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ABSTRACT We evaluated levels of vaginal extracellular matrix metalloproteinase inducer (EMMPRIN) and matrix metalloprotei-
nase (MMP-8) in vaginal secretions in relation to the composition of vaginal bacterial communities and D- and L-lactic acid lev-
els. The composition of vaginal bacterial communities in 46 women was determined by pyrosequencing the V1 to V3 region of
16S rRNA genes. Lactobacilli were dominant in 71.3% of the women, followed by Gardnerella (17.4%), Streptococcus (8.7%), and
Enterococcus (2.2%). Of the lactobacillus-dominated communities, 51.5% were dominated by Lactobacillus crispatus, 36.4% by
Lactobacillus iners, and 6.1% each by Lactobacillus gasseri and Lactobacillus jensenii. Concentrations of L-lactic acid were
slightly higher in lactobacillus-dominated vaginal samples, but most differences were not statistically significant. D-Lactic acid
levels were higher in samples containing L. crispatus than in those with L. iners (P < 0.0001) or Gardnerella (P � 0.0002). The
relative proportion of D-lactic acid in vaginal communities dominated by species of lactobacilli was in concordance with the pro-
portions found in axenic cultures of the various species grown in vitro. Levels of L-lactic acid (P < 0.0001) and the ratio of
L-lactic acid to D-lactic acid (P � 0.0060), but not concentrations of D-lactic acid, were also correlated with EMMPRIN concentra-
tions. Moreover, vaginal concentrations of EMMPRIN and MMP-8 levels were highly correlated (P < 0.0001). Taken together,
the data suggest the relative proportion of L- to D-lactic acid isomers in the vagina may influence the extent of local EMMPRIN
production and subsequent induction of MMP-8. The expression of these proteins may help determine the ability of bacteria to
transverse the cervix and initiate upper genital tract infections.

IMPORTANCE A large proportion of preterm births (>50%) result from infections caused by bacteria originating in the vagina,
which requires that they traverse the cervix. Factors that influence susceptibility to these infections are not well understood;
however, there is evidence that matrix metalloproteinase (MMP-8) is known to alter the integrity of the cervix. In this work, we
show that concentrations of vaginal extracellular matrix metalloproteinase inducer (EMMPRIN) are influenced by members of
the vaginal microbial community and concentrations of D- or L-lactic acid isomers in vaginal secretions. Elevated levels of
D-lactic acid and the ratio of D- to L-lactic acid influence EMMPRIN concentrations as well as MMP-8 levels. Thus, isomers of
lactic acid may function as signaling molecules that alter host gene expression and influence risk of infection-related preterm
birth.
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The human vagina is home to a wide diversity of microbial
organisms. In a recent study in which the vaginal microbial

communities of 400 women from four ethnicities were sampled,
Ravel et al. (1) found five distinct community types. Four of them,
community types I, II, III, and V, are dominated by, but not ex-
clusively composed of, Lactobacillus crispatus, Lactobacillus gas-
seri, Lactobacillus iners, and Lactobacillus jensenii, respectively,
while a greater diversity of taxa are found in community type IV,
with a predominance of strict anaerobes (1).

It has been widely accepted that lactic acid-producing bacteria,
particularly Lactobacillus species, promote vaginal health by the
production of lactic acid, as well as by other less-defined mecha-

nisms. Reducing vaginal pH to about 4 to 5 restricts the growth of
potentially harmful bacteria (2). The loss of lactobacilli and over-
growth of other bacterial taxa contribute to the rise of bacterial
vaginosis (BV) and aerobic vaginitis (AV). Both conditions are
associated with adverse physical symptoms, including vaginal
odor, discharge, and pain, as well as increased susceptibility to
upper genital tract infections in nonpregnant women and with
infection-mediated premature delivery when present during
pregnancy (3, 4). The explanation(s) for the loss of lactic acid-
producing bacteria, as well as the mechanisms leading to BV- and
AV-associated pathology, remains undetermined. It has been
noted that of the four principal Lactobacillus species found in vag-
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inal communities of reproductive-age women, L. iners is more
often associated with BV (5–7). This suggests that biological char-
acteristics specific to this species may make a vaginal microbial
community more susceptible to BV or AV.

Extracellular metalloproteinase inducer (EMMPRIN) or
CD147 is a protein present on human host cell membranes and in
extracellular fluid. It is a major inducer of matrix metalloprotei-
nase (MMP-8), an enzyme that degrades the extracellular matrix
(8). EMMPRIN-induced MMP-8 has been strongly implicated in
promoting tumor metastasis (9), controlling endometrial break-
down and regeneration during the menstrual cycle (10), and al-
lowing bacteria to pass through the endocervix (11). In addition,
EMMPRIN is an essential cofactor for protein monocarboxylate
transporter 1 (MCT-1), which regulates intracellular lactic acid
levels (12). Lactic acid is produced by the anaerobic metabolism of
glucose and other sugars to provide energy in the form of adeno-
sine triphosphate. Upregulation of EMMPRIN and MCT-1 pro-
tects cells from intracellular lactic acid buildup and maintains
intracellular pH at a functional level (8).

We have recently reviewed the mechanism leading to lactic
acid predominance in the vagina (2). Mammalian cells, including
vaginal epithelial cells, produce only the L-lactic acid isomer, with
the possible exception of low levels of D-lactate production via the
methylglyoxal pathway (13). In contrast, lactic acid-producing
bacteria produce both the D- and L-lactic acid isomers (2). We and
others have also presented evidence that L-lactic acid, in addition
to its role in influencing vaginal acidity, has specific immune
properties, such as stimulation of the interleukin 23 (IL-23)/IL-17
T lymphocyte pathway (14, 15), induction of proinflammatory
cytokines by vaginal epithelial cells in the presence of a synthetic
viral RNA (16), induction of tumor angiogenesis (17), lympho-
cyte activation (18), and inhibition of bacterial growth (19, 20).
However, the role that D-lactic acid plays in the vaginal ecosystem
has not been investigated. In this communication, we report the
production of lactic acid isomers by the Lactobacillus species that
dominate human vaginal microbial communities and define the
relationship between communities dominated by these species
and the appearance of EMMPRIN and MMP-8 in the vaginal
fluid. We hypothesize that these interrelationships influence sus-
ceptibility to upper genital tract infection.

RESULTS

The bacterial taxa present in the vaginal communities of 46
women were identified by classification of partial 16S rRNA gene
sequences amplified from vaginal swab samples. The total num-
bers of phyla and Lactobacillus species detected are shown in Ta-
ble 1. Lactobacilli dominated the vaginal communities of 33 of the
46 women (71.3%). At the species level, L. crispatus (37.0%) and
L. iners (26.1%) were most prevalent in all but four of the
lactobacillus-dominant vaginal communities. Gardnerella was the
dominant genus in eight (17.4%) of the women, Streptococcus was
the dominant genus in four (8.7%) women, and Enterococcus was
the dominant genus in one woman. The mean ages of women with
(31.0 � 6.6 years) or without (32.9 � 6.3 years) Lactobacillus-
dominated communities did not differ. There was no association
between community type and parity or gravidity.

The concentrations of D- and L-lactic acid in women with dif-
ferent vaginal community types are shown in Table 2. The median
concentration of L-lactic acid was lower in women with vaginal
communities dominated by Gardnerella, Streptococcus, or Entero-

coccus than in women where lactobacilli dominated. However,
due perhaps to low numbers, the only significant difference in
L-lactic acid concentration was between L. iners and Gardnerella
(P � 0.0105). In marked contrast, the median concentration of
D-lactic acid was significantly higher in women whose vaginas
were dominated by L. crispatus than in those dominated by L. iners
(P � 0.0001) or Gardnerella (P � 0.0002). The concentration of
L-lactic acid in women whose vaginas were dominated by L. iners,
Gardnerella, and Streptococcus greatly exceeded the level of D-lactic
acid, as evidenced by the median ratio of L- to D-lactic acid being
greater than 2 (Table 2). This ratio was 0.48 when L. crispatus was
dominant. The ratio of L- to D-lactic acid in the individual samples
is shown in Fig. 1.

The relationships between vaginal concentrations of
EMMPRIN and levels of L-lactic acid, D-lactic acid, and MMP-8
are shown in Fig. 2. Vaginal EMMPRIN concentrations show pos-
itive statistical correlation to the concentrations of L-lactic acid
(Spearman r � 0.6580, P � 0.0001) and MMP-8 (Spearman r �
0.5875, P � 0.0001). However, there was no association between
EMMPRIN and D-lactic acid concentration (Spearman r �
0.2273, P � 0.1244). Vaginal EMMPRIN concentrations were also
positively correlated to the relative ratio of L- to D-lactic acid in the
vagina (P � 0.0060).

The genome sequences of the four principal species of Lacto-
bacillus found in the vaginal microbiome show differences in the
potential for producing D- and L-lactic acid based on the presence
or absence of D- and L-lactate dehydrogenase (Table 3). While the

TABLE 1 Composition of vaginal bacterial communitiesa

Taxon

No. (%)
of subjects
(prevalence)

No. (%)
of communities
(dominance)

Lactobacillus 40 (88.9) 33 (71.3)
L. crispatus 21 (46.7) 17 (37.0)
L. iners 19 (42.2) 12 (26.1)
L. jensenii 12 (26.7) 2 (4.3)
L. gasseri 8 (17.8) 2 (4.3)
Gardnerella 11 (24.4) 8 (17.4)
Streptococcus 8 (17.8) 4 (8.7)
Prevotella 8 (17.8) 0
Dialister 6 (13.3) 0
Atopobium 5 (11.1) 0
E. coli/Shigella 4 (8.9) 0
Finegoldia 4 (8.9) 0
Peptoniphilus 4 (8.9) 0
Sneathia 3 (6.7) 0
Megasphaera 3 (6.7) 0
Veillonella 3 (6.7) 0
Coriobacter 2 (4.4) 0
Anaerococcus 2 (4.4) 0
Ureaplasma 2 (4.4) 0
Corynebacterium 2 (4.4) 0
Staphylococcus 1 (2.2) 0
Enterococcus 1 (2.2) 1 (2.2)
Peptostreptococcus 1 (2.2) 0
Acidovorax 1 (2.2) 0
Acinetobacter 1 (2.2) 0
Cloacibacterium 1 (2.2) 0
Diaphorobacter 1 (2.2) 0
a The compositions of vaginal bacterial communities of 46 women were determined by
analysis of 16S rRNA gene sequences as described in Materials and Methods.
Dominance refers to the number of instances in which a taxon was the largest fraction
of a community.
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genomes of L. crispatus and L. gasseri contained two copies of
L-lactate dehydrogenase and one copy of D-lactate dehydrogenase,
the genome of L. jensenii has the inverse, two copies of D-lactate
dehydrogenase and only one copy of L-lactate dehydrogenase.
Surprisingly, the gene coding for D-lactate dehydrogenase is com-
pletely absent from the genome of L. iners UPII 60-B.

Growth of pure cultures of several Lactobacillus species under
in vitro conditions allowed us to test if D- and L-lactic acid were in
fact being produced as expected (Fig. 3 and Table 4). Both L. gas-
seri and L. crispatus produced both isomers. L-Lactic acid produc-
tion by L. jensenii was below the level of detection. A similar situ-
ation was observed for the production of D-lactic acid by L. iners.
However, for this species, the lack of detection of this isomer con-
stitutes corroborative evidence that this species may in fact be
unable to produce D-lactic acid.

DISCUSSION

Vaginal EMMPRIN has at least two roles: the regulation of intra-
cellular lactic acid levels in host cells and the induction of MMP-8
as well as other matrix metalloproteinases (8). The former is es-
sential to prevent a decrease in intracellular pH and acid-mediated

cell death. The second role is less well understood, but it may be
part of the periodic regeneration of the epithelial layers. Regula-
tion of MMP-8 production by controlling EMMPRIN levels may
be essential to avoid its reaching a level capable of degrading the
endocervical barrier that prevents vaginal microorganisms from
ascending to the upper genital tract. Breeching of this barrier
could lead to an upper genital tract infection in both pregnant and
nonpregnant women. In the former situation, it could increase
susceptibility to infection-related preterm birth.

L-Lactic acid is produced by both vaginal epithelial cells and
bacteria, while D-lactic acid is almost exclusively a bacterial prod-
uct. Both are products of glucose metabolism that occurs in the
anaerobic vaginal environment. The L-lactic acid isomer can be
actively transported into and out of epithelial cells by an MCT-1-
and EMMPRIN-mediated mechanism (8). Our in vitro assays
show significant variation in the production of D- and L-lactic acid
by the different Lactobacillus species (Fig. 1). This suggests that
depending on the dominant species of Lactobacillus present, dif-
ferent concentrations of D- and L-lactic acid may be present in the
vaginal environment. In analyses of the vaginal microbiome, we
demonstrated that vaginal concentrations of L-lactic acid were

TABLE 2 Lactic acid isomers in the vagina of women with different dominant bacterial communities

Dominant species No. of samples

Median concn (range)

D-Lactic acid (mM) L-Lactic acid (mM) L/D-Lactic acid ratio

L. crispatus 17 0.32 (0.26–4.80)a 0.57 (0.08–2.78) 0.48 (0.22–0.98)b

L. iners 12 0.06 (�0.02–1.36) 0.57 (0.26–3.10)c 3.15 (1.53–6.90)
L. gasseri 2 2.92 (0.23–5.60) 2.23 (0.16–4.30) 0.73 (0.69–0.76)
L. jensenii 2 0.45 (�0.02–0.89) 0.85 (0.55–1.15) 2.02 (1.29–2.75)
Gardnerella 8 0.07 (�0.02–1.29) 0.17 (0.03–2.00) 2.43 (0.93–26.0)
Streptococcus 4 0.03 (�0.02–0.49) 2.20 (0.14–4.06) 7.30 (1.40–8.29)
Enterococcus 1 0.03 0.08 2.67
a P � 0.0001 versus L. iners D-lactic acid; P � 0.0002 versus Gardnerella D-lactic acid.
b P � 0.0001 versus L. iners and Gardnerella L/D-lactic acid ratio; P � 0.0015 versus Streptococcus L/D-lactic acid ratio.
c P � 0.0105 versus Gardnerella L-lactic acid.
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FIG 1 Association of dominant vaginal bacteria and the ratio of L- to D-lactic acid in vaginal fluid. The composition of vaginal bacterial communities was
determined by analysis of 16S rRNA gene sequences. The species of Lactobacillus and other genera present that dominated (constituted the highest proportions)
each community was identified. The concentrations of D- and L-lactic acid in each vaginal sample were determined by enzymatic assays. Regression coefficients
and P values are reported in the text.
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similar regardless of the predominant bacterial taxa present in the
vagina. The only significant difference noted was between com-
munities dominated by L. iners and those dominated by Gardner-
ella. This is consistent with the notion that vaginal epithelial cells
contribute L-lactic acid to the vaginal milieu isomer in a manner
that is relatively independent of the vaginal bacterial populations

present. In marked contrast, D-lactic acid levels were strongly as-
sociated with the predominance of L. crispatus in the vagina. The
detection of low levels of D-lactic acid in the absence of this Lac-
tobacillus was probably due to its production by lactic acid-
producing bacteria that were present at low levels in some women.

EMMPRIN concentrations in vaginal secretions were posi-
tively correlated to the concentration of L-lactic acid in the vagina.
The most likely explanation for this observation is that L-lactic
acid induction of EMMPRIN production is necessary to regulate
intracellular lactic acid concentrations and maintain cell viability.
Vaginal epithelial cells (21) and uterine fibroblasts (22) have been
shown to produce EMMPRIN. In addition, the vaginal concentra-
tions of EMMPRIN and MMP-8 were also correlated, suggesting
that MMP-8 may be induced as a secondary consequence of this
induction. In contrast, vaginal EMMPRIN levels were not corre-
lated to the concentration of D-lactic acid in the vagina. Thus,
D-lactic acid is not an EMMPRIN inducer in the female lower
genital tract. While the concentration of D-lactic acid by itself was
unrelated to vaginal EMMPRIN levels, we found that an increase
in the concentration of D-lactic acid relative to the L-lactic acid
level correlated significantly to a decrease in EMMPRIN concen-
tration. Since vaginal EMMPRIN is an inducer of MMP-8, the
ratio of D- to-L-lactic acid in the vagina would also influence
MMP-8 production at this site. Two of the major bacterial species
associated with bacterial vaginosis, namely Gardnerella vaginalis
and L. iners, appear to be either very poor D-lactic acid producers
or capable of readily degrading this isomer. This provides a plau-
sible mechanism for the observation of an association between
vaginal MMP-8 levels and bacterial vaginosis (23). In a previous
study, we demonstrated that in the presence of a synthetic double-
stranded mimic of viral RNA, L-lactic acid strongly facilitated pro-
inflammatory cytokine production by an in vitro-cultured vaginal
epithelial cell line (16). Others have shown that L-lactic acid pos-
sesses distinct immunological properties and is not merely an end
product of anaerobic glycolysis (14–18). Thus, steady-state levels
of both lactic acid isomers appear to have distinct multiple roles in
the vaginal milieu.

We hypothesize that the paucity or absence of vaginal D-lactic
acid results in elevated local EMMPRIN levels and, thus, high
concentrations of MMP-8. This facilitates breakdown of the ex-
tracellular matrix and allows bacterial migration past the endocer-
vix and into the uterus. If the woman is pregnant, this will increase
susceptibility to infection-related preterm birth. In addition,
MMP-8 by itself has been implicated in rupture of the fetal mem-
branes (24). In nonpregnant women, it will facilitate upper genital
tract infections, resulting in endometritis, salpingitis, and/or oo-
phoritis. Based on this mechanism, and our prior studies on
L-lactic acid, it might be advantageous to provide exogenous
D-lactic acid to the vagina of women with an elevated vaginal pH
that is indicative of a loss of lactobacilli.

It has been suggested that vaginal microbial communities
dominated by L. iners may be more susceptible to the incidence of
bacterial vaginosis. In this study, we show that women with com-
munities dominated by this species have lower concentrations of
D-lactic acid. Our in vitro studies and an analysis of the genome
also show that this species seems to be unable to produce D-lactic
acid. The association between the reduced levels of D-lactic acid in
communities dominated by L. iners and the presence of high con-
centrations of MMP-8 is in concordance with suggestions that
these communities are more susceptible to BV (5–7). It is there-
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FIG 2 Association of EMMPRIN with D- and L-lactic acid and MMP-8 in
vaginal fluid. Vaginal fluids were assayed for EMMPRIN and MMP-8 by
ELISA, and D-lactic acid and L-lactic acid were determined by enzymatic as-
says. Associations between concentrations of EMMPRIN and L-lactic acid
(top), D-lactic acid (middle), and MMP-8 (bottom) were analyzed by the
Spearman rank correlation test. Regression coefficients and P values are re-
ported in the text.
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fore possible that the incidence of this condition, and possibly
others stemming from sexually transmitted infection, is associated
specifically with a lower concentration of D-lactic acid in the vag-
inal communities.

High proportions of lactobacilli are often equated with vaginal
health. This is typically attributed to production of lactic acid that
acidifies the vaginal environment. The resulting low vaginal pH is
purported to preclude or restrict the growth of other microorgan-
isms and thereby reduce the occurrence of population alterations
that predispose to disease (20). While vaginal pH undoubtedly
does contribute to maintaining microbial homeostasis at this site,
it remains to be determined how vaginal health is maintained in
adolescents and menopausal women who lack high numbers of
lactobacilli (25–27) or in the �25% of reproductive-age women
whose vaginal communities are not dominated by Lactobacillus
(1). In each of these groups, a vaginal pH of �4.5, the generally
accepted upper limit of normal in women with a lactobacillus-
dominated bacterial community, is usually present (1, 25–27).
The findings of the present study on a potential role of lactate
isomers as signaling molecules that influence specific gene expres-
sion and previous reports delineating the immunological proper-
ties of lactic acid (14) suggest that steady-state levels of D- and

L-lactic acid exert multiple influences on the composition and
activity of the vaginal milieu, distinct from acidification. These
lactic acid-dependent mechanisms might help explain, at least in
part, why Homo sapiens is the only host species known in which
Lactobacillus spp. typically dominate vaginal communities (28–
31).

We further posit that products of bacterial species other than
lactobacilli also contribute in some humans as well as in other host
species to the maintenance of host vaginal health. Other low-
molecular-weight metabolites, including various short-chain fatty
acids, produced by nonlactobacillus microbial vaginal inhabitants
may also influence host gene expression, especially when these
species predominate. We find this to be an attractive hypothesis in
part because vaginal bacterial species have coevolved with their
hosts over time, and it seems likely that they collectively provide
benefits to the host as part of a complex mutualistic relationship.
Moreover, this moves away from the perhaps overly simplistic
notion that lactobacilli are “good” because they lower the vaginal
pH and all other species are inconsequential at best or opportu-
nistic pathogens at worst. This hypothesis is eminently testable
and worthy of being investigated in the future.

Limitations of our study are the relatively low number of

TABLE 3 Species and strains of Lactobacillus used in this studya

Lactobacillus species Original strain designation BEI designation Genome size (Mb)

No. of copies per genome

LLD DLD

L. crispatus MV-1A-US HM-637 2.17 2 1
L. crispatus JV-V01 HM-103 2.07 2 1
L. gasseri MV-22 HM-644 1.93 2 1
L. gasseri SV-16A-US HM-642 1.99 2 1
L. gasseri SJ-9E-US HM-641 1.78 2 1
L. iners UPII 60-B HM-131 1.32 2 0
L. jensenii SJ-7A-US HM-639 1.68 1 2
L. jensenii 1153-3-CHN HM-640 1.62 1 2
L. jensenii JV-V16 HM-105 1.60 1 2
L. jensenii 269-3 HM-645 1.69 1 2
a BEI, Biodefense and Emerging Infections Resources; LLD, L-lactate dehydrogenase; DLD, D-lactate dehydrogenase.

FIG 3 Concentration of D- and L-lactate produced in axenic cultures of different Lactobacillus species. A value of zero indicates that the isomer was not detected
in the samples analyzed.
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women evaluated and the fact that some women in the study pop-
ulation were being evaluated for vulvodynia. While we see no
observable differences between women with or without vulvo-
dynia in any of the parameters evaluated in this investigation, and
there is no prior evidence to suggest alterations in vaginal com-
munities or vaginal fluid components in women with this condi-
tion, it remains a possibility that unidentified variables might have
influenced our findings. However, the distribution of Lactobacil-
lus species and the proportion of women with and without
Lactobacillus-dominated vaginal biotypes were identical to what
we observed in previous studies of healthy reproductive-age
women (1, 32). Nevertheless, further investigations on larger pop-
ulations of women, including pregnant women and those with or
without bacterial vaginosis or aerobic vaginitis, are essential to
validate the present observations.

MATERIALS AND METHODS
Subjects. The study population consisted of 46 reproductive-age white
women (ages 20 to 43). Sixteen of the subjects were undergoing routine
yearly examinations, while 30 were being evaluated for vulvodynia. Bac-
teriological findings in vaginal samples from women with or without vul-
vodynia were equivalent, and there were no differences in vaginal concen-
trations of lactic acid isomers, EMMPRIN, or MMP-8 in women with
similar biotypes. Therefore, data were combined for this analysis. All
women were in good health with no clinical signs or symptoms indicative
of either bacterial vaginosis or aerobic vaginitis. In addition, the women
had no history of immune or endocrine disorders. Subjects all refrained
from vaginal intercourse for at least 1 week prior to sample collection.
This study was approved by the Institutional Review Board at Weill Cor-
nell Medical College, and all subjects gave informed consent.

Vaginal samples. Samples for determination of vaginal bacterial com-
munities were collected by the woman’s physician using the Copan ES-
wabs sample collection system (Fisher Scientific, Pittsburgh, PA) and fro-
zen at �80°C. The swabs were shipped to the University of Idaho for
microbiological analysis of community composition as described previ-
ously by pyrosequencing and classification of the V1 to V3 region of bac-
terial 16S ribosomal RNA gene sequences (1). Vaginal secretions were
obtained by rotating a cotton swab against the posterior vaginal wall and
releasing the contents into 1.0 ml sterile phosphate-buffered saline. The
samples were centrifuged to remove particulate components and the su-
pernatants frozen in aliquots at �80°C until assayed as described below.

Assays. Concentrations of D- and L-lactic acid were measured colori-
metrically using the EnzyChrom L-lactate and EnzyChrom D-lactate kits
from BioAssay Systems (Hayward, CA). The levels of MMP-8 (R&D Sys-
tems, Minneapolis, MN) and EMMPRIN (R&D Systems) in vaginal se-

cretions were determined in duplicate with commercial enzyme-linked
immunosorbent assay (ELISA) kits (Fig. 3). Values were converted to
ng/ml or mM by reference to a standard curve that was generated in
parallel to the test samples. The lower limit of sensitivity was 0.02 mM for
L- and D-lactic acid, 39 pg/ml for EMMPRIN, and 62.5 pg/ml for MMP-8.

Bacterial strains and genome sequences. The following bacteria were
obtained from BEI Resources (http://www.beiresources.org) and used to
determine the production of D- and L-lactic acid in axenic cultures:
L. crispatus MV-1A-US, L. crispatus JV-V01, L. gasseri MV-22, L. gasseri
SV-16A-US, L. gasseri SJ-9E-US, L. iners UPII 60-B, L. jensenii SJ-7A-US,
L. jensenii 1153-3-CHN, L. jensenii JV-V16, L. jensenii 269-3 (Table 3).
The strains of lactobacilli were grown on MRS-NYC III (MNC; 10 g/liter
proteose peptone, 10 g/liter beef extract, 5 g/liter yeast extract, 5 g/liter
NaCl, 0.1 g/liter MgSO4, 0.05 g/liter MnSO4, 2 g/liter K2HPO4, 20 g/liter
glucose, 100 ml/liter fetal bovine serum) medium supplemented with
1.5% agar, and then individual colonies were used to inoculate 5 ml of
MNC broth. All cultures were incubated at 37°C in an atmosphere with
5% CO2. Once the cultures had reached stationary phase, we determined
the cell number by measuring culture optical density at 600 nm and con-
verting this to CFU/ml by using a previously determined standard curve.
In addition, 1-ml aliquots of cultures were transferred to microcentrifuge
tubes and centrifuged at 4,500 � g for 3 min. Five hundred microliters of
supernatant was collected, transferred to clean tubes, and stored for up to
a week at �20°C. Batches of samples were thawed, and the concentrations
of D- and L-lactic acid isomers were measured according to the protocol
described above.

We also determined if genomes of these species encoded D-lactate
dehydrogenase, L-lactate dehydrogenase, or both. The protein sequences
of all strains tested in vitro, as well as their identifiers, were downloaded
from PATRIC (26). We then searched for identifiers that contained the
words “lactate dehydrogenase,” and the numbers of identifiers for
D-lactate dehydrogenase and L-lactate dehydrogenase for each strain were
recorded.

We performed a BLASTp (protein) search to compare the protein
sequences annotated as either D- or L-lactate dehydrogenase of the strains
used to the sequences of the genes originally characterized as coding for
L-lactate dehydrogenase (33) and D-lactate dehydrogenase (34) to make
sure that the protein sequences were correctly annotated. Except for the
strains L. gasseri SV-16A-US and L. gasseri SJ-9E-US, all sequences anno-
tated as the lactate dehydrogenases matched significantly to the originally
characterized sequences. For these two L. gasseri strains, we found no
protein sequences annotated as either D- or L-lactate dehydrogenase in the
NCBI protein database. We therefore downloaded the protein sequences
from PATRIC (35) and again used BLASTp to compare these sequences to
the original sequences. We found that these sequences were significantly
similar as well.

Statistics. Differences in concentrations of L- and D-lactic acid and the
L/D-lactic acid ratio in vaginal secretions between women with different
kinds of vaginal communities were analyzed with the Mann-Whitney test,
since the values were not normally distributed. The association between D-
and L-lactic acid, EMMPRIN, and MMP-8 concentrations in vaginal se-
cretions was analyzed by the Spearman rank correlation test. Because we
performed multiple comparisons with each data set, we applied a Bonfer-
roni correction and considered significant a P value of �0.0024.
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