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ABSTRACT Young African females are at an increased risk of HIV acquisition, and
genital inflammation or the vaginal microbiome may contribute to this risk. We
studied these factors in 168 HIV-negative South African adolescent females aged 16
to 22 years. Unsupervised clustering of 16S rRNA gene sequences revealed three
clusters (subtypes), one of which was strongly associated with genital inflammation.
In a multivariate model, the microbiome compositional subtype and hormonal con-
traception were significantly associated with genital inflammation. We identified 40
taxa significantly associated with inflammation, including those reported previously
(Prevotella, Sneathia, Aerococcus, Fusobacterium, and Gemella) as well as several novel
taxa (including increased frequencies of bacterial vaginosis-associated bacterium 1
[BVAB1], BVAB2, BVAB3, Prevotella amnii, Prevotella pallens, Parvimonas micra, Megas-
phaera, Gardnerella vaginalis, and Atopobium vaginae and decreased frequencies of
Lactobacillus reuteri, Lactobacillus crispatus, Lactobacillus jensenii, and Lactobacillus in-
ers). Women with inflammation-associated microbiomes had significantly higher
body mass indices and lower levels of endogenous estradiol and luteinizing hor-
mone. Community functional profiling revealed three distinct vaginal microbiome
subtypes, one of which was characterized by extreme genital inflammation and per-
sistent bacterial vaginosis (BV); this subtype could be predicted with high specificity
and sensitivity based on the Nugent score (�9) or BVAB1 abundance. We propose
that women with this BVAB1-dominated subtype may have chronic genital inflam-
mation due to persistent BV, which may place them at a particularly high risk for
HIV infection.
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Adolescent females and young women, particularly in sub-Saharan Africa, are at an
extreme risk for adverse sexual and reproductive outcomes. Apart from sociobe-

havioral factors, genital inflammation is a major factor associated with these outcomes
(1–3), and women with genital inflammation have a 3-fold-higher risk of later human
immunodeficiency virus (HIV) acquisition. Several factors have been proposed to cause
genital inflammation, yet the attributable risk and interdependence of these factors
remain poorly understood. Hormonal contraception (HC), particularly the long-acting
injectable progestin-only contraceptive depot medroxyprogesterone acetate (DMPA),
may be associated with increased levels of proinflammatory cytokines (4), and meta-
analyses have demonstrated a moderate increase (adjusted hazards ratio [aHR], 1.43;
95% confidence interval [CI], 1.23 to 1.67) in the HIV risk associated with DMPA use (5,
6). Sexually transmitted infections (STIs), including chlamydia and gonorrhea (7–9), are
also associated with increased levels of female genital tract inflammation (10). However,
these factors still do not fully explain the high incidence of HIV seen in South African
adolescent females and young women (3). Bacterial vaginosis (BV), which is character-
ized by increased vaginal microbial diversity and a decrease in the proportion of
lactobacilli, is associated with an increased risk of STIs (11–13), including HIV (14–16). BV
rates vary by ethnicity and geographical location, with increased rates in women of
African descent (17–19) and extremely high rates in South Africa (34 to 58%) relative to
those in other countries (20).

Possible microbiota-mediated mechanisms of increased HIV risk include increased
levels of specific inflammatory cytokines (7, 21–23), increased HIV target cell frequency
or activation, and decreased levels of antimicrobial factors or epithelial barrier function
in the lower female genital tract (21). While some studies have found increased
interleukin-1� (IL-1�) and decreased secretory leukocyte protease inhibitor (SLPI) levels
in BV-positive (BV�) women (24), the relationship with other cytokines such as IL-8,
which are also relevant to HIV acquisition, remains unclear (24). Anahtar et al. described
a high-diversity, Prevotella-mixed (a vaginal microbiota subtype referred to as a cervi-
cotype 4 by Anahtar et al. that lacked a consistent dominant species, but communities
all included Prevotella) female genital tract (FGT) (16S rRNA gene sequencing-based)
microbiome subtype that was more strongly associated with genital inflammation than
were other common STIs or classic BV status by Nugent scoring or Amsel criteria (23).

Here, we examine the vaginal microbiota of 16- to 22-year-old HIV-negative but
high-risk South African women and relate it to genital inflammation and HIV target cell
frequency and activation. We aimed to identify microbial factors that best predict
genital inflammation and/or increased HIV target cell activation in adolescent females
in an unbiased manner. We considered both microbiome composition and function to
identify subtypes that are most predictive of genital inflammation while incorporating
their importance relative to those of other potentially inflammatory variables, including
BV status, STIs, and HC usage.

RESULTS

A total of 298 black, HIV-negative, 16- to 22-year-old South African women were
recruited as part of the Women’s Initiative in Sexual Health (WISH) study (61). Of the 185
women for whom 16S rRNA gene amplicon sequencing was performed, 168 passed
sequencing quality control (�5,000 reads/sample) and were used for downstream
analyses: 78 were from Johannesburg (JHB) and 90 were from Cape Town (CPT). Of
these women, 74 (44%) were BV positive, 22 (13%) were BV intermediate, and the
remainder (43%) were BV negative, as determined by Nugent scoring (see Table S5 in
the supplemental material), which is similar to data from previous reports on older
South African women (20). The prevalences of BV and STI differed significantly by
geographic location, with rates of BV being higher in CPT (46 women [51%]) than in JHB
(28 women [36%]) (P � 0.04) and with overall rates of STIs also being higher in CPT than
in JHB (54 women [60%] versus 19 women [24%]; P � 4.8e�6). In particular, the
prevalence of Chlamydia trachomatis was 3-fold higher in CPT than in JHB (43% [n �

39] and 17% [n � 13], respectively; P � 0.0002) (Table S5). The other STIs tested for in
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this study (Neisseria gonorrhoeae, Trichomonas vaginalis, Mycoplasma genitalium, herpes
simplex virus 1 [HSV-1], HSV-2, Haemophilus ducreyi, Treponema pallidum, and lympho-
granuloma venereum [LGV]) were present at much lower rates; after Chlamydia tracho-
matis, the next most prevalent causative organism was N. gonorrhoeae (14% in CPT
versus 5% in JHB); T. vaginalis, M. genitalium, and HSV-2 were present in 1 to 7% of
women, while HSV-1, H. ducreyi, T. pallidum, and LGV were not detected in any of the
women (Table S5).

In addition, CPT women more commonly used the injectable HC DMPA or norethis-
terone enanthate (Net-En) (78 women [87%] in CPT versus 25 women [32%] in JHB; P �

4e�13) or any HC (P � 2.2e�16) and had high body mass indexes (BMIs) (CPT median,
25.4; JHB median, 22.5; P � 0.02) and low vaginal pH (CPT median, pH 4.7; JHB mean,
pH 5; P � 0.03) compared to their JHB counterparts. CPT women almost exclusively
reported Xhosa ancestry (99%), whereas the JHB site included women of Zulu (35%)
and Xhosa (27%) ancestries and roughly equal proportions of Ndebele, Pedi, Sotho,
Swati, Tsonga, Tswana, and Venda women (P � 2.2e�16).

Host immune markers as a proxy for genital inflammation. We defined genital
inflammation based on the unsupervised clustering of all 47 markers (including cyto-
kines, chemokines, and growth factors) for the 283 women for whom complete
cytokine data were available. The use of all 47 cytokines, versus only the ones
considered inflammatory, did not significantly alter the clusters obtained. We opted to
use all 47 cytokines since there was clearly a global pattern in the cytokine data (see Fig.
S1a in the supplemental material). Two unique clusters emerged, as judged by the
average silhouette width for partitioning around medoids (PAM) clustering, with 62%
(n � 173) and 38% (n � 107) of women being classified as having either high
inflammation (inflammation-H) or low inflammation (inflammation-L) (Fig. S1a).

Genital microbiota type is strongly associated with genital inflammation. To
characterize the vaginal microbiota, we employed an unsupervised approach to the 16S
rRNA gene sequence data using Fuzzy clustering with weighted UniFrac distances,
which identified three distinct clusters (Fig. 1) that we named cluster 1 (C1), C2, and C3.
C1 was dominated by participants with high Nugent scores (BV positive). C2 and C3

FIG 1 Nonmetric multidimensional scaling (NMDS) of microbial compositional subtypes established by
using Fuzzy clustering with weighted UniFrac distances. Samples that did not meet the �60% minimum
probability of belonging to any of these clusters were excluded from downstream analyses (referred to
as “no.cluster” in the key).
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were made up of predominantly Lactobacillus crispatus and Lactobacillus iners, respec-
tively. C1 was highly predictive of genital inflammation, with an odds ratio (OR) of 18.07
(95% CI, 7.30, 44.77) (Table 1), compared with C2/C3 (which were grouped together
given their shared Lactobacillus-dominant compositions). The OR for BV was 14.17 or
9.46, depending on whether BV-intermediate cases were grouped with BV-positive or
-negative cases, respectively. We compared our clustering to that reported previously
by Anahtar et al. (23), who described four clusters based on dominant taxa (L. iners,
non-L. iners lactobacilli, Gardnerella, and Prevotella mixed). There was overlap between
our clusters and those of Anahtar et al., with their Gardnerella- and Prevotella-mixed
groups together corresponding to our subtype C1, their Lactobacillus (not L. iners)
subtype corresponding to our subtype C2, and their L. iners-dominant subtype corre-
sponding to our subtype C3. However, there was no difference in genital inflammation
between the Gardnerella (a vaginal microbiota subtype referred to as a cervicotype 3 by
Anahtar et al. where Gardnerella was the dominant taxon) and Prevotella-mixed groups
in our cohort, and only 8% of women (versus 28% as determined by Anahtar et al.) were
Gardnerella dominant (Fig. 2). Furthermore, our C1 was more strongly predictive of
inflammation than was their inflammatory Prevotella-mixed cervicotype (Table 1).

In a multivariate logistic regression including all factors a priori considered to be
potentially associated with inflammation (geographical location, hormonal contracep-
tive usage, STI [any], microbiota subtype, ethnicity, and BMI), both vaginal microbiota
composition (adjusted OR [aOR], 23; 95% CI, 7 to 83) and any HC use (aOR, 14; 95% CI,
3 to 73) were significantly associated with vaginal inflammation. There were no
significant differences in the proportions of inflammation-H cases between different
types of HC; however, small sample sizes for some of the groups (e.g., n � 10 for oral
contraceptives) may have precluded the detection of significant differences. Of the HCs
considered, women on DMPA and an etonogestrel implant had the highest rates of
genital inflammation, at 81% (n � 21/26) and 86% (6/7), respectively, with a rate of only
59% (41/70) among Net-EN users. DMPA was the only HC associated with significantly
higher rates of genital inflammation than male condom usage only (adjusted P value of
0.006). The presence of any STI, BMI, geographic location, and ethnicity did not
significantly influence genital inflammation (Table 2). Given the high burden of Chla-
mydia in this cohort and its reported association with inflammation, a second multi-
variate analysis was performed with Chlamydia as a categorical variable instead of any
STI. Chlamydia by itself was also not significantly associated with inflammation in this
cohort (P � 0.9), while microbiota subtype and HC use were.

Bacterial taxa associated with genital inflammation. We used MetagenomeSeq
and random forest analysis to identify specific bacterial taxa associated with inflam-
mation, adjusting for the use of HC. Gardnerella vaginalis, Sneathia sanguinegens,
Prevotella amnii, Prevotella pallens, Megasphaera, bacterial vaginosis-associated
bacterium 1 (BVAB1), BVAB2, BVAB3, Gemella, Sneathia, Clostridium, Atopobium vagi-
nae, Dialister micraerophilus, and Parvimonas micra, among others, were found in
significantly higher relative abundances in inflammation-H samples. Conversely, several
lactobacillus species, including Lactobacillus crispatus, L. jensenii, L. reuteri_cluster, and

TABLE 1 Odds ratios for predicting high versus low inflammation using various microbiome subtyping methods showing the distribution
of these factors by inflammation category

Factor OR (95% CI)
Chi-square
P value

Distribution (%)

Inflammation-H Inflammation-L

Compositional subtype (C1 vs C2/C3) 18.07 (7.30, 44.77) �0.001 69 C1 11 C1
BV (positive/intermediate vs negative) 14.17 (6.63, 30.27) �0.001 81 BV�/intermediate 23 BV�/intermediate
Subtype determined by Anahtar et al.

(Prevotella mixed vs all others)
11.18 (4.42, 28.32) �0.001 52 Prevotella type 9 Prevotella type

Functional subtype (F2 � F3 vs F1) 11.17 (5.25, 23.77) �0.001 77 F2/F3 23 F2/F3
Functional subtype (F3 vs F2 � F1) Inf (NaN, Inf)a �0.001 39 F3 0 F3
BV (positive vs intermediate/negative) 9.46 (4.38, 20.41) �0.001 64 BV� 16 BV�

aNaN, not a number; Inf, infinite, since 0% inflammation-L cases were of the F3 type.

Lennard et al. Infection and Immunity

January 2018 Volume 86 Issue 1 e00410-17 iai.asm.org 4

 on M
arch 6, 2018 by IN

S
E

R
M

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org
http://iai.asm.org/


FIG 2 Heat map of the most abundant taxa (rows) identified by 16S rRNA gene microbiome profiling using unsupervised
hierarchical clustering with Bray-Curtis distances for all samples (columns). The compositional subtype was determined from

(Continued on next page)
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L. iners, as well as Finegoldia magna, Morganella morganii, and Varibaculum cambriense
were found in significantly lower abundances in inflammation-H cases (Fig. 3A; see also
Table S6 in the supplemental material). While most of these taxa differed significantly
in terms of relative abundance only, Gemella and Rs-045 were also significantly more
commonly present in inflammation-H samples, while L. reuteri_cluster and Varibaculum
were significantly more commonly detected in inflammation-L samples (Table S6).
Random forest analysis confirmed these results, scoring Prevotella, Dialister, P. micra, S.
sanguinegens, L. crispatus, and L. johnsonii_gasseri as being the most highly influential
taxa in predicting inflammation (Fig. 3B). The cross-validated prediction performance of
models with sequentially smaller numbers of predictors (ranked by variable impor-
tance) was determined by using a nested cross-validation procedure. The use of only
the 10 most influential taxa (Fig. 3B) resulted in a cross-validated error rate of 25%. The
use of these 10 taxa only to predict inflammation in the test set resulted in an area
under the curve (AUC) of 0.8, a positive predictive value (PPV) of 0.67, and a negative
predictive value (NPV) of 0.78.

Community functional profiling reveals alternative microbiota types. The Hu-
man Microbiome Project revealed that microbial community function remains relatively
stable between individuals and body sites, despite variation in microbiome composi-
tions among individuals, with a stable high-abundance housekeeping “core” and more
variable niche-specific pathways/functions (25). We therefore hypothesized that among
women of a given compositional microbiota subtype, a minority of genital microbial
community functions or pathways may substantially impact host mucosal immunology,
despite relatively similar microbial compositions. Although we and others have shown
that compositional subtypes are good predictors of inflammation (20), we investigated
whether community functional subtypes might reveal novel associations with host
immunology/inflammation. Bacterial gene content was predicted by using phyloge-
netic investigation of communities by reconstruction of unobserved states (PICRUSt).
Three distinct functional groups (functional group 1 [F1], F2, and F3) were identified
(Fig. 4A). F1, F2, and F3 differed significantly by Nugent score and BV status (with BV�

rates of 11%, 63%, and 94%, respectively) (Table 3). F3 had significantly higher Nugent
scores than did F2 or F1 (P � 0.05), even when considering only BV-positive (Nugent
score of �7) samples between F2 and F3, which had median Nugent scores of 8 and
10, respectively. In fact, having a Nugent score of �9 could predict F3 versus F2 with
sensitivity and specificity of 80 and 88%, respectively, and redundancy analysis (RDA)
revealed that 30% of the functional variation observed between samples could be
explained by Nugent score or BV, with none of the other variables contributing
significantly.

PICRUSt analysis revealed that C1 consisted of two functionally distinct subtypes (F2
and F3) that were not discernible from the compositional data alone (Fig. 4B). This is in
contrast to compositional data that revealed two distinct, predominantly BV-negative

FIG 2 Legend (Continued)
16S rRNA gene-based microbiome profiles; the functional subtype was determined from inferred functional data (described
in Materials and Methods).

TABLE 2 Multivariate logistic regression analysis of predictors of genital inflammation

Predictorb Coefficient P value
Adjusted
odds ratioa 95% CI

Location (JHB) 0.7 0.4
Hormonal contraception (yes) 2.6 9.00e�04 14 3–72
STI (any) 0.4 0.4
Microbiota subtype (C1 vs C2/C3) 3.1 3.00e�07 23 8–84
Ethnicity (Xhosa vs other) 0.3 0.7
BMI �0.02 0.7
aAdjusted for all other variables in the table.
bSTI, sexually transmitted infection; JHB, Johannesburg.
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subtypes (C2 and C3) and one predominantly BV-positive subtype (C1). Functional
subtype F3 consisted entirely of inflammation-H cases (100%), while F2 and F1 had 69%
and 29% inflammation-H cases, respectively (Fig. 4C). F3 consisted exclusively of C1
samples, F2 included both C1 (85%) and C2 (15%) samples, and F1 consisted of C2
(44%) and C3 (54%) samples. Together, F2 and F3 were stronger predictors of inflam-
mation than F3 alone (OR, 11.17 [95% CI, 5.25 to 23.77]; P � 0.001; PPV � 82%; NPV �

71%) but were not as strong as C1. Of the C1 samples, those in F3 were more commonly
inflammation-H than those in F2 (P � 0.004) (Table 3), suggesting that the presence of
lower-abundance taxa, with distinct community functions, might be associated with
inflammation. Based on these findings, we hypothesized that F3 represented a unique
subset of inflammation-H, BV� samples with biologically relevant attributes.

High relative abundance of BVAB1 is related to inflammation and BV persis-
tence. Of the 42 BV-positive cases with available Nugent scoring at follow-up visits
(every 2 to 3 months depending on the type of HC used), F3 women were significantly
more likely to exhibit persistent BV than were F2 women (P � 0.02). Differential

FIG 3 Taxa significantly altered between inflammation-high and inflammation-low cases (adjusted for any versus no HC use). (A) Taxa that were significantly
differentially abundant and/or frequent by inflammation category using MetagenomeSeq (FDR of �0.05; coefficient of �1.25; taxa present in �20% of samples
in at least one of the two groups being compared). Shown is the unsupervised clustering of samples (columns) by Bray-Curtis distances; the heat map scale
is on log2-transformed standardized counts. M.hominis, Mycoplasma hominis; U.parvum, Ureaplasma parvum; D.succinatiphilus, Dialister succinatiphilus;
A.christensenii, Aerococcus christensenii; A.radingae, Actinomyces radingae; M.mulieris, Mobiluncus mulieris; G.asaccharolytica, Gemella asaccharolytica; V.dispar,
Veillonella dispar. (B) The top 20 most influential taxa by random forest analysis. The x axis indicates the mean decrease in the Gini index (lengths of bars
represent the predictive ability of each taxon).

FIG 4 Community functional subtypes. Shown is nonmetric multidimensional scaling of samples colored by functional subtype (A); samples colored by
compositional subtype, with BV subtypes displayed as shapes (B); and samples colored by BV status, with inflammation-H/L displayed as shapes (C).
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abundance testing of the compositional data using MetagenomeSeq revealed that the
functional differences between F3 and F2 could be ascribed to significant changes in
the abundances of several taxa, including increases in the abundances of BVAB1,
BVAB2, BVAB3, Lachnospiraceae_uncultured_clone, Gardnerella, Prevotella amnii, Me-
gasphaera, and Prevotella pallens and significant decreases in the abundances of L.
reuteri_cluster, Veillonella montpellierensis, Streptococcus anginosus, Prevotella bivia, and
Fusobacterium (Fig. 5B; see also Table S7 in the supplemental material). These results
were supported by random forest analysis (Fig. 5A), which further demonstrated that F2
could be distinguished from F3 almost perfectly (with a 10-fold cross-validated error
rate of 2.3% in the training set and a validation prediction error rate of 2.3% in the test
set), using only BVAB1 as a predictor. These PICRUSt predictions depend on the
genome similarity between the taxa detected here and their nearest sequenced
reference genome (from which the functional data are inferred). The nearest sequenced
reference genome for BVAB1 has only 89% identity across the 16S rRNA gene V4 region
with Shuttleworthia (26), and it is therefore not possible to draw definitive conclusions
based on these results, which require further validation by whole-genome sequencing.

Endogenous hormones, hormonal contraceptive use, and BMI are associated
with vaginal microbiota subtypes. We next determined which physiological or

TABLE 3 Participant summary by community functional subtype (F1, F2, and F3)

Parameter

Value for group
P value comparing
all groupsf

P value for
F3 vs F2fF1 (n � 74) F2 (n � 51) F3 (n � 35)

No. (%) of participants at location 0.02 0.8
CPT 31 (42) 32 (63) 23 (66)
JHB 43 (58) 19 (37) 12 (34)

Median age (yr)a 18 19 19 0.24
Median pHb 4.7 5 5 4.00e�06 0.8

No. (%) of participants with HPV status 0.05 0.7
High risk 21 (28) 24 (57) 19 (54)
Low risk 19 (26) 13 (26) 6 (17)
Negative 34 (46) 14 (27) 10 (29)

No. (%) of participants with BV status <2.2e�16 0.003
BV positive 8 (11) 32 (63) 33 (94)
BV intermediate 6 (8) 11 (21) 1 (3)
BV negative 60 (81) 8 (16) 1 (3)

No. (%) of participants of compositional subtypec <2.2e�16 3.00e�04
C1 0 (0) 35 (85) 35 (100)
C2 32 (44) 0 (0) 0 (0)
C3 41 (56) 6 (15) 0 (0)

Median Nugent score 0 8 10 <2.2e�16 1.00e�04

No. (%) of participants with STI
Any 17 (23) 29 (57) 19 (54) 1.00e�04 0.8
C. trachomatis 13 (18) 20 (39) 16 (46) 0.003 0.7

No. (%) of participants of inflammatory categoryd 4.00e�12 1.00e�04
High 21 (29) 34 (69) 35 (100)
Low 51 (71) 15 (31) 0 (0)

Median BMIe 22.5 23.3 25.8 0.0001 1
Median � diversity value (Shannon) 1 2.3 2.3 <2.2e�16 0.8
No. (%) of participants using HC 48 (65) 38 (76) 28 (80) 0.2 0.8
aEight women had missing information.
bSix women had missing information.
cEleven women were not classified as belonging to C1/C2/C3 (i.e., clustering criteria were not met).
dFour women had missing information.
eSeven women had missing information.
fSignificant adjusted P values are in boldface type.
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demographic factors were most strongly associated with genital microbiota composi-
tional subtypes. In a multivariate model with C1 versus C2/C3 as the outcome,
inflammation-H (OR, 13 [95% CI, 4 to 49]; P � 3e�5) and high vaginal pH (OR, 4.7 [95%
CI, 1.6 to 16]; P � 0.008) were associated with C1, as expected. However, higher BMI
(OR, 1.2 [95% CI, 1 to 1.3]; P � 0.01), no use of HCs (OR, 6 [95% CI, 1.2 to 37]; P � 0.04),
living in CPT (OR, 6 [95% CI, 1.4 to 30]; P � 0.02), and the presence of one or more STIs
(OR, 3.1 [95% CI, 1.1 to 9.1]; P � 0.03) were additionally associated with C1, while age
was not.

The relationship among endogenous hormones (estradiol, luteinizing hormone [LH],
and progesterone), microbiota subtypes, and genital inflammation was assessed only
for women not utilizing any form of HC: of these 47 women, 17 (36%) were BV positive
(Nugent score of �7), while a further 3 women (6%) were BV intermediate (Nugent
score of 4 to 6). The three BV-intermediate cases were included with the BV-negative
cases for downstream analyses, due to the small size of this group. The estradiol level
was significantly lower in C1 (median, 0.19 nmol/liter) than in C2 (0.58 nmol/liter; P �

0.001) and C3 (0.3 nmol/liter; P � 0.07) women. Furthermore, inflammation-H cases had
significantly lower estradiol levels than did inflammation-L cases (0.18 versus 0.34
nmol/liter; P � 0.02), similarly to F3 (0.14 nmol/liter) and F2 (0.2 nmol/liter) relative to
F1 (0.49 nmol/liter; P � 0.01 and P � 0.02, respectively). The LH levels were significantly
lower in C1 (4.9 IU/liter) than in C2 (8.7 IU/liter; P � 0.02) and C3 (9.3 IU/liter, P � 0.02)
and were also significantly lower in F3 (4.9 IU/liter) and F2 (5.8 IU/liter) than in F1 (9.8
IU/liter; P � 0.01 and P � 0.04, respectively) but did not differ by inflammation status.
Progesterone levels were significantly higher in C2 than in C3 (median, 12 nmol/liter
versus 1.25 nmol/liter; P � 0.02) but did not differ by microbiome functional subtype
or inflammation status.

Specific host immunological factors are associated with microbiota subtypes.
Since genital inflammation and CD4� target cell availability are important host factors
determining susceptibility to HIV, we next examined the relationship between these
immunological factors and microbiota subtypes. We found that most of the immuno-

FIG 5 Taxa significantly different in F3 versus F2. (A) Top 20 most important taxa by random forest analysis. The x axis shows the mean decrease in the Gini
index (lengths of bars represent the relative predictive ability of each taxon). A.prevotii, Anaerococcus prevotii; M.indolicus, Mageeibacillus indolicus; F.equinum,
Fusobacterium equinum; F.prausnitzii, Faecalibacterium prausnitzii; G.elegans, Granulicatella elegans; P.harei, Peptinophilus harei. (B) Taxa that were significantly
differentially abundant and/or frequent in F3 versus F2 (FDR of �0.05; coefficient of �1.25; taxa present in �20% of samples in at least one of the two groups
being compared). Shown is hierarchical clustering (Bray-Curtis distance); the heat map scale shows log2-transformed standardized counts. P.buccalis, Prevotella
buccalis.
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logical factors measured (44/47) were significantly different by microbial compositional
subtype (false discovery rate [FDR] of �0.05) (Fig. 6). Strikingly, of these 44 factor, the
majority (27) had levels that were significantly higher in C1 than in C2 and C3. GRO-�,
IL-1R�, IL-12p70, and vascular endothelial growth factor (VEGF) levels were significantly
higher in C1 than in C2 but not C3, and MIG and IP-10 levels were significantly higher
in C3 than in both C2 and C1 (Fig. 6).

Similarly, the levels of 43 cytokines varied significantly by functional subtype (FDR,
�0.05) (Fig. 6). Not surprisingly, the majority (40/43) showed higher levels in F3 and F2
than in F1. Importantly, however, the levels of certain proinflammatory cytokines/
chemokines, including IL-1�, CTACK, and tumor necrosis factor beta (TNF-�), were
increased in F3 (which was associated with BV persistence) relative to both F1 and F2,
as were the growth factors LIF and macrophage colony-stimulating factor (M-CSF) and
the chemokine monocyte chemoattractant protein 3 (MCP-3). The IL-2 level was
decreased in F3 relative to F2 (Fig. 6; see Fig. S2 in the supplemental material).

The mechanism by which elevated levels of genital cytokines increase HIV risk is
unknown but is presumed to be due to disruptions in mucosal barrier integrity or to
their ability to attract and activate HIV target cells. For this reason, we compared the
frequencies of CD4� T cells expressing CCR5, the HIV coreceptor, and HLA-DR and
CD38, activation markers, on cervical T cells immediately ex vivo and compared these
values between compositional and functional subtypes. Surprisingly, there were no
significant differences in the frequencies of cervical CD4� T cells expressing CCR5,

FIG 6 Heat map summary of cytokines by microbiome compositional (C1, C2, and C3) and functional (F1, F2, and F3) subtypes
highlighting cytokines significantly different between F2 and F3. Results that were significant by a Kruskal-Wallis test were
evaluated by Dunn’s post hoc test.
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CD38, or HLA-DR, alone or in combination, or Ki67 between compositional subtypes
(Fig. 7). These CD4 T cell frequencies also did not vary significantly by functional
subtype (Fig. S3), suggesting that the mechanisms by which microbiota increase HIV
susceptibility may be related to epithelial barrier integrity rather than HIV target cell
availability.

DISCUSSION

In young South African women, the genital microbiota is an important predictor of
genital inflammation. Here, we describe specific microbiota subtypes and individual
taxa that are associated with inflammation. Furthermore, using community functional
inference, we identify BVAB1 as a likely contributor to BV persistence.

Of all the potential factors considered to be associated with increased concentra-
tions of inflammatory cytokines in the lower genital tract in young women, the
microbiota subtype was the strongest predictor of inflammation, with HC use being the
only other independently predictive factor in a multivariate analysis. DMPA was the HC
most significantly associated with inflammation after adjustment for microbiota sub-
type and other potential confounders, despite the relatively small number of women in
this group compared to the number of women who use Net-En. Net-En is used
extensively in South Africa but differs from DMPA in its relatedness to progesterone,
molecular mechanisms of action, and serum protein binding capabilities (28). Most
importantly, in a recent systematic review, DMPA was associated with around a 1.5-fold
increased risk of HIV acquisition, while Net-En was not (29). Here, HC use was inde-
pendently associated with both inflammation and microbiota compositional subtype,
suggesting that all three of these factors contribute to HIV risk in these young women.
Although STIs were previously associated with genital inflammation (7–10) and were
more prevalent among inflammation-H women in our study, this association was not
significant in multivariate models in this cohort. Rather, microbiota was a stronger
driver of inflammation. The reasons for this are unclear but may be related to the age
of our study population (adolescents) or the possibility that previous studies examining
the relationship between STIs and genital inflammation did not take into account
vaginal microbiota. Since vaginal microbiota may modify the risk of chlamydial infec-

FIG 7 Box plot summaries of (log2) target cell activation frequencies by compositional subtype (C1, C2, and C3).
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tion (30), this may have been a confounding factor in the apparent relationship
between C. trachomatis infection and genital inflammation in previous studies. We
identified 40 taxa significantly associated with high or low genital inflammation in these
black South African adolescents, only 5 of which (Prevotella, Gemella, Sneathia, Aero-
coccus, and Mobiluncus) were previously reported as such (23). The abundances of
S. sanguinegens, P. micra, BVAB1/2/3, A. vaginae, P. amnii, Megasphaera, and Gardnerella
were increased 2- to 4-fold in women with high inflammation, while the abundances of
all Lactobacillus species (including L. iners) were decreased 1.5- to 4-fold, with the
greatest decrease being seen for L. crispatus. These findings support the use of L. reuteri
(and other lactobacilli) as probiotics to promote vaginal health. P. amnii may be
particularly relevant in the African context, as African American women are more likely
to be colonized by P. amnii than are European women (31).

We did not find any association between vaginal microbiota and the frequency of
activated or proliferating HIV target (CD4� CCR5�) T cells in the cervix. This implies that
the vaginal microbiota mediates HIV risk via mechanisms unrelated to the recruitment
of HIV target cells. One such mechanism may be mucosal barrier disruption, which
would allow virions easier access to target cells in the submucosa and is consistent with
the functional prediction of the most inflammatory vaginal subtype, F3. A related
possibility is that lactobacillus-dominated microbiota may trap HIV virions more readily
(32). This finding is in contrast to previously reported findings for adult women in
Kwazulu-Natal, where the Prevotella-mixed cervicotype was associated with 17-fold-
higher numbers of CD4� CCR5� CD38� HLA-DR� cells in cervical cytobrushes (22).
Here, we used frequencies of CD4� cells expressing CCR5 alone or in combination with
one or both of these activation markers and found no such association. Possible
reasons for this discrepancy are that cytobrush cell numbers are potentially increased
with barrier integrity disruptions but that the proportions of cells that are HIV target
cells are not. Another potential explanation could be that HIV susceptibility mecha-
nisms could differ between adolescents and adults.

The levels of the endogenous hormones estradiol and LH were both decreased in
women with C1 microbiota. Estradiol levels were negatively associated with inflamma-
tion, while progesterone was not associated with inflammation. In postmenopausal
women, low-dose estrogen treatment significantly increases the abundance of lacto-
bacilli and decreases the abundance of Gardnerella (33). Estradiol promotes lactobacil-
lus growth by stimulating epithelial cell production of glycogen. Importantly, estradiol
confers protection against simian immunodeficiency virus (SIV) in animal models
(34, 35), potentially via decreasing inflammation, CD4� T cell-dependent antiviral
effects (36), and lactobacillus-dependent virus inhibition, particularly in women
with lactobacillus-deficient microbiota (i.e., C1 subtype).

Using PICRUSt, we report two functionally distinct, predominantly BV-positive sub-
types, F2 and F3, that can be distinguished with high specificity and sensitivity based
on Nugent score (�9) or BVAB1 abundance. PICRUSt infers gene content based on the
nearest sequenced taxon. Our nearest-sequenced-taxon index (NSTI) scores indicate
that the majority of inferences could be made at the species/genus level (see Materials
and Methods); however, many of the genes that discriminate F3 from F2 were (pre-
dicted to be) contributed by BVAB1, for which predictions were based on the genome
of Shuttleworthia. Nonetheless, the distinct phenotype of F3 suggests that functional
annotation may have important clinical implications, which is supported by the signif-
icant increase in the IL-1� level in F3 women. We previously demonstrated a 1.65-fold
increased odds of HIV acquisition per log increase of the IL-1� concentration in the
genital tract in an adult South African cohort (3).

Despite the limitations of PICRUSt as a predictor of gene functionality from 16S
amplicon sequencing data, we found similarities between our results and those of
previously reported metabolomics studies. Srinivasan et al. performed metabolomics
analysis on vaginal swabs from a predominantly North American cohort in relation to
absolute abundances of key vaginal bacteria and found two clusters of metabolically
different BV-associated bacteria, one of which was characterized by BVAB1, BVAB3, and
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P. amnii (37). In our cohort of young African women, this BVAB1-associated subtype
showed extremely high vaginal inflammation. These women may have chronic genital
inflammation due to persistent BV (possibly mediated by adherent bacterial biofilms),
which may place them at a particularly high risk of HIV infection. Biofilm formation is
a prominent virulence mechanism that enhances bacterial attachment to epithelial
surfaces, allowing bacteria to reach high concentrations (38), and prevents antimicro-
bial agents from reaching organisms, resulting in persistent and recurrent BV (38).
Evidence for a higher occurrence of biofilms among F3 women include increased levels
of G. vaginalis, a major constituent of vaginal biofilms (39). Increased functions related
to flagellar and motility proteins can also promote biofilm formation by facilitating the
initial cell-to-surface interactions (27) and biofilm architecture (40). The highly specific
increase in the abundance of BVAB1 (which we and others have reported in association
with BV persistence [41]) may point toward a hitherto underappreciated role for BVAB1
in vaginal biofilms, which are themselves associated with refractory or persistent BV.

In conclusion, we show that compositional and functional microbiota subtyping
produces complementary results and subtypes that are more strongly associated with
genital inflammation than BV status. In addition to genital microbiota, HC usage was
associated with high genital inflammation. We identify several novel taxa associated
with genital inflammation and demonstrate that women with Nugent scores of �9 and
high levels of BVAB1 are more likely to have persistent BV and high levels of genital
inflammation, which may place them at an increased risk of HIV infection. Most
importantly, we found no differences in the frequencies of activated, CCR5� cervical
CD4� T cells between microbiota subtypes, which raises the possibility that the
microbiota could instead increase HIV susceptibility by compromising epithelial barrier
integrity.

MATERIALS AND METHODS
Participant selection and sample collection. A total of 298 black, 16- to 22-year-old, HIV-negative

South African women were recruited as part of the Women’s Initiative in Sexual Health (WISH) study (61),
from low-income, high-population-density communities in Cape Town (CPT) and Johannesburg (JHB).
Approval was obtained for the study from the Research Ethics Committees of the Universities of Cape
Town and Witwatersrand. All participants �18 years of age provided informed consent, while assent and
parental consent were obtained for participants �18 years of age. Young women were enrolled if they
were HIV negative, in general good health, and not pregnant or menstruating at the time of sampling
and if they had not had unprotected sex or douched in the last 48 h. Additional exclusion criteria were
the use of antibiotics in the previous 2 weeks. Study visits were scheduled 2 weeks after injection for
participants on injectable progestin contraceptives or otherwise during the luteal phase of their
menstrual cycles (between days 14 and 28) if they were not using any HCs or if they were using oral HCs.
Before specimen collection, the following procedures were performed: an HIV pretest and risk reduction
counseling, a rapid HIV test (Alere Determine HIV-1/2 Ag/Ab Combo; Alere, Waltham, MA), a pregnancy
test (U-test pregnancy strip; Humor Diagnostica, Pretoria, South Africa), and a general physical exami-
nation. The following genital samples were collected, in order: cervicovaginal fluid, using a disposable
menstrual cup (Softcup) placed over the cervix for an hour, two vulvovaginal swabs (after cup removal)
for STI testing, Nugent scoring and microbiota analysis, and the use of a cervical cytobrush for the
isolation of cervical T cells for flow cytometry. CPT women were monitored longitudinally for a total of
three visits, every 2 months if they were using Net-EN, combined oral contraceptives, or barrier
contraception only or every 3 months if they were using DMPA.

STI and BV testing. Vulvovaginal swabs were collected for STI testing by multiplex PCR (Chlamydia
trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis, Mycoplasma genitalium, HSV-1 and -2, Hae-
mophilus ducreyi, Treponema pallidum, and lymphogranuloma venereum), as previously described (42).
Chlamydial infections were differentiated into LGV-associated serovars or non-LGV-associated serovars
by the use of a LGV-specific PCR (no LGV strains were detected). Blood was obtained for rapid HIV and
HSV-2 serological testing. Endocervical swabs were collected for human papillomavirus (HPV) detection
and genotyping by using a Roche linear array (62). The following HPV types were considered high-risk
HPV types: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 (43). For analyses referring to STIs,
women considered positive had to have at least one of the STIs tested for in this study (excluding HPV).
Lateral wall/posterior fornix swabs were collected for Nugent scoring to classify samples as being BV
negative (Nugent score of 0 to 3), BV intermediate (Nugent score of 4 to 6), or BV positive (Nugent score
of 7 to 10), and vaginal pH was measured by using color-fixed indicator strips (Macherey-Nagel, Düren,
Germany). Women were classified as having persistent BV if they had Nugent scores of �7 at visits 1 and
2, for women for whom we had Nugent scores for only visits 1 and 2, or at visits 1, 2, and 3, for women
for whom we had Nugent scores for all three visits (see Table S1 in the supplemental material).

Host mucosal immune and endogenous hormone profiling. The concentrations of 47 cytokines,
chemokines, and growth factors in cervicovaginal fluid were profiled by using a Luminex assay (Bio-Rad
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Laboratories, Hercules, CA, USA) as previously described (7). These factors included IL-10 and IL-1R�

(considered regulatory cytokines); gamma interferon (IFN-�), IL-4, IL-13, IL-17, IL-2, IL-2R�, and IL-5
(considered adaptive cytokines); �-NGF, bFGF, G-CSF, HGF, IL-3, IL-7, IL-9, LIF, M-CSF, PDGF-BB, SCF,
SCGF-�, SDF-1�, GM-CSF, and VEGF (considered growth factors); CCL27/CTACK, eotaxin, CXCL1/GRO-�,
IL-8, IL-16, CXCL10/IP-10, MCP-1, MCP-3, CXCL9/MIG, MIP-1�, MIP-1�, RANTES, and IFN-�2 (considered
chemokines); and IL-1�, IL-1�, IL-6, IL-12p40, IL-12p70, IL-18, MIF, TNF-�, TNF-�, and TRAIL (considered
inflammatory cytokines).

Participants were categorized as having high or low genital tract inflammation (inflammation-H or
inflammation-L, respectively) by unsupervised clustering of these 47 proteins applied to the 283 women
for whom complete cytokine data were available. Unsupervised clustering was performed by PAM,
available in the R package “cluster” (44), with k being equal to 2 (i.e., 2 clusters, where k � 2 produced
the maximum average silhouette width) (see Fig. S1 in the supplemental material). Importantly, the
application of the same method of unsupervised clustering to only the cytokines and chemokines
considered strictly inflammatory gave clustering results (97% overlap in clustering) very similar to those
using all markers; we decided to use all 47 markers based on the strong distinction seen across all
markers (Fig. S1) between the two groups referred to here as inflammation-H and -L.

Cells were harvested from cytobrushes ex vivo, and cellular markers were assessed by flow cytometry
as previously described (45). Briefly, a cervical cytobrush was collected, transported to the laboratory at
4°C, and processed within 4 h of collection. An eight-color polychromatic flow cytometry panel was used
to measure the levels of expression of the HIV coreceptor CCR5 (CCR5-allophycocyanin [APC]; BD
Biosciences, Franklin Lakes, NJ, USA), cellular activation (CD38-phycoerythrin [PE]-Cy7 and HLA-DR–PE;
BD Biosciences, Franklin Lakes, NJ, USA), and proliferation (Ki67-fluorescein isothiocyanate [FITC]; BD
Biosciences, Franklin Lakes, NJ, USA) in CD4� and CD8� T cells isolated from cervical mononuclear cells
(CMCs) (CD3-APC-H7 [BD Biosciences], CD4-peridinin chlorophyll protein [PerCP]-Cy5.5 [BD Pharmingen,
San Diego, CA, USA], and CD8-Qdot605 [Invitrogen, Carlsbad, CA, USA]). A dump channel was included
in the panel to exclude all dead cells (using the live/dead marker ViViD-Pacific Blue [PacBlue]; Invitrogen,
Carlsbad, CA, USA), B cells (CD14-PacBlue; BD Pharmingen, San Diego, CA, USA), and monocytes
(CD19-PacBlue; Invitrogen, Carlsbad, CA, USA).

For the quantitation of endogenous hormone levels, blood was collected in a serum-separating tube
and tested at the National Health Laboratory Services (NHLS) using a competitive electrochemilumines-
cence immunoassay (ECLIA) (Cobas; Roche Diagnostics, Switzerland) to measure estradiol (E2), proges-
terone, and LH levels.

Amplification and sequencing of the V4 region of the 16S rRNA gene. All available visit 1 samples
with sufficient DNA concentrations were processed for 16S rRNA gene amplification by PCR with
subsequent amplicon sequencing (n � 185). Swabs were thawed; treated with a cocktail of mutanolysin
(25 kU/ml; Sigma-Aldrich), lysozyme (450 kU/ml; Sigma-Aldrich), and lysostaphin (4 kU; Sigma-Aldrich);
and then mechanically disrupted with a bead beater (Thermo Savant FastPrep 120 cell disrupter system)
3 times for 30 s at speed setting m/s 5.5 (equivalent to 5,500 rpm). DNA was extracted by using the MoBio
PowerSoil DNA extraction kit (MoBio, Carlsbad, CA). While there are advantages and disadvantages to
selecting the V1-V3 region versus the V4 region for 16S rRNA gene amplification (the V4 region allows
an improved resolution of certain BV-associated bacteria such as G. vaginalis, while the V1-V3 region
allows a better resolution of Lactobacillus spp.), we chose to amplify the V4 region for an improved
resolution of BV-associated bacteria (which was a major interest in this study) and so that our results
would be more directly comparable with those of relevant studies reported previously (22, 23). The V4
region of the 16S rRNA gene was amplified by using the following universal primers that were modified
to encode the Illumina MiSeq sequencing primer sequence at the 5= end (46): 515F (TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG NNN NNG TGC CAG CMG CCG CGG TAA) and 806R (GTC TCG TGG GCT
CGG AGA TGT GTA TAA GAG ACA GNN NNN GGA CTA CHV GGG TWT CTA AT), where NNNNN indicates
five randomly incorporated nucleotides for increased complexity. The 5= end (underlined) is the Illumina
Nextera adapter, and the sequences following the N=s are complementary to the V4 rRNA gene region.

Quality was checked by using a Qubit fluorometer (Invitrogen). Pooled duplicate samples were
purified with AMPure XP beads (Beckman Coulter, Brea, CA, USA) and quantified by using the PicoGreen
double-stranded DNA (dsDNA) assay (Invitrogen, Carlsbad, CA, USA). Dual indices and Illumina sequenc-
ing adapters were attached by using the Nextera XT DNA Prep kit (Illumina). Samples were again purified
by using AMPure XP beads, quantified by using a Qubit fluorometer (Invitrogen), and pooled for
sequencing. Purified libraries consisting of �96 pooled samples were paired-end sequenced on an
Illumina MiSeq platform (300-bp paired-end reads with V3 chemistry).

Following demultiplexing, raw reads were preprocessed as follows: forward and reverse reads were
merged by using usearch7 (47), allowing a maximum of three mismatches; merged reads were quality
filtered by using usearch7 (reads with E scores of �0.1 were discarded); primer sequences were removed
by using a custom python script; and merged, filtered reads were truncated at 250 bp. Next, sequences
were dereplicated while recording the level of replication for each sequence by using usearch7.
Dereplicated sequences were sorted by abundance (highest to lowest) and clustered de novo into
operational taxonomic units (OTUs) at 97% similarity using usearch7. Chimeric sequences were detected
(against the Gold database) by using UCHIME (48) and removed. Individual sequences were assigned to
the specific identifiers using a 97% similarity threshold. Taxonomic assignment was performed with
QIIME 1.8.0 (49) using the RDP classifier (using the default confidence level of 0.5) against the Greengenes
13.8 reference taxonomy for 97% identity. To increase species-level resolution, we constructed a custom
taxonomic database appropriate for V4 region 16S rRNA gene amplicon sequencing based on the
custom vaginal 16S rRNA gene reference database created by Fettweis et al. (50). The database created
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by Fettweis et al. was described in 2012 and was originally designed for the taxonomic annotation of
V1-V3 16S rRNA gene amplicons; entries of �1,300 bp (which might exclude the V4 region) were
therefore first replaced with the corresponding full 16S sequence, from the same strain where possible.
Similarly, full-genome entries were present for certain species, which were replaced with the correspond-
ing 16S sequence to keep the database as small as possible. A minority of entries had subsequently been
updated with new accession numbers in the NCBI database and were updated accordingly in our custom
vaginal 16S reference database. A detailed list of the updates made to the database of Fettweis et al. can
be found in Table S2 in the supplemental material.

We used the usearch_global command implemented in VSEARCH (51) to search our representative
sequences of de novo-picked OTUs against the updated custom vaginal 16S reference database,
accepting all hits with �97% identity (Table S3). Several taxonomic annotations made by using this
custom vaginal 16S reference database conflicted with the corresponding Greengenes annotations; we
therefore performed BLAST searches against the NCBI nucleotide database (excluding uncultured
organisms) for all OTUs with hits against the custom vaginal 16S reference database and manually
curated the results. OTUs that mapped to more than one species (with the same identity score) were
annotated as follows: if an OTU mapped to two or three species, the OTU would be named genus species
A_species B or genus species A_species B_species C, respectively, and if an OTU mapped to more than
three species but one species was clearly associated with vaginal microbiota (based on prior knowledge),
the OTU was named genus species_cluster, where “species” was selected based on the majority of hits;
e.g., L. reuteri_cluster indicates the case where the majority of hits were for L. reuteri but there were
several other species with equal identity scores present. A full list of the taxonomic annotations for the
149 OTUs (out of 376) that had hits in the vaginal 16S reference database (50) can be found in Table S4.
Importantly, OTUs annotated as Shuttleworthia using the Greengenes database were incorrect; these
assignments were all made based on Greengenes OTU 2277000, which is actually BVAB1, as evidenced
from alignments against the custom vaginal 16S reference database and the NCBI nucleotide database.
This incorrect annotation was also noted previously by Noecker et al. (52). BVAB1/2/3 is not currently
annotated in commonly used 16S rRNA gene amplicon databases, including Greengenes and SILVA.
Several studies previously described Shuttleworthia in the vaginal microbiota, which in many cases may
instead be more appropriately annotated BVAB1 or other uncultured bacteria related to Lachnospiraceae.
In our cohort, OTU_4 had 100% identity with BVAB1 (GenBank accession number GQ046543.1), while the
rest of the OTUs originally annotated as Shuttleworthia had 95.3 to 96.8% identity to BVAB1: these were
annotated Lachnospiraceae_uncultured_clone.

Samples with �5,000 reads were selected for downstream analyses. The OTU table was standardized
(i.e., transformed to relative abundance and multiplied by the median sample read depth) and filtered
so that each OTU had at least 10 counts in at least 2% of samples or a relative abundance of at least
0.001%.

Microbiota functional prediction. Microbiota functional prediction was performed on 16S rRNA
gene sequence data by using PICRUSt (53). PICRUSt requires closed reference OTUs to perform matching
against an existing database with Greengenes identifiers. Our de novo OTU table was therefore filtered
to exclude OTUs that did not map to Greengenes 13.8 identifications (with �97% identity), and de novo
identifications for the remaining matching OTUs were replaced with their corresponding Greengenes
OTU identifications. The standardized, filtered OTU table was submitted to the command line version of
PICRUSt; Greengenes 13.5 KEGG Orthology (KO) terms were used for PICRUSt predictions. First, the OTU
table was normalized to account for 16S rRNA gene copy numbers (using the PICRUSt script normalize_
by_copy_number.py). Next, metagenomes were predicted by using the PICRUSt script predict_metag-
enomes.py; individual KEGG genes were collapsed to higher hierarchies (e.g., pathways) by using the
PICRUSt categorize_by_function.py script. Finally, contributions by taxa were calculated by using the
PICRUSt script metagenome_contributions.py. NSTI scores were calculated as a measure of the quality/
accuracy of predictions made. NSTI scores provide a measure of how closely microorganisms in a given
sample are related to sequenced genomes. The median NSTI score was 0.05, which indicates that the
majority of bacteria within our samples could be predicted by using a relative from the same (95%)
species/genus.

Statistical analyses. All downstream statistical analyses were performed in R, using the packages
phyloseq (54) for beta diversity analyses, MetagenomeSeq (55) for differential abundance testing, vegan
(56) for ordinations and redundancy analysis, and NMF (57) for annotated heat maps. Microbiota
compositional and functional subtypes were established by fuzzy clustering using the R package cluster
(44), with k being equal to 3, using 16S rRNA gene sequence count data and the PICRUSt-inferred
community metagenome as the inputs, respectively. Clustering parameters were as follows: the mem-
bership exponent was 1.25, the dissimilarity measure was the Bray-Curtis measure, and members with a
�60% probability of belonging to any of the three clusters were excluded from downstream analyses
(n � 13). Comparison with the subtypes described previously by Anahtar et al. was made as described
previously (23); briefly, samples were classified as being L. iners, Lactobacillus (excluding L. iners),
Gardnerella, or Prevotella dominant based on which of these taxa were dominant in each sample.

Differences in microbial compositions between groups of interest were assessed by using the
MetagenomeSeq MRfulltable function with a custom filter to determine significance: merged taxa were
deemed significantly different if they exhibited a fold change (beta coefficient) of �1.25 and had an
adjusted P value of �0.05 and if at least one of the two groups being compared had �20% of samples
with the given OTU/taxon, or, if the result of Fisher’s exact test was significant (after multiple-testing
correction [MTC] by the Benjamini-Hochberg method [58]), OTUs were first merged at the lowest
available taxonomic level (i.e., for OTUs with Lactobacillus as the lowest available taxonomic annotation,
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counts were summed, while OTUs with additional species-level annotation, e.g., L. iners, were summed
at the species level instead). For identifying taxa significantly different between inflammation-H versus
-L, HC use (any versus none/male condoms) was included as a covariate in the model.

Differences in predicted functions were assessed by using STAMP (26), which employs Welch’s t test
for two-group comparisons (entries with adjusted P values of �0.05, ratios of proportions of �1.5, and
differences in mean proportions of �0.1 were deemed significant). Random forest analyses were
conducted on merged OTUs to determine which taxa best predicted (i) inflammation-H versus -L and (ii)
functional subtype F3 versus F2, using the R packages randomForest (59) and ROCR (60) for receiver
operating characteristic (ROC) analysis. For random forest analyses, the data were randomly divided into
training and test sets, comprising one-third and two-thirds of the data, respectively. Differences in
individual cytokines between groups were assessed by using Kruskal-Wallis tests with Dunn’s post hoc
test.

Data availability. Raw sequence data for 16S rRNA gene amplicon sequences are available at
http://www.ebi.ac.uk/ under BioProject accession number PRJEB15497. R analysis scripts are available
upon request.
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