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ABSTRACT Puberty is an important developmental stage wherein hormonal shifts mediate the physical and physiological
changes that lead to menarche, but until now, the bacterial composition of vaginal microbiota during this period has been
poorly characterized. We performed a prospective longitudinal study of perimenarcheal girls to gain insight into the timing and
sequence of changes that occur in the vaginal and vulvar microbiota during puberty. The study enrolled 31 healthy, premenar-
cheal girls between the ages of 10 and 12 years and collected vaginal and vulvar swabs quarterly for up to 3 years. Bacterial com-
position was characterized by Roche 454 pyrosequencing and classification of regions V1 to V3 of 16S rRNA genes. Contrary to
expectations, lactic acid bacteria, primarily Lactobacillus spp., were dominant in the microbiota of most girls well before the on-
set of menarche in the early to middle stages of puberty. Gardnerella vaginalis was detected at appreciable levels in approxi-
mately one-third of subjects, a notable finding considering that this organism is commonly associated with bacterial vaginosis in
adults. Vulvar microbiota closely resembled vaginal microbiota but often exhibited additional taxa typically associated with skin
microbiota. Our findings suggest that the vaginal microbiota of girls begin to resemble those of adults well before the onset of

menarche.
IMPORTANCE

This study addresses longitudinal changes in vaginal and vulvar microbial communities prior to and immediately

following menarche. The research is significant because microbial ecology of the vagina is an integral aspect of health, including
resistance to infections. The physiologic changes of puberty and initiation of cyclic menstruation are likely to have profound
effects on vaginal microbiota, but almost nothing is known about changes that normally occur during this time. Our under-

standing has been especially hampered by the lack of thorough characterization of microbial communities using techniques that
do not rely on the cultivation of fastidious bacteria, as well as a dearth of studies on girls in the early to middle stages of puberty.
This study improves our understanding of the normal development of vaginal microbiota during puberty and onset of menarche

and may better inform clinical approaches to vulvovaginal care of adolescent girls.

Received 2 February 2015 Accepted 18 February 2015 Published 24 March 2015

Citation Hickey RJ, Zhou X, Settles ML, Erb J, Malone K, Hansmann MA, Shew ML, Van Der Pol B, Fortenberry JD, Forney LJ. 2015. Vaginal microbiota of adolescent girls prior to
the onset of menarche resemble those of reproductive-age women. mBio 6(2):e00097-15. doi:10.1128/mBio.00097-15.

Editor Vanessa Sperandio, University of Texas Southwestern Medical Center

Copyright © 2015 Hickey et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported
license, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to J. Dennis Fortenberry, jfortenb@iu.edu, or Larry J. Forney, Iforney@uidaho.edu.

This article is a direct contribution from a Fellow of the American Academy of Microbiology.

nderstanding changes in vaginal bacterial communities over

a woman’s life span is essential to comprehending normal
development, physiological function and health, and susceptibil-
ity to disease. Until now, vaginal microbiota before puberty were
thought to be relatively stable assemblages of aerobic, anaerobic,
and enteric bacterial populations (1-4). After menarche, the vag-
inal microbiota of healthy adults are typified by high numbers of
homofermentative lactic acid bacteria, which contribute to acidi-
fication of the vaginal microenvironment through the production
of lactate and other organic acids (5, 6). Various species of Lacto-
bacillus have been identified as the predominant lactic acid bacte-
ria in most adult women, and the ecological function of lactate
production is further conserved by genera such as Streptococcus
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and Atopobium, which are found in a subset of women (7). Recent
studies using cultivation-independent methods have revealed the
substantial complexity and temporal variability of the vaginal mi-
crobiota (8-10). Multiple community types distinguished by dif-
ferences in the kinds and relative abundances of bacterial popula-
tions present are consistently found among healthy adult women
(7,8, 11, 12). These findings imply the absence of a “core” healthy
vaginal microbiota and underscore the importance of delineating
differences in community composition among individuals as well
as changes over time.

To date, most studies of the vaginal microbiota have focused
exclusively on reproductive-age women. As a result, little is known
about when and how these communities are established during
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TABLE 1 Characteristics of adolescent study participants

No. (%)

Who achieved Who had a

menarche participating Mean age at Mean duration of study
Subject race and ethnicity Total during study mother enrollment (yr) participation (yr)
All subjects 31 (100) 21 (67.7) 24 (77.4) 10.9 1.6
Black, non-Hispanic 21(67.7) 14 (66.7) 17 (81.0) 10.9 1.7
White, non-Hispanic 7 (22.6) 5(71.4) 4 (57.1) 10.8 1.4
White, Hispanic 1(3.2) 0(0.0) 1 (100) 10.2 1.4
Native American, non-Hispanic 2(6.5) 2 (100) 2 (100) 11.5 1.3

puberty. Changes in the composition and function of the vaginal
microbiota during puberty are thought to be mediated by
estrogen-stimulated glycogen production in the vaginal epithe-
lium (6), but the timing and sequence of events during this period
are not well studied. Menarche itself does not signal the comple-
tion of puberty, and pubertal hormonal influences on vaginal mi-
crobial communities may continue for months or even years fol-
lowing menarche. Using cultivation-dependent methods or
microscopic examination, past studies of premenarcheal vaginal
microbiota found bacterial communities with low numbers of
strict and facultative anaerobes, with most species of apparently
enteric origin (2—4). Lactobacillus species were rarely observed
and, when found, constituted only a minor proportion of the total
bacteria. Transition to adult-like vaginal microbial communities
is not well documented but apparently occurs over a short time, as
the vaginal microbiota of perimenarcheal and postmenarcheal 13-
to 18-year-olds were found to resemble those of older women
(13-15). However, most past studies are limited by inherent biases
imposed by cultivation-dependent methods, which fail to account
for many bacterial taxa. Furthermore, we are unaware of studies
that specifically characterized community composition in detail
while evaluating subsequent physical and physiological changes
through menarche and thereafter. This lack of data highlights the
need for longitudinal characterization of the vaginal microbial
communities in perimenarcheal girls (i.e., before, during, and fol-
lowing menarche).

There are several reasons to pursue a better understanding of
the perimenarcheal vaginal microbiota. Clinically, vulvar and vag-
inal complaints such as vulvovaginitis are common among pre-
menarcheal girls and are often ascribed to poor hygiene or physi-
ologic leukorrhea (vaginal discharge due to estrogen stimulation)
(16-18). Numerous studies have reported bacterial vaginosis in
adolescent girls, using diagnostic criteria developed for adult
women (13, 19-24). Without a frame of reference for “normal”
vaginal microbiota in healthy adolescents, the clinical relevance of
microbiota resembling that associated with bacterial vaginosis is
uncertain. Furthermore, as girls progress into menarche, men-
strual hygiene behaviors, including use of menstrual pads and
tampons, bathing habits, and douching, may alter existing vaginal
microbiota (20, 25-30). Finally, changes in the early vaginal mi-
crobiota may have lasting influences on subsequent vaginal
health, but our understanding of the complex interactions of im-
mune tolerance of indigenous bacterial populations, immune sur-
veillance for vaginal pathogens, variability in vaginal microbiota,
and reproductive health outcomes remains primitive (31, 32).

To better understand changes in both the vaginal and vulvar
microbiota before, during, and after menarche, 31 healthy pre-
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menarcheal girls were enrolled between 10 and 12 years of age in a
prospective longitudinal study in which girls were sampled quar-
terly for up to 3 years. The bacterial community composition of
the vaginal and vulvar microbiota of girls, and vaginal microbiota
of a subsample of their mothers, in this prospectively followed
cohort are described. Our findings suggest that the vaginal micro-
biota of adolescents resemble those of reproductive-age women,
although not necessarily those of their mothers, well before the
onset of menarche in early stages of pubertal development. Famil-
iar bacterial species associated with the vaginal microbiota of
adults were commonly found in girls, including Lactobacillus
crispatus, L. iners, L. gasseri, L. jensenii, and, notably, Gardnerella
vaginalis. Following menarche, vaginal pH often remained above
what is considered typical in healthy adult women even when
lactobacilli were present in high proportions, raising the possibil-
ity that total bacterial loads may not reach levels seen in adults
until later in puberty. These analyses provide the first detailed
investigation of the progression of changes that occur in the vag-
inal microbiota over time during puberty.

RESULTS

Clinical study and data collection. A prospective longitudinal
study was conducted in Indianapolis, IN, from June 2009 through
June 2012 to assess changes in the vaginal and vulvar microbiota of
perimenarcheal girls as they transitioned through menarche.
Thirty-one healthy, asymptomatic girls representing black (n =
21), white/non-Hispanic (n = 7), white/Hispanic (n = 1) and
Native American (n = 2) racial/ethnic groups were enrolled be-
tween June 2009 and August 2011. None of the girls had a history
of sexual contact or recent antibiotic use. At enrollment, girls were
between the ages of 10.0 and 12.9 years (mean, 10.9 years) and
premenarcheal. The age range was selected because it represents a
developmentally meaningful interval during which pubertal de-
velopment typically begins (33, 34), and we aimed to increase the
chances that girls would reach menarche and experience subse-
quent menstrual cycling while participating in the study. Twenty-
one girls (67.7%) reached menarche during the study. In addition,
the mothers of 24 girls participated by providing vaginal swabs
annually. Biological maternity was not recorded or required for
participation. Although age, race, and ethnicity of the mothers
were captured, no analyses were performed on these data. Char-
acteristics of the study participants are summarized in Table 1,
with additional details included in Table S1 in the supplemental
material. Both parental and adolescent consent were obtained at
the time of enrollment.

Girls returned for sample collection and clinical examination
at 3-month intervals for up to the duration of the 3-year study
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(mean participation, 1.6 years; range, 1 day to 3.0 years). At each
visit, up to three vaginal swabs and two vulvar swabs were col-
lected by a female clinician as permitted by each girl. Breast and
pubic development were assessed at each visit using Tanner’s cri-
teria (33), and vaginal pH was determined using commercial pH
paper. Mothers provided self-collected vaginal swabs on an an-
nual basis. A total of 457 swabs were processed for Roche 454
pyrosequencing of the hypervariable regions V1 to V3 of 16S
rRNA genes: 198 vaginal swabs and 212 vulvar swabs from girls
and 47 vaginal swabs from mothers. A summary of samples col-
lected at each visit (with Tanner stage and menarche status indi-
cated) is shown in Fig. S1 in the supplemental material. In total,
there were 186 pairs of matched vagina-vulva samples from girls.
Associated vaginal pH measurements were available for 65.7% of
the sampling times from girls, while Nugent scores were obtained
at only 24.8% of visits. We therefore elected not to analyze the
Nugent score data.

16S rRNA sequencing and taxonomic assignment of reads.
Bacterial composition was determined based on sequencing the
hypervariable regions V1 to V3 of 16S rRNA genes by Roche 454
pyrosequencing. High-quality reads were obtained from all but
one vulvar swab sample, which was subsequently excluded from
further analysis. The remaining 456 samples had a minimum of
462 and maximum of 31,569 reads after preprocessing (mean,
4,723 reads; median, 3,876 reads). Following taxonomic assign-
ment of reads and summarization of the taxon abundance table as
described in Materials and Methods, 78 taxa were identified to the
species (n = 9), genus (n = 60), family (n = 7), or order (n = 2)
level.

Clustering analyses of the perimenarcheal vaginal microbi-
ota. The primary objectives of this study were to characterize the
composition of vaginal microbiota in perimenarcheal girls, iden-
tify major community types, and assess similarities and differ-
ences in relation to menarche and pubertal development. Analyses
were performed in R (35) using custom scripts available on
GitHub.

To define the vaginal community types present in both girls
and mothers in the study, hierarchical clustering was performed
on the Bray-Curtis dissimilarity matrix calculated from Hellinger-
standardized taxon abundance data. The average linkage method
was identified as the best clustering method for the data using the
minimum Gower distance (36), and seven clusters were selected as
optimal using the silhouette method (37). Figure 1 shows the hi-
erarchical clustering and community composition of all 198 vag-
inal swabs from girls and 47 vaginal swabs from mothers. Four
clusters were characterized by high proportions of different Lac-
tobacillus spp., including L. crispatus (cluster LC; n = 87), L. iners
(LL; n = 71), L. gasseri (LG; n = 22), and L. jensenii (L]; n = 8). A
fifth cluster was characterized by high proportions of Gardnerella
vaginalis (cluster GV; n = 30). The sixth cluster (“Other”; n = 25)
contained a mixture of various taxa, including Streptococcus aga-
lactiae, Streptococcus anginosus, Prevotella, and Anaerococcus, not
all of which were detected in all samples within the cluster. Lastly,
two samples characterized by high proportions of Bifidobacterium
were grouped into a seventh cluster termed “Bifido”; this included
a postmenarcheal sample from subject 124 and a sample from her
mother. Vaginal pH varied significantly among clusters, with sam-
ples in groups GV and Other each having significantly higher pH
than the LC and LI clusters (see Fig. S2 in the supplemental ma-
terial).
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Some clusters or community types appeared to be more com-
monly associated with either premenarcheal or postmenarcheal
status in girls. Figure 2 compares the number and proportion of
premenarcheal, postmenarcheal, and mother vaginal samples as-
signed to each cluster. The six clusters besides Bifido encompassed
both premenarcheal and postmenarcheal vaginal samples from
girls, but two clusters in particular were overrepresented in one
group relative to the other. Among the premenarcheal samples
(n = 110), 20.0% (n = 22) were assigned to the Other cluster,
compared to only 3.4% (n = 3) of the postmenarcheal samples
(n = 87), nearly a 6-fold difference. Those three postmenarcheal
samples were all from subject 104, two of which had high propor-
tions of Streptococcus agalactiae and one of which had a high pro-
portion of Peptoniphilus. On the other hand, 50.6% (n = 44) of the
postmenarcheal samples were assigned to cluster LC, compared to
22.7% (n = 25) of the premenarcheal samples, more than a 2-fold
difference. Cluster GV was more common among mothers
(25.5% of samples from mothers) than girls (9.1% collectively of
pre- and postmenarcheal samples), but even so, finding Gardner-
ella vaginalis in the vaginal microbiota of girls prior to onset of
partnered sexual activity is notable.

The hierarchical clustering results indicate that the vaginal mi-
crobiota of many premenarcheal girls were similar to those previ-
ously found in older adolescents and adults. To assess how long
prior to menarche this was the case, we evaluated the cluster as-
signments over time within each individual (Fig. 3). Patterns of
changes appeared to be highly individualized, but some common
trends emerged. The vaginal microbiota of several girls were
grouped into one of the Lactobacillus-dominated clusters (LC, LI,
LG, or L]) more than a year before menarche (e.g., subjects 101,
108, 127, and 128), many from the baseline visit. Some were ini-
tially in the Other cluster before transitioning to a Lactobacillus
cluster (e.g., subjects 103, 111, 123, and 132). Except for subject
104, none transitioned back to the Other cluster following men-
arche. While some girls’ microbiota remained in the same cluster
over long periods of time (e.g., subjects 101 and 107), others tran-
sitioned between multiple groups (e.g., 103, 104, 112, and 126).
We note that other transitions may have occurred during the in-
tervals between quarterly visits, since evidence from studies of
reproductive-age women indicates that short-term changes are
commonplace (9, 10, 38—40). Nonetheless, communities typified
by high proportions of Lactobacillus or other lactic acid bacteria
(e.g., Streptococcus) were present well before the onset of men-
arche in most girls and were maintained after menarche.

Whereas hierarchical clustering was used to separate vaginal
samples into major groups of community types, principal coordi-
nates analysis (PCoA) was performed to obtain a more nuanced
view of similarities and differences among samples in relation to
other variables of interest. Figure S3A in the supplemental mate-
rial shows that premenarcheal, postmenarcheal, and mother vag-
inal samples were similarly distributed, suggesting that differences
in community composition are not strongly accounted for solely
by age. Figure S3B, the same PCoA plot color-coded by hierarchi-
cal cluster assignment, emphasizes the variability within clusters
and reveals that some groups are more distinct while others are
spread across a broader range of space. This serves as an important
reminder that bacterial composition and rank abundances within
communities often lie along a continuum and need not be re-
garded as discrete types; rather, many communities may best be
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FIG1 Bacterial community composition of the vaginal microbiota of girls and mothers sampled longitudinally. Each column in the dendrogram and heatmap
represents the vaginal microbiota sampled from a single individual at a single time point. In total, 198 samples from 31 girls and 47 samples from 24 mothers are
represented. The dendrogram represents the average linkage (UPGMA) hierarchical clustering of samples based on the Bray-Curtis dissimilarity matrix
computed from Hellinger-standardized taxon abundance data. The colored bars below the dendrogram represent cluster group (top row) and sample type
(second and third rows). Clusters are named to signify the most abundant taxon, when applicable: LC (Lactobacillus crispatus dominated; n = 87), LI (L. iners;
n = 71), LG (L. gasseri; n = 22), L] (L. jensenii; n = 8), Bifido (Bifidobacterium; n = 2), GV (Gardnerella vaginalis; n = 30), and Other (n = 25). The heatmap
represents proportions (before Hellinger standardization) of the 25 overall most abundant taxa within each community, as indicated by the legend at top left.
Sample type categories include girl/mother and premenarche/postmenarche (no menarche status is indicated for mother samples, in gray).

considered intermediate between groups characterized by differ-
ent distributions of taxa.

Longitudinal dynamics of the perimenarcheal vaginal mi-
crobiota. To gain a detailed view of changes in community com-
position that occurred over time within each individual, we pre-
pared summary plots of vaginal microbiota composition and
associated metadata over time (Fig. 4). As anticipated based on the
hierarchical clustering results, the vaginal microbiota of nearly all
participants who reached menarche (n = 21) became character-
ized by a dominance of lactobacilli before or shortly after men-
arche. Interestingly, the microbiota of subjects 115 and 120 shifted
from Lactobacillus-dominated in premenarche to Gardnerella-
dominated in postmenarche. Even among premenarcheal vaginal
microbiota, lactobacilli (primarily Lactobacillus spp., but in some
cases Streptococcus) constituted at least 10% of the community in
27 girls (87.1%) and at least 50% in 25 girls (80.5%).

Figure 5 shows the progression of changes in the vaginal mi-
crobiota of four girls who had Lactobacillus-dominated commu-
nities before or at menarche, although the species composition
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and temporal dynamics differed considerably. For instance, while
L. crispatus dominated the microbiota of subject 107 for more
than 2 years, the microbiota of subject 109 gradually shifted from
L. iners dominated to L. crispatus dominated. Subject 102 had
Gardnerella vaginalis and L. gasseri in premenarche but transi-
tioned to L. iners following menarche. Subject 103 began the study
2 years before menarche with a diverse assortment of anaerobes
that would usually be considered typical of prepubertal vaginal
microbiota, but she eventually developed a microbiota dominated
by L. jensenii, L. gasseri, and Bifidobacterium. These examples
demonstrate several trajectories to Lactobacillus-dominated vagi-
nal microbiota and emphasize the idea that the establishment of
Lactobacillus dominance does not necessarily result in static com-
munity composition. Moreover, multiple species of Lactobacillus
may be numerically dominant at different times in the same indi-
vidual, consistent with observations in adult women (9). Commu-
nity profiles for all participants, complete with associated vulvar
and mothers’ vaginal microbiota where applicable, are shown in
Fig. $4 in the supplemental material.
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FIG 2 Hierarchical cluster assignment by sample type. One hundred ninety-eight vaginal microbiota from 31 girls and 47 vaginal microbiota from 24 mothers
were separated into seven groups by hierarchical clustering. (A) Count of girl premenarcheal (n = 110), girl postmenarcheal (n = 87), and mother (n = 47)
vaginal microbiota assigned to each cluster group (cluster names are the same as in Fig. 1). (B) Proportion of samples in each group assigned to each cluster. The
dotted lines serve to highlight differences between sample types and do not represent changes in cluster group prevalence over time.

Gardnerella vaginalis in the perimenarcheal vaginal micro-
biota. Gardnerella vaginalis was commonly detected among ado-
lescent participants, constituting 10% or more of the vaginal mi-
crobiota in at least one sampling of 11 girls (35.5%), seven of
whom had communities dominated by Gardnerella at some point
in time. The proportion of Gardnerella in these participants over
time is shown in Fig. S5 in the supplemental material. Some girls
had high proportions of Gardnerella at multiple consecutive visits
(e.g., subjects 102, 121, and 135), while it was detected in others at
only one time point (e.g., subjects 112, 116, and 126). Participants
with Gardnerella represented both black (7/21, 33.3%) and white
(4/8, 50.0%) racial groups. Although G. vaginalis is commonly
associated with bacterial vaginosis (BV) and some have suggested
that it is a sexually transmitted infectious agent (41, 42), these
findings present clear evidence that it can reside in the vaginal
microbiota of healthy perimenarcheal girls without a history of
partnered sexual behavior or symptoms characteristic of BV (both
of which were exclusion criteria).

Lactic acid bacteria and vaginal pH. High numbers of lacto-
bacilli, particularly species of Lactobacillus, are widely regarded as
a hallmark of vaginal health in adult women. Their presence is
typically associated with a low vaginal pH of around 4 to 4.5,
although healthy women in black and Hispanic groups have been
shown to have slightly higher pH on average (8). Since we ob-
served high proportions of lactobacilli in the adolescent partici-
pants in this study, we next examined the relationship between the
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proportions of lactobacilli and vaginal pH with respect to pubertal
development and menarche. In this case, we defined lactic acid
bacteria (LAB) as the genera in our data set contained within the
order Lactobacillales, which included Lactobacillus, Streptococcus,
Aerococcus, and Facklamia. We note that other genera, such as
Atopobium and Bifidobacterium, are also known producers of lac-
tic acid, so our representation of LAB is therefore somewhat con-
servative.

Opverall, the relative abundance of LAB tended to increase with
pubertal development, while vaginal pH tended to decrease
(Fig. 5). We compared several linear mixed-effects models, con-
trolling for intersubject variation, to determine how Tanner stage,
age, and menarcheal status were related to changes in LAB pro-
portions and pH. Because Tanner breast and pubic stage were col-
linear and accounted for similar proportions of variance (analysis at
https://github.com/roxanahickey/adolescent/blob/master/03
-community-dynamics.md), we tested models that included either
breast or pubic scores, but not both. We focus on models using
Tanner breast scores here (Table 2), and models with Tanner pubic
scores are reported in Table S2 in the supplemental material.
Following a stepwise model selection strategy, the optimal model
accounting for changes in LAB proportions included only age and
Tanner breast stage as fixed effects, since inclusion of menarche
status added little explanatory value. Under this model, the
transition from Tanner breast stage 2 to 3 was associated with a
highly significant increase in logit-transformed LAB proportions
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FIG 3 Hierarchical cluster assignment over time within individual participants. Each panel shows the hierarchical cluster assignment (same as in Fig. 1) of
vaginal microbiota samples from an individual girl (circles) and her mother (triangles), when applicable. The x axis indicates the clinical visit at which each
sample was collected (visits occurred approximately every 3 months). Open circles signify premenarcheal status, and filled circles signify postmenarcheal status
in girls. The menarcheal status was not recorded for subject 133 at visit 6, indicated by an open circle with a cross.

(P = 1.1E-05), while subsequent transitions to stage 4 and 5 had
relatively small effects (P = 0.26 and P = 0.56, respectively [Table
2]). A similar pattern was detected using Tanner pubic scores
instead (Table S2). The best model accounting for changes in
vaginal pH included Tanner breast stage, menarche status, and age
as fixed effects. Although the overall model accounted for a
significant proportion of variance, only age had a significant
marginal effect on pH (P = 0.0071), and the transitions in Tanner
stage and menarche status were not themselves significantly
associated with changes in pH (Table 2). However, a similar
model using Tanner pubic scores indicated the transition from
stage 2 to 3 was significantly associated with declining pH (P =
0.0006), while subsequent transitions were not significant (Table
S2). Taken together, these results suggest the transition from
Tanner breast or pubic stage 2 to 3 (i.e., early to midpuberty) is
associated with the most profound changes in LAB proportions
and vaginal pH.

Although increased LAB proportions were often coupled with
decreased vaginal pH over time, closer inspection revealed that
many vaginal samples with high proportions of LAB still had a pH
well above 4.5, including both premenarcheal and postmenar-
cheal samples at all Tanner stages. We hypothesized this may be
due to lower bacterial loads in the perimenarcheal vaginal micro-
biota, leading to lower levels of lactic acid and elevated pH. To test
this hypothesis, we performed qPCR to estimate the number of
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16S rRNA gene copies in 24 randomly selected girl vaginal samples
with high proportions of LAB (>0.75) and either “low” (<5.0,
n = 12) or “high” vaginal pH (=5.0, n = 12). A detailed explana-
tion of our approach and findings is summarized in Text S1 in the
supplemental material. Although we did not find a statistically
significant difference in the average estimated number of 16S
rRNA gene copies in the “low” versus “high” pH groups (P =
0.14), we suggest that this phenomenon warrants consideration in
future studies.

Vulvar microbiota of perimenarcheal girls. Although this
study was primarily aimed at characterizing the vaginal microbi-
ota of perimenarcheal girls, we also analyzed the composition of
vulvar swabs and compared them to the vaginal microbiota. This
included making qualitative comparisons, calculating correla-
tions between paired vagina-vulva microbiota in taxonomic rank
and relative abundances, performing hierarchical clustering as we
did for the vaginal samples, and performing “indicator species”
analysis (43, 44) to determine whether certain taxa were more
closely associated with the vaginal or vulvar environment.

Composition of the vulvar microbiota typically mirrored that
of contemporaneously sampled vaginal microbiota, although the
vulva tended to have a greater variety of bacterial taxa. Hierarchi-
cal clustering analysis of vaginal and vulvar samples together re-
sulted in the same groups overall (see Fig. S6 in the supplemental
material), although the distribution of samples across groups was
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FIG 4 Transitions to Lactobacillus-dominant vaginal microbiota in four perimenarcheal girls. Panels show the vaginal bacterial community profiles and
associated pubertal development of four participants sampled longitudinally. Bar plots represent the proportions of bacterial taxa in the community (legend at
bottom left). Below each bar plot, the menarcheal status and clinician-assessed Tanner stage of breast development are indicated by symbol fill and color,

respectively (legend at bottom right). Empty spaces in the plots indicate a skipped visit.

slightly different (e.g., the L. jensenii cluster was much smaller,
with many samples assigned instead to the Other or L. iners clus-
ter). Spearman’s rank correlation coefficients were computed for
the 186 matched vagina-vulva pairs based on the taxon propor-
tion data. The mean correlation was 0.63 (the median was also
0.63), indicating a moderately high degree of concordance in the
rank-order of taxa in paired vaginal and vulvar samples. Indicator
species analysis, summarized in Table S3 in the supplemental ma-
terial, revealed that three taxa were more strongly associated with
the vulva (i.e., Segniliparus, Murdochiella, and Fusobacterium),
and each of these was typically minor in relative abundance (on
average, 1.0 to 3.5% in the vulva compared to 0.02 to 0.04% in the
vagina). No taxa were more closely associated with the vagina than
the vulva, indicating that most vaginal species are likely also found
in the vulvar microbiota. Seventeen taxa were associated jointly
with the premenarcheal vagina, premenarcheal vulva, and post-
menarcheal vulva, suggesting that, at least in this data set, the
premenarcheal vaginal microbiota had more taxa in common
with the vulvar microbiota than did the postmenarcheal vaginal
microbiota. These findings suggest the vulvar microbiota of girls
are generally similar to vaginal microbiota, perhaps even more so
prior to menarche.

We qualitatively assessed changes in genus-level richness and
Simpson’s diversity index of vaginal and vulvar microbiota in re-
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lation to Tanner stage and menarche status (see Text S1 in the
supplemental material). As suggested by the indicator species
analysis, the vulva tended to have greater richness and diversity
than the vagina. Decreases in diversity with Tanner stage progres-
sion mirrored the increases in LAB proportions. However, lower
richness and diversity in the vaginal microbiota were not neces-
sarily associated with lower vaginal pH.

Similarities between vaginal microbiota of girls and their
mothers. Lastly, we assessed similarities between the vaginal mi-
crobiota of girls and their mothers. This analysis was exploratory,
as we had no basis on which to expect more or less similarity
within girl-mother pairs. We qualitatively assessed similarities by
studying the hierarchical cluster assignments presented in Fig. 3
and the paired community composition profiles depicted in
Fig. S4in the supplemental material. There was no general trend of
resemblance between girls and mothers, but some interesting sim-
ilarities were observed on a case-by-case basis. Some pairs often
shared the same dominant taxon (e.g., G. vaginalis in subject pair
102/202, L. iners in 109/209 and 114/214, and Bifidobacterium or
L. crispatusin 124/224), although even in those cases this similarity
did not persist over repeated visits. In several cases, girls’ micro-
biota bore virtually no resemblance to their mothers’ (e.g., subject
pairs 111/211, 113/213, and 132/232). The data are insufficient to
determine whether any of these patterns are biologically meaning-
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FIG 5 Trends in relative abundance of lactic acid bacteria and vaginal pH with pubertal development and menarche status. Box plots of the logit-transformed
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data for 24 mothers who participated in the study. In each plot, the box represents the interquartile range, the whiskers represent the upper and lower quartiles,
the horizontal line represents the median, and black square dots represent outliers.

ful, but the observation of similar vaginal microbiota in at least
some girl-mother pairs is intriguing and warrants further studies
aimed at understanding how the vaginal microbiota may be influ-
enced by both genetic and environmental factors.

DISCUSSION

Vaginal microbiota play an important protective role in women’s
health, but our understanding of the microbiota in pre- and peri-
menarcheal girls has thus far been limited by a lack of detailed
studies using modern techniques to assess community composi-
tion. In this prospective longitudinal study, we characterized
changes in the vaginal and vulvar microbiota of 31 girls as they
progressed through puberty to menarche. To our knowledge, it is
the first study of perimenarcheal girls to employ high-throughput
16S rRNA gene sequencing, enabling finer resolution of the spe-
cies and genus membership of communities, along with measure-
ments of pubertal development (Tanner stages) and vaginal pH.
Our findings add significant new insight to the composition and
dynamics of the vaginal microbiota of adolescents during puberty
and serve as a foundation for future studies aimed at characteriz-
ing the vaginal microbiota over shorter time intervals and for lon-
ger spans of time, opening the door to the possibility of identifying
drivers of community composition.

The vaginal microbiota of pre- and perimenarcheal girls in our
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study were similar to those previously described in older postmen-
archeal adolescents (13, 14) and adults (7, 8, 45-47) inasmuch as
lactic acid bacteria (LAB) were prominent members of most com-
munities. For many girls, this was true well before menarche, often
ayear or more in advance. This was unanticipated given the results
of previous studies that employed cultivation-dependent methods
and found lactobacilli to be infrequent or minor constituents of
the microbiota in premenarcheal girls (1, 3, 18, 48). However,
those studies did not focus on the appearance of adult-like micro-
biota during pubertal transitions. In our study we tracked these
transitions using Tanner’s criteria for breast and pubic develop-
ment (33), which are commonly used by clinicians to assess phys-
ical maturity. The five Tanner stages represent major changes in
secondary sex characteristics that females undergo from prepu-
berty (stage 1) to full maturity (stage 5) in response to increased
estrogen levels and other physiological changes. Menarche is con-
sidered a late event in puberty, usually occurring in stage 3 or 4
(34). We observed the most substantial increases in proportions of
LAB, along with declines in vaginal pH, in the transition from
Tanner breast stage 2 to 3, followed by less pronounced changes
thereafter. Most of the microbiota with low proportions of or no
LAB detected were obtained from girls earlier in puberty (breast
stage 2 or 3 and premenarcheal). These communities were typi-
cally composed of an assortment of strict and facultative anaer-
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TABLE 2 Linear mixed effects modeling of lactic acid bacteria and vaginal pH*

Model and parameters

Result for model

LAB model [logit(LAB) ~ TB + age + 1|subject + ¢]

Random effects Variance
Subject (intercept) 4.4
Residual 7.3

Fixed effects/contrasts? Coefficient®
Intercept —6.1
TB3vs.2 3.3
TB4vs.3 —0.6
TB5vs. 4 0.4
Age 0.7

Vaginal pH model (pH ~ TB + menarche status +
age + 1|subject + &)

Random effects Variance
Subject (intercept) 0.6
Residual 0.4

Fixed effects/contrasts? Coefficient®
Intercept 9.3
TB3vs.2 —-0.3
TB4vs.3 0.0
TB5vs. 4 0.0
Postmenarche vs. premenarche —0.2
Age —0.3

SDb No. of observations No. of groups
2.1 189 28
2.7
SE df P value
4.4 150.6 1.7E-01
0.7 183.9 1.1E-05***
0.5 176.2 2.6E-01
0.7 176.7 5.6E-01
0.4 151.7 4.1E-02*
SD No. of observations No. of groups
0.8 122 20
0.6
SE df Pvalue
1.4 112.5 2.1E-09***
0.2 108.6 2.1E-01
0.2 105.5 8.4E-01
0.2 104.2 8.6E-01
0.2 115.5 3.7E-01
0.1 113.4 7.1E-03**

@ LAB, lactic acid bacterium proportion; TB, Tanner breast stage; €, random error; SD, standard deviation; SE, standard error; df, degrees of freedom.

b Contrasts between successive Tanner stages were made, excluding stage 1 (not represented).

¢ Marginal slope of the fixed effect on the response.
4 Significance is indicated as follows: *, P < 0.05; *¥, P < 0.01; ***, P < 0.001.

obes, an observation more in line with what has been observed
previously in premenarcheal girls.

Interestingly, high proportions of LAB in girls were not always
associated with low vaginal pH (i.e., pH = 4.5, but see reference 8),
as is commonly observed in reproductive-age women with similar
microbiota composition. We postulated that this could be due to
lower bacterial loads (and therefore less lactic acid production)
but were unable to detect a statistically significant difference in
16S rRNA gene copy number as a proxy for bacterial cell number
between a subset of samples with high proportions of lactobacilli
and either low or high pH. A study by Brabin et al. (21) found that
higher vaginal pH occurred more often in adolescents with abnor-
mal than normal menstrual cycles; this is another possible expla-
nation for the patterns observed in our data. Our findings resonate
with those reported by Thoma et al. that assessed longitudinal
changes in the vaginal microbiota of 13- to 18-year-olds using
Nugent Gram stain criteria (15). That study enrolled 49 virginal
girls from a rural district of Uganda and obtained samples from
them weekly for 2 years. Among premenarcheal girls the authors
observed a significant increase in large Gram-positive rods (pre-
sumably Lactobacillus spp.) and a concurrent decrease in small
Gram-negative to variable rods (presumably G. vaginalis or Bac-
teroides spp.) over time. In contrast, changes in the abundance of
those morphotypes among the perimenarcheal and postmenar-
cheal groups were attenuated over time. Furthermore, while de-
clines in vaginal pH over time were observed for all three groups,
the trend was statistically significant only in the perimenarcheal
and postmenarcheal groups. The authors concluded that vaginal
microbiota transitioning occurs prior to menarche but that signif-
icant decreases in vaginal pH continue well after menarche. Sim-
ilarly, we observed the steepest changes in relative abundance of
lactobacilli in early to midpuberty, with less pronounced increases
in later stages of puberty. The observation of Thoma et al. of ac-
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celerated declines in vaginal pH after menarche (15) is also con-
sistent with our finding that pH often remained higher than ex-
pected even though lactobacilli were numerically dominant.

Although the emergence of lactobacilli as dominant members
of the microbiota in early puberty to midpuberty was a consistent
trend among our participants, community composition and dy-
namics varied considerably between and within individuals. Var-
ious lactobacilli were dominant in different community types, in-
cluding Lactobacillus crispatus, L. iners, L. gasseri, L. jensenii, and,
in some cases, Streptococcus spp. The significance of communities
dominated by different lactobacilli is not well understood, but
recent studies have identified variation in the genetic and meta-
bolic potential of vaginal lactobacilli that may influence the ecol-
ogy of each species or strain in vivo (49, 50). Furthermore, some
girls had only one dominant species at consecutive 3-month in-
tervals, while others exhibited co-occurrence of two or more lac-
tobacilli or a succession of multiple species over time. As previ-
ously seen in longitudinal studies of reproductive-age women,
transitioning through multiple community state types seems to be
atleast as common as having a community with stable or constant
species composition over time (9, 10). Our findings suggest that
this pattern extends to earlier stages of life as well. This is an im-
portant reminder that the vaginal ecosystem is highly dynamic
and individualized, and both temporal and interindividual differ-
ences should be taken under consideration as we attempt to char-
acterize and understand the “normal” vaginal microbiota. Larger,
longitudinal studies extending into late adolescence will be re-
quired to investigate the relevance of dynamic vaginal microbiota
during puberty to long-term vaginal health.

The high prevalence of Gardnerella vaginalis among adolescent
participants was a surprising finding in this study. It was the
fourth most abundant species detected and constituted at least
10% of the vaginal microbiota at least once in approximately one-
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third of the participants. In some cases, G. vaginalis constituted
the majority of the microbiota at multiple consecutive 3-month
intervals, suggesting long-term persistence. G. vaginalis is often
associated with bacterial vaginosis (BV), a common yet poorly
understood condition associated with increased risk of sexually
transmitted infections and preterm birth (51, 52). While G. vagi-
nalis is undoubtedly correlated with BV, evidence for whether it is
necessary or sufficient to elicit symptoms remains inconclusive
(42, 53-55). Postulated virulence mechanisms include biofilm
formation (56), sialidase production (57), and synergism with
other bacteria, such as Prevotella (58). However, numerous stud-
ies have identified G. vaginalis in many reportedly healthy women,
suggesting that it may be a commensal in some individuals (7, 8,
46,59). Considering evidence that identical G. vaginalis 16S rRNA
sequences are detected among sexual partners (60), some have
suggested that G. vaginalis is acquired exclusively through sexual
contact (42). Our findings present evidence contrary to this hy-
pothesis, as none of the girls in this study had a history of part-
nered sexual activity. Likewise, several studies report finding G.
vaginalis in children and adolescents without sexual experience
(18, 19, 48, 61-63). Whether microbiota containing G. vaginalis
place the host at higher risk of infection remains to be seen, but
recent investigations into the remarkable diversity of this species
(64-67) may help to clarify whether commensal and pathogenic
strains exist and can be distinguished from one another.

Study of the vaginal microbiota in adolescents may provide
crucial insight into the complexity and variability of microbiota in
adults, as well as whether the development of microbial commu-
nities during puberty is associated with vaginal health in adult-
hood. Our research demonstrates the feasibility of longitudinal
study of girls to complement understanding of the vaginal micro-
biome of adult women. The 10- to 12-year-old participants re-
ported feeling comfortable and safe with the study procedures,
especially after the initial visit (68). The small, flexible swabs easily
passed patent hymens and captured sufficient vaginal material for
analysis. A trained female provider and accompaniment by the
subjects’ mothers also allowed girls to become rapidly accustomed
to sample acquisition and complete most scheduled study visits.
Only six girls declined vaginal samples during the baseline visit,
although our results, and those of others, suggest that vulvar sam-
ples may serve as a rough proxy for vaginal samples (69-71) if
vaginal samples are declined. Similar studies can and should be
done to grow our understanding of both normal and abnormal
vaginal microbiota and ultimately improve strategies of gyneco-
logic care for adolescent girls.

Many questions remain unanswered, including those regard-
ing the relationship between estrogen, vaginal glycogen levels, lac-
tic acid bacteria abundance, and vaginal pH; factors that deter-
mine successional changes at earlier stages of puberty; and
whether differences in community composition during adoles-
cence can influence health outcomes later in life. Although the
concordance between girls and mothers was inconsistent, future
studies of girl-mother or sister-sister pairs could elucidate the role
of host genetics and interactions among individuals in shaping the
microbiota. To gain a comprehensive understanding of the im-
portance of vaginal microbiota composition and dynamics
throughout puberty, it would be wise to include girls on the brink
of puberty and even earlier in childhood, as well as older girls
experiencing regular menstrual cycling. Ideally, similar studies
should be performed on larger cohorts of girls with a balanced

10 mBio mbio.asm.org

sampling of racial and ethnic groups to determine whether the
patterns we observed are more broadly conserved.

MATERIALS AND METHODS

Study design and enrollment criteria. The study protocol was approved
by the Institutional Review Board of Indiana University, and informed
consent from girls and their mothers was documented before participa-
tion in the study. Participants and their mothers were recruited by referral
from clinicians, by referral from participating mothers, or in response to
advertisements placed in local newsletters and newspapers. Primary in-
clusion criteria included an age of 10.0 to 12.9 years and premenarcheal
status at enrollment, and initiation of pubertal development indicated by
breast development of Tanner stage 2 or 3 (33), as documented by self-
reporting and corroboration by a clinician’s examination. Eligible candi-
dates were enrolled if they were in good health and willing to refrain from
bubble baths and genital cleansing wipes for 48 h before examination.
Exclusion criteria included genitourinary symptoms (dysuria, vaginal dis-
charge, or genital ulcers); evidence of urinary tract infection; use of any
systemic or topical antibiotic or antifungal treatment within the previous
60 days; prior genitourinary surgery, instrumentation, or medical treat-
ment for recurrent urinary tract infection, posterior urethral valves, or
enuresis; any significant medical condition deemed cause for exclusion by
the investigator (e.g., type I diabetes, asthma, or autoimmune diseases);
prior evaluation for vulvovaginal symptoms; history of prepubertal bleed-
ing; history of sexual abuse or sexual activity; and having already begun
menarche.

Mothers of enrolled girls were invited to participate in annual sample
collections. No age range was required, nor was biological maternity.
Mothers were included if they reported themselves in good health and
were willing to refrain from using bubble bath, douching substances,
powders, perfumes, wet wipes, or lotions to the genital area for 48 h before
sample collection and were willing to refrain from sexual activity, bathing,
or swimming for 2 h before sample collection. Lack of participation by the
mother was not an exclusion factor for otherwise eligible girls.

The study initially enrolled 32 girls and 25 mothers, but one partici-
pant (subject 117) was withdrawn at the baseline visit after the clinician
determined she was at Tanner stage 1 for breast development, and no
samples were collected. A sample collected from her mother (subject 217)
was subsequently excluded from further analysis. Two participants (sub-
jects 101 and 129) were also enrolled at breast stage 1 and permitted to
continue at the investigator’s discretion, but subject 129 was lost to ob-
servation after the baseline visit. One participant (subject 110) was en-
rolled at breast stage 5 (her self-assessment was stage 3) but then lost to
observation after two visits. Vaginal and vulvar samples from the latter
three participants, along with any vaginal samples from their mothers,
were retained for analysis.

Collection of specimens and participant metadata. At enrollment
(baseline) and each quarterly visit, a female clinician completed a short
physical examination to document breast, pubic hair, and genital devel-
opment. Girls were then assisted to a sitting, “frog-legged” position with
their feet in stirrups. After additional inspection of the vulva, the clinician
sequentially obtained two vulvar samples by rubbing both labia minora
with a sterile, dry, flocked nasopharyngeal swab. The clinician (after con-
firmation of the adequacy of the hymenal opening) then sequentially in-
serted up to three swabs through the vaginal introitus to approximately 5
cm. Vaginal swabs were rotated twice. Lastly, vaginal pH was obtained by
inserting a commercial pH paper into the vaginal opening and noting the
pH in comparison to a provided color indicator. Clinicians omitted pH
measure at their discretion to optimize sample integrity. Study-provided
cell phones were used to identify the onset of menses, and visits were
scheduled so as not to coincide with menses. Participants’ mothers pro-
vided up to three self-obtained vaginal specimens for each annual collec-
tion. Vulvar swabs were not collected from the mothers. All swab samples
were placed separately in labeled cryovials that were immediately placed
on dry ice and then transferred to and stored in a —70°C freezer.
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Of the swabs collected from girls and mothers, one was shipped to the
University of Idaho for analysis of microbial community composition as
described below, and a second was archived for use in subsequent studies.
The third swab was used to assess vaginal health by Nugent criteria (72).
Vaginal or vulvar sample collection was halted if the patient wished to
discontinue sampling during the examination, or at the clinician’s discre-
tion to optimize sample integrity.

16S rRNA sequencing and taxonomic assignment of reads. Genomic
DNA was extracted from vaginal and vulvar swabs with the use of a vali-
dated enzymatic lysis and bead-beating protocol (73), followed by purifi-
cation with use of the QIAamp DNA minikit (Qiagen, Venlo, Nether-
lands), which we have used in our previous human microbiome studies
(8-10, 74). Bacterial 16S rRNA genes were amplified by PCR using bar-
coded primers flanking hypervariable regions V1 and V3 (Escherichia coli
positions 27F to 534R), optimized by Frank et al. (75) for improved de-
tection of Bifidobacteriaceae (including Gardnerella), Borrelia, and Chla-
mydia, as done previously (10). Amplicons were sequenced on a Roche
454 FLX pyrosequencer (Roche 454 Life Sciences, Branford, CT, USA) at
the University of Idaho. Sequence reads were cleaned, filtered, and taxo-
nomically assigned using the Ribosomal Database Project (RDP) Naive
Bayesian Classifier to the first RDP level with a bootstrap score of =50.
Species of Lactobacillus, Gardnerella, and Streptococcus were further clas-
sified using a clustering approach with the R package WGCNA (76) and
16S rRNA sequences from the PATRIC database (http://patricbrc.org).
The methods listed above are described in detail in Text S1 in the supple-
mental material. Following preprocessing of Roche 454 sequence data and
taxonomic assignment of reads, data were processed using custom R
scripts to calculate percentages of taxa within each sample. To simplify
analysis of community composition, we retained named taxa that consti-
tuted either at least 1% of the community in two or more samples or at
least 5% of the community in at least one sample. Taxonomically assigned
reads that did not meet this threshold were combined into an “Other
Bacteria” category, along with reads that could not be taxonomically as-
signed beyond the level of bacteria. Note that “Other Bacteria” is distinct
from the “Other” group of vaginal and vulvar samples determined by
hierarchical clustering.

Availability of data and custom R scripts. Sequences in standard
flowgram format (SFF) for the 457 samples analyzed in this study are available
for download from the NCBI Sequence Read Archive (BioProject
PRJNA266340, http://www.ncbi.nlm.nih.gov/bioproject/266340). Data
and custom R scripts to reproduce the analyses, including walkthroughs
of intermediate steps as well as some additional analyses, are available on
GitHub at https://github.com/roxanahickey/adolescent. Analyses were
conducted using R v3.1.0 (35).

Hierarchical clustering and principal coordinates analysis of com-
munity composition. Following approaches outlined by Legendre and
Legendre (77) and demonstrated by Borcard et al. (78), we performed
both hierarchical clustering and PCoA to obtain an overall picture of
similarities and differences in bacterial community composition across
vaginal samples from girls and mothers. A similar analysis was performed
for all vaginal and vulvar samples together. Prior to these analyses, the
taxon abundance matrix was standardized using the Hellinger method
with the R package vegan v2.0-10 (79). This approach is recommended
when applying clustering or ordination techniques to species abundance
data with sparse representation of some taxa among samples (80, 81). The
Bray-Curtis dissimilarity (82) was then calculated from the Hellinger-
transformed data and used to perform hierarchical clustering. Clustering
was carried out using four different linkage methods: single, complete,
average (unweighted pair group method with arithmetic mean
[UPGMA]), and Ward’s minimum variance criterion. The best clustering
method was identified by determining the cophenetic distance (83) of
each hierarchical clustering, followed by calculation of the Gower distance
(36), the sum of squared differences between the original and cophenetic
distances. The method with the smallest Gower distance was selected as
the optimal clustering model for the distance matrix used. The optimum
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number of clusters was selected according to the maximum silhouette
width (37), and resulting cluster assignments were used in subsequent
analyses as a categorical representation of community composition.
Combined heatmap and dendrogram plots were generated using custom
code that used the R package gplots v2.14.1 (84). A Kruskal-Wallis rank
sum test was performed to determine whether vaginal pH differed signif-
icantly across hierarchical cluster groups (excluding Bifido due to having
only two samples). This was followed by a pairwise multiple-comparison
test using Tukey’s method to identify significant differences between pairs
of cluster groups.

As with hierarchical clustering, PCoA was performed with the Bray-
Curtis dissimilarity matrix calculated from Hellinger-standardized taxon
abundance data. To adjust for negative eigenvalues (the result of using a
non-Euclidean distance matrix), a Cailliez correction was applied to the
eigenvalues (85) before calculation of R?-like ratios (essentially, variance
accounted for by each PCoA axis). PCoA plots were generated using the
first two PCoA axes. These plots were used to make qualitative assess-
ments of patterns in the participant metadata (e.g., sample type, Tanner
stage, and menarcheal status) associated with differences in community
composition.

Analysis of longitudinal trends in community composition and vag-
inal pH. Qualitative assessments of changes in community composition
associated with pubertal development and menarcheal status were com-
plemented by linear mixed effects modeling to identify variables signifi-
cantly associated with observed patterns. We used the R package Ime4
v1.1-7 (86) to perform separate analyses of the relationships between lac-
tic acid bacterium proportions or vaginal pH and selected participant
metadata. LAB proportions were normalized by logit transformation
prior to analysis (87). Subject was specified as a random effect in all mod-
els to control for interindividual variability, and we elected to exclude
subjects with less than three observations of the response variable of in-
terest to minimize inflation of error estimates. Fixed (i.e., explanatory)
effects included Tanner breast or pubic stage (ordered factor with levels 1
through 5), menarche status (pre- or post-), and age at sampling. When
Tanner stage was included in the model, we performed contrasts between
progressive stages (e.g., stage 3 versus stage 2) to determine whether the
response variable was significantly different between them. Starting with a
simple model including Tanner stage as the sole fixed effect (e.g.,
LAB.logit ~ Tanner + 1|Subject + &, where “1|Subject” specifies subject as
arandom effect and € represents random error), we conducted a stepwise
model comparison approach adding fixed effects and interactions one by
one, using analysis of variance (ANOVA) to compare models at each step.
If the models were not significantly different at an « value of 0.05, the
simpler model was favored over the more complex model. P values for
individual mixed effects models were obtained using the R package
ImerTest v2.0-11 (88), which employs type IIT and type I F tests for fixed
effects and likelihood ratio tests for random effects. Upon selection of the
best model, residual and quantile-quantile plots were visually inspected to
identify any obvious deviations from homoscedasticity or normality.

Comparisons of the vaginal and vulvar microbiota of girls. In addi-
tion to the hierarchical clustering and PCoA described above, indicator
species analysis (44) was performed to identify bacterial taxa most
strongly associated with groups of vaginal and vulvar samples. This was
done by calculating indicator values with the IndVal function (89) in the
R package indicspecies (43). This statistic represents the association of
each taxon with one or more groups of samples. Groups were evaluated
based on sample type (girl vagina, girl vulva, or mother vagina) and men-
arche status. Similarity between paired vaginal and vulvar samples from
girls (i.e., samples collected at the same visit from the same individual) was
assessed by calculating Spearman’s rank correlation coefficient from
taxon relative abundances.

Community richness and diversity analyses. We made qualitative
assessments of changes in genus-level community richness and diversity
(Simpson’s index) in relation to pubertal development (i.e., Tanner stage
and menarche status) and vaginal pH, detailed in Text SI in the supple-
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mental material. Rarefaction curves were used to determine a sampling
depth of 2,000 observations per sample. Any taxa that could not be clas-
sified to the genus level were characterized as Other; therefore, the diver-
sity estimates are somewhat conservative. Because of this, we elected not
to perform additional quantitative analyses on these data.
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