.9 1.1 0 0 0 0 0 0 0 0 0
Atopobium vaginae 1.5 15 21 27.8 3.8 0 0 1.2 3.5 0 0 0 1.2
Catonella sp .9 0 0 0 0 0 0 0 0 0 0 0 2.4 0
Clostridium sp. 0 0 0 0 0.3 0 0 0 0 0 0 0 0
Corynebacterium sp.9 0 0 0 0 0 0 0 0 0 3.6 0 0 0
Dialister sp. 0 0 2.7 3.3 3.3 0 0 0 0 0 0 0 4.8
Eggerthella hongkongensisy| 0 0 0.8 0 0 0 0 0 0 0 0 0 0
Escherichia coltq 0 0 0 0 0 0 0 0 0 0 27.6 0 0
Finegoldia magna 0 0 0 2.3 0 0 0 0 0 0 0 1.2 0
Gardnerella vaginalis 0 0 0 0 0 0 0 0 0 9.1 0 0 0
Gemella palaticanis 04 0O 0 7.8 1.7 0 0 0 0 0 0 0 15.7
Lachnospiraceae sp. 0 0 0.8 0 0 0 0 0 0 0 0 0 0
Megasphaera sp. 1.8 0 2.1 12.2 9.5 0 0 0 10.3 0 0 0 0
Micromonas sp. 0.6 0 9.6 0.7 8.5 0 0 0 4.6 0 0 0 1.2
Mobiluncus mulierisy 0.2 0O 0 0 0 0 0 0 2.3 0 0 0 0
Mycoplasma sp.9 0 0 0 0 0.6 0 0 0 0 0 0 0 74.5
Peptococcus niger| 0 0 0.4 0 0 0 0 0 0 0 0 0 0
Peptoniphilus sp. 05 O 1.3 1.1 5.1 0 0 0 3.5 0 0 0 0
Peptostreptococcis sp.9 0 0 5.7 0 15.5 0 0 0 0 0 0 0 2.4
Prevotella sp. 0 0 0 0 0.6 0 0 0 0 0 0 2.4 0
Pseudomonsa sp. 0.2 0O 0 0 0 0 0 0 0 0 0 0 0
Shigella sp.9 0 0 0 0 0 0 0 0 0 0 71.1 0 0
Streptococcus sp. 6.1 O 0 0 0 0 0 0 0 34.5 0 11.9 0
Veillonella sp. 03 0O 0.8 0 0 0 0 0 0 0 0 0 0
Uncultured bacterium¥ 0 0 0 0 0.6 0 0 0 72.4 0 0 0 0
Novel bacteria 84 0O 327 36.6 464 0 0 0 34 0 1.3 1.2 0
Numbers of women 25 3 9 2 8 10 2 3 2 1 1 1 1
(per group)
Numbers of women 28 19 12 3 2 4
(per supergroup)

1'The classification of clones was done by comparing their 165 rRNA gene sequences to those of known organisms. The genus and species names were used
if the sequence similarity to a type species was >97%; the genus name only was used 1f the sequence similarity was <97% but >90%; and a clone was

designated as novel 1f the sequence similarity to known organisms was <90%.
§Mean relative abundance of populations 1n clone libraries analyzed.

YNot found in Caucasian women.

tThe uncultured bacterium 1s a members of the order Clostridiales, but was unrelated to any previous cultured organism.

[0194] Two subgroups could be distinguished in super-
group V. Communities 1n both subgroups had fewer lactoba-

cilli than other supergroups, and they were exclusively L.
iners. Group B2a had roughly equal numbers of L. iners and
A. vaginae and each constituted about 20% of the community,
while group B2b had 10-fold fewer L. iners than group B2a,
and reduced numbers of 4. vaginae (Table 3). Communities
of both subgroups had appreciable numbers of strictly
anaerobic bacteria including Atopobium, Dialister, Megas-
phaera, Peptinophilus, Micromonas, and an assortment of
phylotypes related to organisms 1n the order Clostridiales, but
their abundance 1n women of subgroup B2b were generally
higher.

[0195] A significant fraction (67%) of Black women from
three of the five supergroups (I, V, and 1X) had high numbers
ol novel phylotypes in their vaginal communities (Table 3).
These bacterial populations were all strict anaerobes that
belong to the order Clostridiales, and the diversity among,
them was striking. These populations were related to organ-
isms in four major families namely the Lachnospiraceae,
Acidaminococcaceae, Peptostreptococcaceae, and Clostridi-
aceae. The 16S rRNA gene sequences of the 16 populations
were <90% similar to previously characterized genera.

[0196] Among the microbial communities observed, 4 of
69 were “singletons”. Community 011 was dominated by L.

Jensenii, which accounted for 80.9% of the clones analyzed,
and there were also high numbers of Streptococcus sp.,
Catenella sp., Prevotella sp. and Finegoldia sp. Singeltons
09, 010 and O12 differed from other communaities; all had
high numbers of Gardnerella vaginalis, Escherichia coll,
Shigella sp., and Mycoplasma sp. These three women may
sulfer from vaginal infections that were overlooked, or may
have transiently high numbers of organisms of fecal origin.

[0197] These findings indicate there were significant dii-
ferences 1n the vaginal flora between African-American and
Caucasian women. First, the incidence of vaginal communi-
ties 1 which lactobacilli were not dominant (<10% of the
clones recovered) was higher in Black women as compared to
Caucasian women (19% versus 4%). Secondly, communities
dominated by Atopobium and various species related to
Clostridiaceae occurred in 32% ofthe Black women sampled,
but were dominant 1n only 10% of Caucasian women. Indeed,
Clostridiaceae were common among Black women and
occurred 1 more than 5% of the clones 1n 75% of Black
women, but 1n only 10% of Caucasian women. Third, com-
munities dominated by roughly equal numbers of more than
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one species of Lactobacillus (supergroups 111, 1V, VI, and VII)
were not found in Black women, but were common and
present 1 32% of Caucasian women. Finally, supergroups
VIII and IX were only found in Black women, and Black
women exhibited only three of the seven supergroups (I, 11
and IV) found in Caucasian women.

[0198] Epidemiology studies have clearly shown that Black
women have a higher prevalence of BV, reproductive tract
infections, heterosexually transmitted STDs and HIV, and
preterm deliveries. It 1s possible that certain kinds of vaginal
microbial communities 1n Black women might be more easily
upset by disturbances than microbial communities found in
White women. Alternatively, certain kinds of vaginal com-
munities that are more common or only found 1n Caucasian
women may be more resilient to such common disturbances
as menses, sexual mtercourse, douching, and contraceptive
practices. Supergroups V, VIII, and IX are obvious candidates
since they are more common or exclusively occur 1n Black
women.

[0199] Many healthy Black women hosted novel bacteria
related to the Clostridiaceae. These are likely to be fastidious
strict anaerobes, and probably not readily recovered using
cultivation methods commonly used 1n studies of vaginal
flora. Clostridiaceae are notorious for the production of mal-
odorous metabolites, including amines and short-chain fatty
acids. The discovery that they are constituents of normal
vaginal communities suggests that vaginal odor may not be a
reliable indicator of bacterial vaginosis or any other disease
condition. This has important implications for the diagnosis
of BV and does not support proposed criteria for the clinical
diagnosis of bacterial vaginosis that are, 1 part, based on a
correlation between bacterial vaginosis and malodor. Simi-
larly, diagnostic procedures for BV based on the occurrence
of bacteria that have cellular morphologies that are charac-
teristic of lactobacilli are likely to be unreliable since high
numbers of bacteria other than species of Lactobacillus are
common 1n healthy women. The false positives from these
diagnostic tests, or the treatment of patients based solely on
complaints of odor, results 1n the unnecessary treatment of
patients with antibiotics. Not only 1s this costly, but 1t could
lead to disturbances of intestinal or vaginal flora and cause
problems that otherwise would not have occurred. The find-
ings disclosed herein indicate that diagnostic criteria for BV
should be amended to take into account the occurrence of
organisms that are morphologically distinct from lactobacilli
or normally produce odiferous metabolites.

[0200] Atopobium sp. was commonly encountered as a
member of the vaginal communities. While 4. vaginae has
rarely been 1solated from any environment, it has been recov-
ered from vagina of a healthy individual in Sweden (Rod-
riguez etal. Int J Syst Bacteriol 49:1573-1576,1999). Species
of Atopobium may have been previously overlooked because
they are fastidious, obligate anaerobes that grow slowly and
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form pinpoint colonies on agar media. While Anaerococcus
sp., Megasphaera sp., and members of the Lachnospiraceae
and Clostridiaceae families are less fastidious, they are strict
anaerobes and would not be recovered from samples by using
the cultivation methods that have been commonly used in
previous studies of vaginal tlora, or routinely used 1n clinical
microbiology laboratories. Recent studies have used specific
PCR primers to demonstrate the presence of Atopobium 1n
women. For example, Ferris et al (J Clin Microbiol 42:5892-
5894, 2004) reported that 4. vaginae was detected 1n a sig-
nificant portion (53%) of the 20 BV-positive patients in the
cohort and present 1n only 2 of 24 women with normal vaginal
Gram strains. Burton et al. (J Clin Microbiol 42:1829-1831,
2004) made a survey of 35 postmenopausal women, A. vagi-
nae was detected i 44% with BV (asymptomatic bacteria
vaginosis) but not i any subjects deemed healthy. These
findings have led investigators to suggest that Atopobium may
be a causative agent of BV. However, the present disclosure
contradicts the previous findings. Atopobium was found 1n
77% of Black women and 1n 39% of Caucasian that were
healthy and showed no clinical symptoms of BV. The high
incidence of Atopobium among women 1n both racial groups
suggests that 1t 1s a common, and heretofore unrecognized
member of the vaginal normal flora 1n a large fraction of
women.

Example 4
Diagnostic Reagents and Kits

[0201] Exemplary probes and primers for detecting the pre-
dominant species of microorganisms 1n the above describe
categories ol normal vaginal microbiota are provided in Table
4. The primers and probes are utilized to detect individual
species or groups of microorganism using routine hybridiza-
tion and amplification methodologies. Optionally, a plurality
of primers and/or probes can be employed together to gener-
ate a microbial profile usetul for assigning a microbial profile
to a normal category of vaginal microbiota. Optionally, the
primers and/or probes are provided as a kit, which can also
include additional reagents for the preparation of samples,
performance of reactions and/or detection of microorgan-
1sms. One example of a kit includes an array of species
specific probes, such as probes selected from SEQ ID NOs:
6-23. For example, the probes can be provided arrayed on
substrate or matrix, such as a chip or slide. In one embodi-
ment, the probes are arrayed on a dipstick.

[0202] Inview of the many possible embodiments to which
the principles of our mvention may be applied, 1t should be
recognized that the illustrated embodiments are only
examples of the imnvention and should not be taken as a limi-
tation on the scope of the mnvention. Rather, the scope of the
invention 1s defined by the following claims. We therelfore
claim as our mvention all that comes within the scope and
spirit of these claims.

TABLE 4

Diagnmstic Probes and Primers

Organism

Atopobium vaglinae
(species gpecific)

reverse

Orientation Sequence (5' - 3')

forward AGA GTT TGA TCM TGG CTC AG

(SEQ ID NO: 1)
TTC TGC TCG CGC AGT AGC AG
(SEQ ID NO: 6)
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TABLE 4-continued

Diagnostic Probes and Primers

Organism

Atopobium
(group specific)

Megasphaera
(group specific)

Gardnerella vaginalis
(species-gpecific)

Enteric bacteria
(group specific)

Leptotrichia
(group specific)

Streptococcus
(group specific)

Staphylococcus
(group specific)

Mycoplasma
(group specific)

Mycoplasma genitalium
(species specific)

Mycoplasma hominis
(species gpecific)

Lactokbacillus iners
(species gpecific)

Orientation Sequence

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverzse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

Lactobacillius crispatus forward

(species specific)

reverse

AGA GTT
(SEQ ID
CTC CTG
(SEQ 1ID

TCT TAA
(SEQ ID
CCG TCA
(SEQ ID

AGA GTT
(SEQ ID
AGA CGG
(SEQ ID

GCG GTC
(SEQ 1ID
CAT CTG
(SEQ 1ID

TGT AGA
(SEQ ID
CCG TCA
(SEQ ID

AGA GTT
(SEQ ID
GTA CCG
(SEQ ID

TAA CTG
(SEQ 1ID
CCG TCA
(SEQ ID

GTA ATA
(SEQ ID
CAC CAT
(SEQ ID

GTA ATA
(SEQ ID
TCG GAG
(SEQ ID

GTA ATA
(SEQ ID
GAC ACT
(SEQ ID

AGA GTT
(SEQ ID
ACT GGG
(SEQ 1ID

CCG GAT
(SEQ ID
CCG TCA
(SEQ ID

(5"

TGA
NO .
ACC
NO .

ARG
NO :
ATT
NO :

TGA
NO :
CTC
NO :

CGG
NO .
GGC
NO .

CTG
NO :
ATT
NO .

TGA
NO .
TCA
NO .

TAC
NO .
ATT
NO :

CAT
NO .
CTG
NO .

CAT
NO :
CGA
NO :

CAT
NO :
AGC

NO -

TGA
NO

GTG

NO

AAG
NO :
ATT
NO .

TCM

CCG
10}
ACA
11}

GGA
12)
CCT

TCC
13}
CAT
14}

ACG
15)
CCT
3)

AGG
16}
TCA
17}

AGG
18)
TCC
19)

AGG
20)
ARD
21)

TCM
1)

3')

TGG

CAG

GGG

TTR

TGG

CCC

GGA

TCC

TALA

TTR

TGG

TGT

TCT

TTR

TCG

CTC

TCG

CTT

TCG

CTA

TGG

ARG TCG
22)

AL GCA
23)

CCT TTR
3)

CTC

ACC

GCT

AGT

CTC

ACT

GAT

CAG

AGT

CTC

GAA

TGA

AGT

CAL

TGT

CAL

CGG

CAL

GAG

CTC

TAL

GAT

AGT

AG

TA

TT

AG

AGG GTT

CAA A

GG

AG

TT

AG

TTT TCC

CGG

TT

GCG TTA TC

TAA CCT C

GCG TTA TC

T

GCG TTA TC

TTA G

AG

CA

CG

TT

<1l60> NUMBER OF SEQ ID NOS:

<210> SEQ ID NO 1

23

SEQUENCE LISTING
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-continued

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Forward primer 8f
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (12)..(12)

<223> OTHER INFORMATION: "m” equals a or c

<400> SEQUENCE: 1

agagtttgat cmtggctcag 20

<210> SEQ ID NO 2

<211> LENGTH: 17

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer 341f

<400> SEQUENCE: 2

cctacgggag gcagcag 17

«<210> SEQ ID NO 3

<211> LENGTH: 20

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: Reverse primer 926r
«220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (15)..(15)

<223> OTHER INFORMATION: %“r” equals a or ¢

<400> SEQUENCE: 3

ccgtcaatte ctttragttt 20

«<210> SEQ ID NO 4

«<211> LENGTH: 15

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: Reverse primer 1406r
«220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (14)..(14)

<223> OTHER INFORMATION: %“r” equals a or ¢

<400> SEQUENCE: 4

acgggcggtyg tgtrc 15

<210> SEQ ID NO b5

<211l> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> QOTHER INFORMATION: Forward primer 49f
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (2)..({(2)

<223> OTHER INFORMATION: ™“n” equals a, ¢, g or t
<220> FEATURE:

<221> NAME/KEY: misc feature

«<222> LOCATION: (4) .. {(4)

<223> OTHER INFORMATION: ™“n” equals a, ¢, g or t
<220> FEATURE:

<221> NAME/KEY: misc feature

«<222> LOCATION: (17)..(17)
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<223 >
«220>
<221>
<222 >
<223 >

<400>

27

-continued

OTHER INFORMATION: “r” equals a or g

FEATURE :
NAME/KEY: misc feature
LOCATION: (18)..(18)

OTHER INFORMATION: %“r” equals a or g

SEQUENCE: b5

tnanacatgc aagtcgrrcg

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

SEQ ID NO o

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Reverse primer for Atopobium vaginae

SEQUENCE: 6

ttctgctecge gcagtagcag

<210>
<211>
<«212>
<213>
<220>
<223>

<400>

SEQ ID NO 7

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Reverse primer for Atopobium

SEQUENCE: 7

ctcctgacct aacagacc

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

SEQ ID NO 8

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Forward primer for Megasphaera

SEQUENCE: 8

tcttaaaagt gcggggctta

<210>
<211>
«212>
<213>
<220>
<223>

<400>

SEQ ID NO 9

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Reverse primer for Gardnerella vaglnalis

SEQUENCE: 9

agacggctcc atcccaaaag ggtt

<210>
<211>
<«212>
<213>
<220>
<223 >

<400>

SEQ ID NO 10

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Forward primer for Enteric bacteria

SEQUENCE: 10

gcggtceccgge cgggaactca aa

<210>
<211>
<212>
<213>
<220>

SEQ ID NO 11

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

20

20

18

20

24

22

Mar. 3, 2011
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-continued

<223> OTHER INFORMATION: Reverse primer for Enteric bacteria
<400> SEQUENCE: 11

catctgggca catccgatgg

<210> SEQ ID NO 12

<211l> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Forward primer for Leptotrichia

<400> SEQUENCE: 12

tgtagactgg gataacagag

<210> SEQ ID NO 13

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for Streptococcus

<400> SEQUENCE: 13

agagtttgat cctggctcag

«210> SEQ ID NO 14

«211> LENGTH: 24

«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

223> OTHER INFORMATION: Reverse primer for Streptococcus

<400> SEQUENCE: 14

gtaccgtcac attgtgaatt ttcc

<210> SEQ ID NO 15

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for Staphylococcus

<400> SEQUENCE: 15

taactgtaca cgtcttgacyg g

<210> SEQ ID NO 16

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Forward primer for Mycoplasma

<400> SEQUENCE: 16

gtaatacata ggtcgcaagc gttatc

<210> SEQ ID NO 17

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Reverse primer for Mycoplasma

<400> SEQUENCE: 17

20

20

20

24

21

26
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-continued

caccatctgt cactctgtta acctc

<210> SEQ ID NO 18

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for Mycoplasma genitalium
<400> SEQUENCE: 18

gtaatacata ggtcgcaagc gttatc

<210> SEQ ID NO 19

<211> LENGTH: 19

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Reverse primer for Mycoplasma genitalium

<400> SEQUENCE: 19

tcggagcgat ccctteoggt

<210> SEQ ID NO 20

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for Mycoplasma hominis

<400> SEQUENCE: 20

gtaatacata ggtcgcaagc gttatc

<210> SEQ ID NO 21
<«211> LENGTH: 22
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Reverse primer for Mycoplasma hominis

<400> SEQUENCE: 21

gacactagca aactagagtt ag

<210> SEQ ID NO 22

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Reverse primer for Lactobacillus iners

<400> SEQUENCE: 22

actggggtga agtcgtaaca

<210> SEQ ID NO 23

<211> LENGTH: 20

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Forward primer for Lactobacillus crispatus

<400> SEQUENCE: 23

ccggataaga aagcagatcg

25

26

195

26

22

20

20
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1. A set of nucleic acid probes that detect one or more
phylogenetically informative genes of vaginal microorgan-
1sms comprising a plurality of oligonucleotide probes which
hybridize to at least one phylogenetically informative gene
for a plurality of vaginal microorganisms, wherein the plural-
ity of vaginal microorganisms comprises Lactobacillus cris-
patus, Lactobacillus iners, Lactobacillus jensenii, Lactoba-
cillus gasseri, Lactobacillus coleohominis, Staphvlococcus
sp., Streptococcus sp., Atopobium vaginae, Lachnospiraceae
sp., Megasphaera sp., Enterococcus faecalis, Peptoniphilus
sp., Anaerococcus sp., Micromonas sp., Gemella palaticanis
, Dialister sp., Aervococcus sp., Veillonella sp., Finegoldia
magna, Granulicatella elegans, Clostvidium perfringens,
Gardinerella vaginalis, Pseudomonas sp., Mycoplasma sp.,
Mobiluncus muleiri, Peptostreptococcus anaerobis, E'scheri-
chia coli, Shigella sp. and Clostridiales sp.

2. The set of nucleic acid probes of claim 1, wherein the
nucleic acid probes are 19 to 26 oligonucleotides 1n length.

3. The set of nucleic acid probes of claim 1 attached to a
solid support.

4. The set ofnucleic acid probes of claim 1, wherein the one
or more phylogenetically informative gene 1s selected from
the group consisting of: 16S rRNA; rpoB; gyrB; gyrA;
tmRNA; recA; EF-Tu (tuf); groEL (cnp60, hsp60); atpD;
ompA gene; gapA; pgl; TusA; 1leS; lepA; leuS; pyrG; recG;
rplB; pmoA/amoA genes; mmoX; niftH; nirS; nirK; norB;
mcrA; and rbcl..

5. A set of nucleic acid tags probes comprising a plurality
of nucleic acid sequences selected from the group consisting
of SEQ ID NOs: 6-23.

6. The set of nucleic acid probes of claim 5 attached to a
solid support.

7. A set of nucleic acid probes that detect one or more
phylogenetically informative genes of vaginal microorgan-
1sms comprising a plurality of oligonucleotide probes which
hybridize to at least one phylogenetically informative gene
tor a plurality of vaginal microorganisms, wherein the plural-
ity of vaginal microorganisms comprises two or more micro-
organisms selected from the group consisting of Lactobacil-
lus crispatus, Lactobacillus iners, Lactobacillus jensenii,
Lactobacillus gasseri, Lactobacillus coleohominis, Staphy-
lococcus sp., Streptococcus sp., Atopobium vaginae, Lachno-
spiraceae sp., Megasphaera sp., Enterococcus faecalis, Pep-
toniphilus sp., Anaerococcus sp., Micromonas sp., Gemella
palaticanis, Dialister sp., Aevococcus sp., Veillonella sp.,
Finegoldia magna, Granulicatella elegans, Clostridium per-
fringens, Gardinerella vaginalis, Pseudomonas sp., Myco-
plasma sp., Mobiluncus muleiri, Peptostreptococcus anaero-
bis, Escherichia coli, Shigella sp., and Clostridiales sp., and
wherein the one or more phylogenetically informative gene 1s
selected from the group consisting of: 16S rRNA; rpoB;
oyrB; gyrA; tmRNA; recA; EF-Tu (tul); groEL (cnp60,
hsp60); atpD; ompA gene; gapA; pgl; fusA; 1leS; lepA; leuS;
pyrG; recG; rplB; pmoA/amoA genes; mmoX; nifH; mrS;
nirK; norB; mcrA; and rbclL..

8. The set of nucleic acid probes of claim 7, wherein the
nucleic acid probes are 19 to 26 oligonucleotides 1n length.
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9. The set of nucleic acid probes of claim 7 attached to a
solid support.

10. A set of nucleic acid tags probes comprising a plurality
ol nucleic acid sequences selected from the group consisting
of SEQ ID NOs: 6-23.

11. The set of nucleic acid probes of claim 10 attached to a
solid support.

12. A kat for detecting more than one species of vaginal
microbiota, the kit comprising: a plurality of species specific
probes, each of which species specific probes identifies a
species ol vaginal microbiota, wherein the specific probes
specifically identify a gene selected from the group consisting,
of: 16S rRNA; rpoB; gyrB; gyrA; tmRNA; recA; EF-Tu (tuf);
ogroEL (cnp60, hsp60); atpD; ompA gene; gapA; pgil; TusA;
11eS; lepA; leuS; pyrG; recG; rplB; pmoA/amoA genes;
mmoX; miH; mirS; nirK:; norB; mcrA; and rbcLL

13. The kit of claim 12, wherein the wherein the more than
one species of vaginal microbiota 1s selected from the group
consisting of Lactobacillus crispatus, Lactobacillus iners,
Lactobacillus jensenii, Lactobacillus gasseri, Lactobacillus
coleohominis, Staphviococcus sp., Streptococcus sp., Atopo-
bium vaginae, Lachnospiraceae sp., Megasphaera sp.,
Enterococcus faecalis, Peptoniphilus sp., Anaerococcus sp.,
Micromonas sp., Gemella palaticanis, Dialister sp., Aevococ-
cus sp., Veillonella sp., Finegoldia magna, Granulicatella
elegans, Gardinerella vaginalis, Pseudomonas sp., Myco-
plasma sp., Mobiluncus muleiri, Peptostreptococcus anaero-
bis, Escherichia coli, Shigella sp., and Clostridiales sp.

14. The kit of claim 12, wherein the plurality of species
specific probes are arrayed on a solid matrix.

15. A set of nucleic acid probes that detect one or more
phylogenetically informative genes of vaginal microorgan-
1sms comprising a plurality of oligonucleotide probes which
hybridize to at least one phylogenetically informative gene
for a plurality of vaginal microorganisms, wherein the plural-
ity of vaginal microorganisms comprises Lactobacillus cris-
patus, Lactobacillus iners, Lactobacillus jensenii, Lactoba-
cillus gasseri, and Lactobacillus coleohominis.

16. The set of nucleic acid probes of claim 13, further
comprising a plurality of oligonucleotide probes which
hybridize to at least one phylogenetically informative gene
for a plurality of vaginal microorganisms comprising Atopo-
bium vaginae, Clostridiales sp. and Megasphaera sp.

17. The set of nucleic acid probes of claim 16, further
comprising a plurality of oligonucleotide probes which
hybridize to at least one phylogenetically informative gene
for a plurality of vaginal microorganisms comprising Stap/zy-
lococcus sp., Streptococcus sp., Lachnospiraceae sp., Entero-
coccus faecalis, Peptoniphilus sp., Anaerococcus sp.,
Micromonas sp., Gemella palaticanis, Dialister sp., Aevococ-
cus sp., Veillonella sp., Finegoldia magna, Granulicatella
elegans, Clostridium perfringens, Gardinerella vaginalis,
Pseudomonas sp., Mycoplasma sp., Mobiluncus muleiri,
Peptostreptococcus anaerobis, Escherichia coli, and Shigella

SP.
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