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Bio-Sciences R&D Division, TCS Research, Tata Consultancy Services, Pune, India

Functional equilibrium between vaginal microbiota and the host is important for
maintaining gynecological and reproductive health. Apart from host genetics, infections,
changes in diet, life-style and hygiene status are known to affect this delicate state
of equilibrium. More importantly, the gonadal hormones strongly influence the overall
structure and function of vaginal microbiota. Several studies have attempted to
understand (a) the composition of vaginal microbiota in specific stages of women’s
reproductive cycle as well as in menopause (b) their association with gonadal hormones,
and their potential role in manifestation of specific health conditions (from the perspective
of cause/consequence). However, a single study that places, in context, the structural
variations of the vaginal microbiome across the entire life-span of women'’s reproductive
cycle and during various stages of menopause is currently lacking. With the objective
to obtain a holistic overview of the community dynamics of vaginal micro-environment
‘across’ various stages of women'’s reproductive and post-reproductive life-cycle, we
have performed a meta-analysis of approximately 1,000 vaginal microbiome samples
representing various stages of the reproductive cycle and menopausal states. Objectives
of this analysis included (a) understanding temporal changes in vaginal community
taxonomic structure and composition as women pass through various reproductive and
menopausal stages (b) exploring correlations between the levels of female sex hormones
with vaginal microbiome diversity (c) analyzing changes in the pattern of community
diversity in cases of dysbiotic conditions such as bacterial vaginosis, and viewing the
analyzed changes in the context of a healthy state. Results reveal interesting temporal
trends with respect to vaginal microbial community diversity and its pattern of correlation
with host physiology. Results indicate significant differences in alpha-diversity and overall
vaginal microbial community members in various reproductive and post-reproductive
phases. In addition to reinforcing the known influence/role of gonadal hormones in
maintaining gynecological health, results indicate how hormonal level perturbations
cause/contribute to imbalances in vaginal microbiota. The nature of resulting dysbiotic
state and its influence on vaginal health is also analyzed and discussed. Results also
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suggest that elevated vaginal microbial diversity in pregnancy does not necessarily
indicate a state of bacterial infection. The study puts forward a hormone-level driven
microbiome diversity hypothesis for explaining temporal patterns in vaginal microbial
diversity during various stages of women'’s reproductive cycle and at menopause.

Keywords: vaginal microbiota, community dynamics, alpha-diversity, estrogen, progesterone, reproductive life-

cycle

INTRODUCTION

The human microbiota comprises of trillions of micro-organisms
inhabiting different body sites and is involved in diverse functions
(Grice and Segre, 2012; Wang et al., 2017). Through their
intricate involvement in various aspects of host physiology and
metabolism, microbiota assist the host in key functions such as
nutrient absorption, maturation of immune system, defending
host from pathogens, etc. (Schwabe and Jobin, 2013; Bhattacharya
et al,, 2015; Anand et al,, 2016). The onset and progression
of numerous health disorders have been associated with the
breakdown of mutualistic relationships between the host and
various players constituting the microbial ecosystem (and also
between the players themselves) (Gupta et al., 2011; Jorth et al,,
2014; Ganju et al., 2016; Kaur et al., 2017).

The microbial community which inhabits the human
vagina displays diverse states of homeostasis (Ravel et al.,
2011). Although, the composition of vaginal microbiota
is quite dynamic, it is influenced to a large extent by
factors like diet, behavior, hygiene status, age, genetics, and
gynecological/reproductive status of women (Fettweis et al,
2010). Apart from this, fluctuations in hormonal levels across
various stages of women’s reproductive cycle and during
menopausal states also bring about considerable changes in
the vaginal microbial ecosystem (Vitali et al., 2017). Altered
levels of female gonadal hormones have been associated with a
multitude of systemic and reproductive disorders (Emaus et al.,
2008; Lakshman et al.,, 2009; Zhang et al., 2018). Additionally,
the innate and adaptive immune systems which protect the
female reproductive tract against invading pathogens are also
under the control of the varying hormone levels (Wira et al.,
2011). Therefore, a range of factors contribute to the dynamics
of vaginal microbiome throughout the life cycle of women. In
most women, the vaginal microbiota is chiefly dominated by
lactic acid producing species/strains belonging to the genus
Lactobacillus (Miller et al., 2016; Witkin and Linhares, 2017).
Besides lactic acid, other substances produced by lactobacilli in
the vaginal micro-environment such as hydrogen peroxide and
bacteriocins inhibit the growth of potential pathogens (Jack et al.,
1995; Hawes et al., 1996; Dover et al., 2008).

A sizeable number of studies have contributed to the present
understanding of variations in the vaginal microbiome in
distinct phases of women’s reproductive cycle, namely, puberty
(Yamamoto et al., 2009; Hickey et al., 2015), menarche (Boskey
et al, 1999), menstruation (Gajer et al, 2012; Chaban et al,
2014), pregnancy (Freitas et al., 2017; Nasioudis et al., 2017), and
pre/post menopausal stages (Muhleisen and Herbst-Kralovetz,
2016). Studies have also explored specific aspects pertaining to

the structure and/or function of the vaginal microbiome (e.g.,
alpha-diversity, taxonomic/functional signatures characterizing
health or disease states, etc.) that have a potential diagnostic
or therapeutic value in real-world clinical settings (Xiao et al.,
2016; Chehoud et al., 2017; Haque et al., 2017). However, to the
best of our knowledge, a single study that places, in context, the
structural variations of the vaginal microbiome across the entire
life-span of women’s reproductive cycle and during various stages
of menopause is currently lacking. Such a study can potentially
provide a holistic overview of the community dynamics within
the vaginal micro-environment (in terms of compositional and
morphological snapshots) across the lifetime of women.

In this study, we have performed a meta-analysis of
data corresponding to approximately 1,000 vaginal microbiota
samples (sourced from previously published five vaginal
microbiome studies: Ravel et al., 2011; Brotman et al.,, 2014;
Chaban et al, 2014; Romero et al, 2014; Hickey et al,
2015) representing various stages of women’s reproductive
cycle and menopause. The primary objective was to obtain
a holistic understanding of the structure and composition of
the vaginal microbial community across different gynecological
stages. Further objectives included (a) exploring whether any
correlations exist between the female sex hormones levels and
the vaginal microbial diversity, (b) analyzing the pattern of
community diversity in cases of bacterial vaginosis (an abnormal
condition characterized with microbial dysbiosis or imbalance
accompanied with vaginal discharge) and comparing the same
with that in healthy state. The overall aim was to understand the
functional basis of how diversity of vaginal microbiota correlates
with host physiology and elucidating its role in maintaining the
gynecological health of women. Besides shedding light on general
characteristics of normal development, insights obtained in this
study can potentially help in obtaining a better understanding
of the nature of imbalances in the vaginal microbiome. Such
insights are likely to be useful in formulating strategies for
improving care/management of women’s gynecological and
reproductive health.

RESULTS

The reproductive and post-reproductive years of women’s life
are typically characterized by four distinct phases, viz. puberty,
menstruation, pregnancy and menopause. In order to study the
pattern of vaginal microbial structure and composition across
specific stages in the life-cycle of women, we created a ‘corpus’
of sequence data corresponding to 997 vaginal microbiome
samples sourced from five previously published studies (details
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in section “Materials and Methods”). Although the obtained
sequence data contained a fair representation of each of the
above mentioned four phases as well as corresponding sub-phases
of women’s reproductive cycle and menopausal states, it may
be noted that the ‘pooled’ data corpus included instances of
multiple samples sourced from the same study participant at
different time-points. Given the intention to study ‘native’ vaginal
microbial community structure and taxonomic composition,
the data corpus was built using the specific subset of samples
from women who were agnostic to any exogenous medical
interventions (e.g., birth control pills, progesterone supplements,
antibiotics, antimycotics, organ transplants etc.) that are known
to impact the structure of vaginal microbiome (Farage et al.,
2017; Achilles et al., 2018). The participants from the analyzed
five studies confirmed to this inclusion criterion. It should be
noted that taxonomic profiles of all samples in the corpus
were generated using standard (published) processing tools
(details in section “Materials and Methods”). For granularity of
analysis, taxonomic profiles of samples corresponding to each
reproductive phase and menopause were further sub-grouped
based on the reproductive sub-phase to which they belonged. For
instance, vaginal microbiome data corresponding to ‘menopause’
samples was sub-grouped into three categories, namely, pre-
menopausal, peri-menopausal, and post-menopausal. The data
from each phase was segregated into specific sub-phases for
performing various analyses.

Five types of analyses were performed on the generated
vaginal microbial taxonomic profiles (corresponding to various
phases/sub-phases)

(1) Vaginal microbial taxa (relative abundance) trends.

(2) Distance-based ordination analysis to study
pattern of clustering.

(3) Changes in community structure (quantified using alpha-
diversity measures).

(4) Relationship between circulating gonadal hormones and
vaginal microbial diversity.

(5) Changes in the (inferred) metabolic functions, at
different sub-stages.

the

Taxonomic Composition of Vaginal
Microbiota Across Distinct Phases of
Women’s Reproductive Cycle and Stages
of Menopause

The vaginal microbiota is observed to have distinct microbial
community structure and composition at different stages of
women’s reproductive lifecycle and menopause. Analysis of
taxonomic profiles indicate the vaginal microbiota to be
dominated by taxa belonging to five bacterial phyla, namely,
Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes, and
Fusobacteria, in one or more investigated gynecological cohorts
(Supplementary Data Sheet 1). Results, however, indicate
interesting differences between taxonomic profiles corresponding
to various phases/sub-phases. For instance, while taxa belonging
to three different phyla viz., Proteobacteria, Bacteroidetes, and
Actinobacteria are observed to be abundant in vaginal microbiota

at the time of onset of puberty, i.e., Tanner stage II, the vaginal
microbiota in the later stages of puberty (Tanner stages III-
V) are characterized by taxa belonging to only Firmicutes.
On an analogous note, while samples from menstrual stage
are observed to harbor a relatively high abundance of taxa
belonging to phyla Fusobacteria, Proteobacteria, Bacteroidetes,
and Actinobacteria, samples from the follicular stage show
an absence or significantly diminished abundance of the
afore-mentioned phyla. The follicular stage samples instead
indicate higher relative abundance of taxa belonging to the
phylum Firmicutes.

The samples from pregnancy cohorts show an increase in
the relative abundance of phylum Firmicutes from Trimester I
to Trimester III. Earlier studies had also reported the vaginal
microbiota of healthy women to be primarily dominated
by phylum Firmicutes (Ceccarani et al,, 2019). Interestingly,
phylum Firmicutes is also observed to be enriched in samples
analyzed from ‘Bacterial vaginosis’ (BV) negative population.
However, the abundance of Firmicutes is observed to decrease
in BV-intermediate and BV-positive cohorts. In contrast, the
relative abundance of bacterial phyla, namely, Fusobacteria,
Bacteroidetes, Actinobacteria, and Proteobacteria are predicted
to be high in BV positive women. The dysbiosis of vaginal
microbiota during BV has been reported to replace the Firmicutes
dominated taxa to more diverse bacterial taxa belonging to afore-
mentioned phyla (Ceccarani et al., 2019). The vaginal microbiota
of pre and peri-menopausal women are observed to harbor a
higher relative abundance of phylum Firmicutes as compared
to post-menopause samples. In contrast, vaginal microbiota
in post-menopausal women is observed to have a dominance
of phyla, Proteobacteria, Bacteroidetes, and Actinobacteria
(Supplementary Data Sheet 1). Such differences, with respect
to the proportions of taxa in microbiota samples across various
reproductive and post-reproductive stages (and sub-stages), are
observed not only at phylum level but also at the taxonomic levels
of class, order, family and genus. A compendium of these results
is provided as Supplementary Data Sheet 1 (panels 1-5). For
brevity, results obtained at genus level and the interpretations
drawn from the same are detailed below.

A comparative snapshot depicting trends in relative
abundances of various vaginal microbial genera across
different phases (and sub-phases) of women’s reproductive
cycle is depicted in Figure 1A. The image also shows the
hierarchical clustering pattern amongst not only genera but
also amongst various (sub)-phases of women’s reproductive
cycle and menopausal stages (Figure 1B). In this panel, the
relative lengths of various branches of the dendrogram are
indicative of the level of compositional similarity between
the abundance patterns of various genera, and/or amongst
datasets corresponding to various depicted (sub)-phases. Since
an overwhelming proportion of Lactobacillus was observed in
the taxonomic profile of most samples, the median abundance
values obtained for each individual genus were rank-normalized
(across various reproductive and menopausal sub-phases) prior
to generating Figure 1 analysis (both panels). For reference, the
pattern of median abundances of Lactobacillus and other major
genera present in the analyzed vaginal microbial samples, when
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FIGURE 1 | Heatmap representing the taxonomic profiles of vaginal microbial communities at various reproductive and post-reproductive stages of women.
Rank-normalized median abundance values (non-zero) of vaginal bacterial groups/taxa across all reproductive stages and post-reproductive of women has been
plotted as a heat map. The cells highlighted in blue and red represent low and high abundance of the corresponding bacterial groups. (A) Given that the objective
was to observe variations in the abundance pattern of each individual taxon across various reproductive sub-phases, median abundances values of each taxon were
rank normalized across various reproductive sub-phases (and not across various taxa in each reproductive sub-phase). Data was therefore subjected to row-wise
normalization rather than column-wise. (B) To observe taxonomic variations within each reproductive and post-reproductive stage, column-wise or stage-wise rank
normalized median abundance values (non-zero) of vaginal bacterial groups are represented as a heatmap.
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viewed without the rank-normalization step, are provided in
Supplementary Figure S1.

Results depicted in Figure 1B indicates compositional
similarity between the vaginal microbiota of women in their
mid/late stages of puberty (ie., Tanner stages III-V) and
the vaginal microbiota of reproductive-age women (i.e., BV-
Negative). The clustering pattern appears to indicate spatial
proximity (and lower branch lengths) between the mentioned
groups. It is pertinent to note that the vaginal microbiota samples
tagged as ‘BV-Negative’ are a subset of the samples from an
earlier study (Ravel et al., 2011) which were collected from
‘reproductive-aged’ women who were not pregnant, regularly
menstruating, had refrained from usage of any antibiotic or/and
contraceptive drugs and were not suffering with bacterial
vaginosis. Thus, in line with earlier findings (Hickey et al., 2015),
the taxonomic composition of the vaginal microbiota of girls in
mid-late puberty is observed to be similar to that in reproductive-
aged women (Figure 1).

Vaginal microbial communities are observed to have relatively
higher diversity in early stages of puberty (Tanner II). Tanner
stage II is observed to be enriched with genera commonly
associated with the vaginal microbial ecosystem, namely,
Prevotella, Finegoldia, Peptoniphilus, Anaerococcus, Dialister,
and Lactobacillus. Although Gardnerella has been reported
to be present in the vaginal micro-environment of girls in
puberty stage, it has been shown to be transferred through
sexual abuse/activity from the infected partner (Kohlberger and
Bancher-Todesca, 2007). Since the participants from puberty
cohort reporting sexual abuse/activity were excluded from the
study (Hickey et al, 2015), the abundance of Gardnerella is
not observed in Tanner Stage II. On the other hand, Tanner

stages III-V are observed to have an exclusive enrichment
of Lactobacillus. Notably, the results indicate that the vaginal
microbial communities tend to become Lactobacillus dominant
by mid to late stages of puberty. Although, the taxonomic
composition of the vaginal microbiota in the menstrual phase
is seen to be similar to that observed in early stages of puberty
(Tanner stage IT) (Figure 1), two genera (Peptostreptococcus and
Streptococcus) are found to be specifically present at menstrual
stage. These observations may be attributed to a relatively less-
acidic environment created as a result of menstruation. Normally
the pH level of menstrual blood is similar to that of ordinary
blood (7.2-7.4). The increase in pH leads to a surge in numbers
of anaerobic microbes which are usually present as commensals
in a normal vaginal environment (Eschenbach et al., 2000).
During menstruation, the contact of menstrual fluid with the
vagina neutralizes the usually acidic vaginal microenvironment.
Interestingly, at neutral physiological pH, the lactic acid
produced by lactobacilli has no protective antimicrobial effect
(Morison et al., 2005). Therefore, the increase in physiological pH
of vagina may lead to surge in numbers of anaerobic microbes
which are usually present as commensals in a normal vaginal
environment (Eschenbach et al, 2000). Additionally, during
menses, iron becomes readily available as a prime nutritional
source for many genital bacteria (Roberts et al., 2019). In order
to acquire iron deposited on the vaginal mucosal surfaces,
vaginal microbes like Streptococcus and Gardnerella secrete iron
chelating compounds called siderophores (Jarosik et al., 1998;
Scholl et al,, 2016). Interestingly, immune system mediators,
such as, Neutrophil gelatinase-associated lipocalin (NGAL)
inhibit the growth of iron dependent bacteria by obstructing
the sequestration of available iron (Miethke and Skerra, 2010).
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Vaginal NGAL levels have been reported are higher in women
with Lactobacillus-dominated vaginal ecosystem (Witkin and
Linhares, 2017). In this context, the observations from the
current study suggest that less acidic physiological pH together
with a decrease in numbers of lactobacilli, in an iron rich
micro-environment, contribute toward an overall boom of
vaginal microbes during menstruation. Further, the cessation of
menstrual flow in the subsequent follicular phase lowers the
vaginal pH, thereby aiding the proliferation of lactobacilli. This
in turn has been shown to cause a concomitant reduction in
the numbers of other anaerobic microbes (Onderdonk et al.,
2016). As evident from Figure 1, as compared to samples from
the menstrual phase, the follicular phase is observed to harbor
higher abundances of Lactobacillus, and reduced proportion (or
absence) of other microbes that characterize the menstrual phase.

The onset of pregnancy is observed to bring about a
radical change in the composition of the vaginal microbiota
(Figure 1). With the exception of Lactobacillus, the vaginal
micro-environment is observed to harbor a completely new
set of microbes (Atopobium, Aerococcus, Gemella, Sneathia,
Parvimonas, Gardnerella, and Megasphaera) which are observed
to be totally absent in puberty and menstrual stages. Interestingly,
the abundance of Lactobacillus is found to be relatively low
in the early stages (lst trimester) as compared to later
stages of pregnancy. A distinct shift in vaginal microbial
community structure is observed in the second trimester which
is characterized by a marked decline in abundance of most
of the microbes (except Lactobacillus). Earlier studies have
indicated that the onset of pregnancy triggers an assortment
of physiological changes in women’s body, including endocrine,
metabolic and immunological changes (Soma-Pillay et al,
2016). These changes are also manifested in the vaginal
ecosystem, thereby causing gestational time- or trimester-
dependent variations in vaginal microbiota. Furthermore, the
results of this analysis are in line with earlier reports indicating
similarities between the vaginal microbial communities in later
stages of pregnancy and in reproductive-aged women in non-
pregnant stages (Aagaard et al., 2012). The vaginal microbiota at
pre- and peri-menopausal phases is observed to be dominated by
Lactobacillus alone. However, the transition of women through
various stages of menopause is marked with a gradual depletion
of Lactobacillus.

Overall, results clearly indicate that vaginal microbial
communities display stage-specific differences as they transition
through various stages of women’s reproductive cycle and in
menopause. At less ‘perturbed’ states, Lactobacillus appears to
be the principal inhabitant of the vaginal micro-environment.
However, the abundance of Lactobacillus varies according to
the physiological state of women. Putting these results in the
context of ‘Bacterial Vaginosis’ (BV) - a somewhat natural state
of microbial imbalance/dysbiosis (that is not a direct result of any
medical intervention) leads to quite an interesting observation.
As seen from Figure 1, the vaginal microbiota from healthy
BV negative women is observed to be dominated exclusively by
Lactobacillus. Recent studies have experimentally reported that
the vaginal micro-flora of healthy women is largely enriched
with strains of Lactobacillus (Ma et al., 2012; Amabebe and

Anumba, 2018). Contrastingly, in a state of severe bacterial
vaginosis (BV Positive), the vaginal microflora appears to harbor
a combination of microbes which are observed to thrive during
the menstrual phase and the early stages of pregnancy. The latter
two states (otherwise ‘healthy’ states) are observed to have two
‘distinct’ sets of microbes, most of which are exclusive to the
respective states. The intermingling of microbes belonging to
these two exclusive sets appears to characterize (and probably
trigger) the condition of bacterial vaginosis. It is important to
understand the mechanism of co-habituation of these microbes
on a physiological or metabolic scale in order to potentially devise
ways to prevent this pathological joining of forces.

Clustering Pattern of Vaginal Microbiota
Belonging to Different Gynecological

Phases

In order to identify any underlying patterns of taxa abundance
and distribution amongst vaginal microbial communities across
discrete phases of women’s reproductive cycle and menopause,
the entire corpus of taxonomic profiles corresponding to
997 samples was subjected to ordination analysis. Results
of the Principal Coordinate Analysis (PCoA) determined
from Weighted Unifrac divergence distances are depicted in
Figure 2A. The Dirichlet Multinomial Mixtures probabilistic
modeling (Holmes et al., 2012) was employed for clustering
the samples into distinct community types. This type of
probabilistic modeling assumes that each sample is derived
not by a single microbial community, but by a mixture of
microbial communities. The model for the data was generated
and fitted for mixture of Dirichlets prior, as a metric for inferring
the statistically optimal number of clusters (Supplementary
Figure S2). The details of the approach are described in
the methods section. Results indicate optimal grouping of
microbiota sample profiles into three distinct clusters or
community types. Further, the percentage distribution of the
samples in different community types depicts an interesting
pattern (Figure 2B). Samples belonging to majority of the
reproductive and menopausal stages are observed to cluster in
the first community type (represented as G1). Interestingly, a
high percentage of samples taken from women in their early
stages of pregnancy (1st trimester) and those from women
with severe bacterial vaginosis (BV Positive) are observed to be
grouped together in the second community type (represented
as G2). Further, approximately 50% of the samples belonging to
Menstrual and Tanner Stage II and are found to cluster into the
third community type (G3).

To further probe these intriguing observations, the
loadings/weights/probabilities of genera in different community
types were analyzed. The objective of this exercise was to identify
taxonomic drivers of the three community types across the
various reproductive and menopausal stages. Interestingly,
the obtained results indicate the presence of specific drivers
for each of the community types. Community type G,
which was observed to constitute majority of samples from
most of the reproductive and menopausal stages (Figure 2),
is seen to be dominated Lactobacillus (Figure 3). Further,
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FIGURE 2 | (A) Principal coordinates analysis (PcoA) plot of datasets based on Weighted Unifrac divergence. The samples analyzed clustered into three distinct
clusters/community types based on Weighted Unifrac divergence as a distance metric. Dirichlet Multinomial Mixtures probabilistic model was employed to obtain

for the datasets analyzed is provided as Supplementary Figure S2. (B) Percentage distribution of samples in different community types. Distribution of vaginal
microbiome samples from discrete reproductive and post-reproductive stages in different community types. The samples from most of the stages are observed to

community type G3 is found to constitute majority of samples from Tanner Stage Il and Menstrual stage.

let model fit plot representing the number of optimum clusters/community types

ve and 1st trimester are observed to occur in community type G2. The

the genera, Atopobium, Gardnerella, Megasphaera, Dialister,
Aerococcus, Sneathia, Parvimonas, Gemella, and Ureaplasma,
are observed to have highest weights in community type G2,
which mostly comprised of samples from BV positive and
the 1st trimester. The third community type G3, containing
most samples from Tanner Stage II and the menstrual stage,
is found to be driven by the genera Prevotella, Anaerococcus,
Peptoniphilus,  Finegoldia, Streptococcus, Mobiluncus, and
Peptostreptococcus. The association of taxa/taxa-groups that
characterize each of the three community types obtained in
the DMM-based probabilistic modeling analysis was further
characterized using LefSE tool (Segata et al., 2011). Microbiome
samples were appropriately labeled as per the three community
types to which they belonged and were provided to Lefse
tool with the objective of identifying distinguishing taxa
that could be associated with each community type. Results
of this analysis (depicted in Supplementary Figure S3)
are observed to be in sync with that depicted in Figure 3.
While Lactobacillus alone seems to differentiate community
type Gl from the other two community types, a set of
five genera each emerge as signatures of community types
G2 (Gardnerella, Atopobium, Megasphaera, Sneathia, and
Aerococcus) and G3 (Prevotella, Anaerococcus, Peptonophilus,
Finegoldia, and Dialister), respectively. The above results
suggest the presence of discrete taxonomic drivers in the
vaginal community structure across various reproductive and
menopausal stages of women.

In the context of the above results, it is pertinent to note that
both bacterial vaginosis as well as the onset of pregnancy trigger
a shift in the vaginal microbiota from a Lactobacillus dominant
state to a relatively high diverse community structure comprising
of several anaerobic micro-organisms.

During the state of pregnancy, the female body undergoes
numerous metabolic, immunological, and endocrine changes
(Kumar and Magon, 2012). Notably, the structure and
composition of microbial communities inhabiting different
body sites alter concurrently with these physiological changes.
As the pregnancy progresses, significant alterations have
been reported in oral, placental, gut, and vaginal microbiota
(Nuriel-Ohayon et al., 2016). Additionally, several studies have
postulated that bacterial, fungal, or viral infections during
pregnancy increase the risk of unfavorable pregnancy outcomes,
such as, preterm delivery, miscarriage, fetal growth retardation
and premature rupture of uterine membranes (Young et al,
2015; Mei et al,, 2019). In order to guard the developing fetus
and to cope with pressures of wavering physiological functions,
substantial modulation of immune system occurs. At the onset
of pregnancy the immune system suppresses itself to support
the implantation of fetus, while it re-strengthens toward mid
and later stages of pregnancy. This ‘re-wiring of immune system’
throughout pregnancy induces a low-grade inflammation at
mucosal surfaces of gut, vagina, oral cavity, and placenta. This
leads to changes in structure and composition of microbiota
inhabiting these body sites (Edwards et al., 2017). For instance,
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Principal Coordinates Analysis (PCoA) plot of datasets based on
Weighted Unifrac divergence
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FIGURE 3 | (A) Principal coordinate analysis (PcoA) plot of datasets based on Weighted Unifrac divergence, representing three distinct community types. The
samples analyzed clustered into three distinct clusters/community types based on Weighted Unifrac divergence as a distance metric. Dirichlet Multinomial Mixtures
probabilistic model was employed to obtain statistically optimum number of clusters/community types. The corresponding Dirichlet model fit plot representing the
number of optimum clusters/community types for the datasets analyzed is provided as Supplementary Figure S2. (B) Rank normalized weights of genera in
different community types. The genera constituting the vaginal microbial communities in the datasets analyzed were ranked based on their weights/probabilities in (a)
each community type/cluster and (b) throughout different community types/clusters. This exercise was performed to identify the driving/contributing bacterial
taxa/groups for the observed clusters. The community type G1, constituting most of the samples from the stages analyzed is observed to be driven solely by
members of Lactobacilli. The genera namely, Gardnerella, Atopobium, Megasphaera, Dialister, Aerococcus, Sneathia, Parvimonas, Gemella, and Ureaplasma are
seen to drive/constitute the community type G2. The driving taxa for community type G3 are observed to be Prevotella, Anaerococcus, Peptoniphilus, Finegoldia,

from first to third trimester, the gut microbiota of women exhibit
an enrichment in bacteria belonging to phyla Proteobacteria and
Actinobacteria (Nuriel-Ohayon et al., 2016). Studies also indicate
similar shifts in patterns of composition of vaginal bacteria
during the course of pregnancy.

Interestingly, it has been suggested that the onset of pregnancy
curbs the action of an otherwise hostile vaginal immune
response. For instance, the natural killer (NK) cells, one of
the most potent immune cells present in the vagina, act as
pacifiers instead of attackers during the beginning of pregnancy
(Nuriel-Ohayon et al., 2016; Pennisi, 2018). It is hypothesized
that this process of immune suppression facilitates the proper
implantation of the developing fetus. The sudden decline in the
body’s immune response (for accommodating the fetus) seems
to provide a plausible explanation for the observed community
shift in the vaginal microbiota (during the first trimester of
pregnancy) from a Lactobacillus-dominated state to a state of
‘high community diversity, the latter state bearing similarities
with bacterial vaginosis. However, as the pregnancy progresses,
during the second and the third trimesters, the vaginal immune
system re-strengthens itself to protect the maturing fetus against
pathogenic infections (Mor and Cardenas, 2010). It is likely
that this pregnancy triggered regulation of immune system is
one of the factors that promotes the disruption and consequent
disappearance of potentially infectious anaerobes, and in-turn
results in the re-colonization of Lactobacillus in the vagina.

In this context, it is worth-mentioning that the results of the
ordination analysis also indicate a trimester-wise transition of
pregnancy samples from community type G2 to G1, correlating
with the shift from vaginal microbial community (comprised of
Lactobacillus co-inhabiting along with other anaerobic bacteria)
to vaginal microbial community in which only Lactobacillus
predominates. The above observations of a relatively diverse
microbiome in early stages of pregnancy, however, contradicts
the accepted notion that a highly diverse vaginal ecosystem
reflects a dysbiotic state (van de Wijgert, 2017). It may also be
noted that diversity of the vaginal microbiome has been suggested
as an important indicator for prediction of pregnancy outcomes
(term/pre-term) (Haque et al., 2017). Studies have also indicated
a significant increase in the diversity of vaginal microbiota in
women with preterm outcomes as compared to women with
term pregnancy outcomes (Fettweis et al., 2019; Hocevar et al,,
2019). In addition to microbial diversity alone serving as a
potential indicator of an impending preterm delivery outcome,
a recent study has implicated ‘species-level’ perturbations in
the vaginal microbiota (especially with respect to Lactobacillus
species) to be associated with preterm birth (Fettweis et al,
2019). Interestingly, the study indicated an association between
the presence of taxa such as Sneathia, TM7-H1, and BVA-B1 etc.,
and the incidence of a preterm birth. It may be noted that BVA-B1
refers to ‘bacterial vaginosis related bacterium.” Given the results
presented in this study, it would be therefore interesting to study
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and characterize the compositional and functional differences
between three vaginal microbiota states marked with medium to
high diversity, i.e., early pregnancy in health women, pregnant
women with known risk of preterm birth, and pregnant women
diagnosed with bacterial vaginosis.

Vaginal Microbial Community Dynamics
Across Distinct Phases of Women’s
Reproductive Cycle and Stages of
Menopause

Given the observed variations in the composition of vaginal
microbial communities and the importance of vaginal diversity
in maintenance of vaginal homoeostasis (Gao et al., 2013;
Freitas et al, 2017), it becomes imperative to understand the
pattern of microbial diversity in each of the datasets. Alpha-
diversity metrics serve as an indirect measure of the functioning
and stability aspects of a microbial community. These metrics
provide a high-level snapshot of microbial community dynamics,
i.e, how diversity changes over space and time (and if
there exists any commonalities in patterns between two or
more communities/states). However, the question of why such
ecological changes have occurred requires a close look into
the respective physiological/metabolic context. Understanding
the ‘why’ aspect has practical implications with respect to not
only improving the monitoring and prediction of community-
level changes, but also devising potential mechanisms for
modulating microbial communities toward desirable (healthy)
states or outcomes.

In the above context, all sample groups in the compiled
data corpus were evaluated in terms of the three measures of
alpha-diversity, namely, richness, evenness, and proportional
diversity. Chao, Simpson, and Shannon indices were used
as respective metrics for quantifying the said measures. The
computed trends are depicted in form of box-plots (Figure 4) and
results of statistical comparisons done between alpha-diversity
values computed from sample groups corresponding to various
reproductive and menopausal sub (phases) are provided in
Supplementary Figures S4-S6.

Consistent with patterns of taxonomic composition
(Figure 1), the transition from early (Tanner stage II) to
later stages of puberty (Tanner stages III-V) is characterized
by a marked (statistically significant) decline with respect to
all three alpha-diversity measures. The reason for this decline
(i.e., the ‘why’ aspect) can possibly be attributed to the changing
physiological state. At the onset of sexual maturation (i.e.,
Tanner stage II), the vaginal microbial environment is typically
inhabited by several types of commonly occurring bacterial
species. This is manifested as high values of richness and
diversity (Figures 4A,B). Reduced numbers of Lactobacilli
(the acidic secretions of which inhibit the growth of other
co-inhabiting microbes) could be the likely reason for relatively
higher ‘evenness’ (depicted via Simpson index in Figure 4C)
of Tanner stage II samples as compared to later Tanner
stages. Progression into later stages of puberty is associated
with increase in circulating estrogen. Besides abetting the
proliferation of vaginal epithelial cells, increased circulation of

estrogen also stimulate glycogen deposition on and within the
epithelial cells lining the walls of the vagina. Increased levels
of estrogen-stimulated glycogen production (during sexual
maturation), and its availability as a substrate (in the vaginal
epithelium) is postulated to aid the proliferation of glycogen
degrading and lactic acid producing Lactobacillus community
in the vagina (Farage et al.,, 2010). This could possibly explain
the relatively lower diversity values observed in the later stages
of puberty (i.e., Tanner Stages III-V). In line with previous
experimental studies (Farage et al., 2010; Wessels et al., 2018),
the results also indicate that circulating levels of gonadal
hormones play a key role in influencing or defining the microbial
diversity of the vagina.

Diversity of the vaginal microbial community across various
stages of menstruation also appears to follow an analogous
pattern observed during distinct sub-stages of puberty. Although
not statistically significant, the menstrual phase is characterized
by higher community diversity as compared to the succeeding
follicular phase (Figure 4). In context of the physiological
state being analyzed, the following reason(s) are a possible
explanation for the given observation. As an anticipatory
preparation for implantation of a potential embryo, the luteal
phase (which precedes the menstrual phase) is known to be
characterized by thickening of the uterine wall, i.e., endometrium
and vaginal epithelium. Consequently the glycogen deposition
in the vaginal environment increases. However, the lack of
fertilization leads to an abrupt drop in the levels of sex
hormones, accompanied with the shedding of endometrium and
vaginal epithelial lining, during the menstrual phase, thereby
providing an amenable environment for several microbes to
proliferate (Female Reproductive Endocrinology, 2019). During
the succeeding follicular phase, the decline of menstrual flow
lowers the vaginal pH and consequently, the proliferation of other
anaerobic microbes ceases (Onderdonk et al., 2016). Therefore,
considering the circulating hormones and the pH levels, the
diversity of the vaginal microbiome tends to decrease or stabilize
during follicular phase.

Further, the diversity values during pregnancy are observed to
alter according to stage of pregnancy. While the samples from
Ist trimester are seen to have higher community diversity, the
samples from later stages of pregnancy (2nd and 3rd trimester)
are observed to have relatively low diversity values. Earlier
studies have also indicated the presence of highly diverse vaginal
microbial community at the beginning of pregnancy (Stout
et al., 2017). As the pregnancy progresses, the estrogen and
progesterone levels increase, reaching their peaks at 3rd trimester
(Schock et al., 2016). Additionally, as explained previously, the
immune system of women dynamically strengthens as pregnancy
progresses (Nuriel-Ohayon et al., 2016). Thus, elevated level of
gonadal hormones along with a strengthened immune system
might result in stable or less diverse vaginal microbiota during
middle and later phases of pregnancy. The H-index values
of vaginal microbial communities in pre and peri-menopause
cohorts are seen to be comparable to those of balanced,
less diverse vaginal ecosystem. Contrastingly, the diversity
values of vaginal microbiota communities in post-menopausal
cohort are observed to be relatively higher than those in pre
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and peri-menopausal cohorts. Menopause has been associated
with physiological and endocrine changes which regulate the
menstrual and reproductive cycles in women. Notably, due to
decrease in circulating hormones during menopause, glycogen
deposition in the vaginal walls decreases (Farage et al., 2010).
Thus, it is likely that these changes lead to lower abundances
of glycogen utilizing Lactobacillus in the vagina of post-
menopausal women.

Apart from the typical stages of a women’s reproductive life
cycle and menopausal stages, vaginal microbiome diversity was
also analyzed in the state of bacterial vaginosis (BV), which is
a known cause of vaginal discomfort in women. The diversity
values in cohort of BV negative women are observed to be
low, indicative of a healthy, less diverse vaginal microbiota. In
contrast, as the condition worsens (from BV-intermediate to
BV-positive), the vaginal microbiome community is observed to
obtain a highly diverse state. Earlier studies have also indicated
the presence of high bacterial diversity in vaginal infections
(Onderdonk et al, 2016). Further, experimental evidence
suggests that low abundance of Lactobacillus in the vaginal
microenvironment leads to increase in vaginal pH, thereby
making the vagina more prone to infections (Shen et al., 2016)
and increasing the bacterial diversity during BV. Interestingly,
the patterns of bacterial diversity obtained in the current analysis
suggest the existence of hormone-dependent variations in the
vaginal microbial diversity and health status of women.

Trends in Gonadal Hormone Levels and
Alpha-Diversity of Vaginal Microbiota at
Different Reproductive and Menopausal
Stages

In order to investigate the relationship between circulating
gonadal hormones and diversity of vaginal microbiota, the levels
of estrogen and progesterone values across all reproductive
and menopausal stages of women were collated from literature
(Supplementary Data Sheet 2). This compilation of data was
done with the objective of building a preliminary context and
hypothesis that explains the variations observed in the diversity

of microbiota across various reproductive and menopausal (sub)-
phases. Results of this analysis appear to suggest a correlation
between the hormone levels and vaginal microbial diversity
(Figure 5). For instance, at the onset of puberty (Tanner stage
II), the observed increase in the levels of gonadal hormones
occurs due to gonadal maturation (Farage and Maibach, 2006).
As discussed earlier, a higher vaginal bacterial diversity is also
observed at this stage. During the course of puberty (from Tanner
stages II-V), although the levels of gonadal hormones are seen
to rise, the bacterial diversity is observed to decline. It is likely
that at the onset of puberty, the surge in hormone levels leads to
increased glycogen deposition in vaginal walls, thereby providing
ample source of nutrients to vaginal microbes to grow and
proliferate. As the gonadal maturation continues in later stages
of puberty, the hormone stimulated glycogen production aids the
growth of mainly glycogen degrading and lactic-acid producing
Lactobacillus community in the vagina (Farage et al.,, 2010).
However, the production of lactic-acid (with hydrogen peroxide
and lactocin as by-products) causes a decrease in vaginal pH,
thus rendering the vaginal micro-environment unsuitable for the
growth of other anaerobic microbes. Therefore, despite having
higher progesterone/estrogen levels, the later stages of puberty
are marked by low bacterial diversity.

Further, at the beginning of the menstrual cycle, higher
levels of both gonadal hormones and vaginal bacterial diversity
are observed. A similar phenomenon, leading to an increased
glycogen production (stimulated through elevated hormone
levels), might lead to sudden increase in bacterial diversity. In
contrast, the follicular stage of the menstrual cycle is found to
have a low bacterial diversity, despite the hormone levels being
at a comparatively higher level. Owing to the degradation of
accumulating glycogen and the production of lactic acid (and the
harmful/antagonistic by-products), the Lactobacillus dominance
established during this stage is probably the reason for a less
diverse vaginal microbiota.

A similar antagonistic pattern is also observed across different
stages of pregnancy (Figure 5). The levels of progesterone and
estrogen released by the placenta in pregnancy are much higher
than those in menstrual cycle (almost two folds as compared
to that during menstrual cycle) (Kumar and Magon, 2012).
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FIGURE 4 | (A) Shannon, (B) Chao, and (C) Simpson diversity trends across samples corresponding to all reproductive and post-reproductive stages of women.
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FIGURE 5 | (A) Dynamics of vaginal microbiome in response to female sex hormones. The surge of estrogen and progesterone causes an increased deposition of
glycogen on vaginal epithelial walls. Since glycogen serves as a nutrient source for vaginal microbes, the excess amount of glycogen causes a sudden rise in the
numbers of glycogen-degrading, lactic-acid producing Lactobacilli. The concomitant release of lactic acid, along with hydrogen peroxide by Lactobacilli inhibits the
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This hormonal surge causes excessive deposition of glycogen
in vaginal epithelial walls and a consequent increase in the
overall microbial diversity. Further, as the hormonal levels
continue to rise during the course of pregnancy, the Lactobacillus
proliferation-driven antagonistic response probably contributes
toward a less diverse or stable vaginal ecosystem. Interestingly,
previous studies have reported that the vaginal bacterial diversity
is relatively lower during the 1% trimester of preterm deliveries,
in contrast to the higher bacterial diversity in term outcomes
(Haque et al., 2017). Given the association of hormonal levels
with vaginal microbial diversity, the lack of vaginal microbial

diversity pattern in preterm pregnancies is likely a reflection
of a gross level hormonal imbalance and/or impaired maternal
immune response.

Further, the vaginal microbiota from the pre- and the peri-
menopausal cohorts are seen to be less diverse, with dominance of
Lactobacillus. However, the diversity in post-menopause cohort
is observed to be relatively higher. Menopause is characterized
by decreased levels of circulating gonadal hormones (Dalal
and Agarwal, 2015). Hence, it is likely that decreased amounts
of hormones in post-menopause stage may result in decline
of Lactobacillus colonization, and consequent proliferation of
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anaerobic microbial communities in the vagina. Interestingly,
the phases involving a sudden surge in the hormone levels are
observed to be associated with higher vaginal microbial diversity.
Earlier experimental reports also suggest that during such
phases (puberty, pregnancy, and menopause), the composition
of vaginal microbiota shifts from anaerobic microbes to chiefly
Lactobacillus-dominated community. In this context, estrogen
hormone replacement therapy in post-menopausal women has
been reported to increase Lactobacillus colonization in the vaginal
ecosystem (Vitali et al., 2017).

The results, accompanying interpretations and discussion
presented in this section would have been considerably
strengthened by including correlation analysis between gonadal
hormones and vaginal microbiota. However, unfortunately no
metadata pertaining to gonadal hormone levels in the studied
subjects in the five studies (that were considered for analysis in
the present study) were available. In absence of such hormonal-
level data corresponding to individual microbiome samples,
performing a correlation analysis was therefore not possible.
Notwithstanding the reasons, this aspect remains a limitation of
the present study.

Metabolic Functional Profiles of Vaginal
Microbial Community at Different

Gynecological Stages
The global mapper module of iVikodak (Nagpal et al.,, 2019)
was employed to perform a functional comparison of vaginal
microbial communities across various reproductive stages and
for menopausal sub-phases. iVikodak belongs to the class of
tools/algorithms that are used for (re)constructing/inferring the
metabolic functions of a given microbial community from its
taxonomic abundance profile (Langille et al, 2013; Afhauer
et al., 2015; Bose et al., 2015; Nagpal et al., 2016, 2019; McNally
et al., 2018). However, it may be noted that given the reliance
of function prediction tools on assumptions related to gene copy
numbers and presence/absence of (critical) genes in a pathway,
and disregard to aspects pertaining to experimental intricacies
associated with 16S amplicon sequencing (Shah et al., 2010), the
accuracy and applicability of ‘inferred’ metabolic functions using
such tools may not hold true in certain ecological contexts.
Given the above, the analysis of metabolic functions (inferred
from datasets considered in the present study) was restricted
to performing only a preliminary comparison of the core/top
predicted metabolic functions that were found to characterize
each phase/sub-phase. The core functions (predicted using
iVikodak) along with their respective normalized median
abundance values (and corresponding ‘bootstrap scores’) across
various reproductive and menopausal stages are depicted in
Figure 6. In the context of ‘iVikodak, functions are considered
as ‘core’ only when their abundance ‘consistently’ exceeds a
minimum threshold across a majority of samples in a given
cohort. The bootstrap score is a measure of ‘consistency’
(details in section “Materials and Methods”). The results of
the analyses suggest distinct functional profiles characterizing
various phases of the reproductive life-cycle and menopause of
women. Notably, reproductive and menopausal phases (such as,

Tanner stage II, Trimester I, and BV positive) characterized with
high vaginal microbial diversity are found to have nitrogen and
sulfur metabolism as two of the core functions. Interestingly,
earlier studies have reported that unlike Lactobacillus which
utilizes glycogen as a primary energy source, BV associated
vaginal microbial community utilizes amino acids and nitrogen
as chief energy source (Srinivasan et al, 2015). Additionally,
BV associated anaerobic microbes generate metabolites like
ammonia and hydrogen sulfide which contribute to the malodor
characteristic of BV (Africa et al., 2014). Thus, it is likely
that surge in the numbers of anaerobic microbes other than
lactobacilli during the phases of sudden hormonal perturbations
may contribute to the increased nitrogen and sulfur metabolism
in vaginal micro-environment.

In contrast, metabolic pathways namely, ABC transporters
and Lysine biosynthesis, are observed as core functions in
Lactobacillus-dominant physiological stages (e.g., Trimester
3). ABC transporters are bacterial membrane proteins that
facilitate important virulence mechanisms, such as, biofilm
formation and invasion of host cells (Murphy et al., 2016).
Interestingly, amino acid ABC transporters of Lactobacillus
play a crucial role in colonization and adherence to vaginal
mucosal cells (Boris et al., 1998). The vaginal strains of
Lactobacillus also report the presence of genes for biosynthesis
of lysine (France et al, 2016). In addition, the low diversity
(more stable) stages are characterized by presence of amine
precursors such as lysine, tyrosine and ornithine (McMillan
et al, 2015). On the other hand, during the non-Lactobacillus
dominant (high diversity) physiological states, the anaerobic
microbes can produce bioamines, such as, cadaverine from
lysine (Nelson et al, 2015). Thus, the observed enrichment
of ABC transporters and lysine biosynthesis during the stable
low diversity cohorts may be attributed to the dominance of
Lactobacillus. Since the results of the analyses are derived from
inferred/predictive functions, further experiments, particularly
whole-genome metagenomic sequencing studies will be required
to draw and validate conclusions about metabolic functions of
vaginal microbiome communities.

DISCUSSION

In the current study, a comprehensive meta-analysis of vaginal
microbiomes at discrete phases of women’s reproductive
life-cycle and post-reproductive stages, namely, puberty,
menstruation, pregnancy and menopause, has been performed.
The results of the study indicate (a) distinct vaginal microbial
signatures at different stages of women’s reproductive and post-
reproductive life-cycle and (b) definite trends in alpha-diversity
indices (S-Chao, H-index, and Simpson index) of vaginal
microbiota across the reproductive and post-reproductive
stages of women. Interestingly, the gonadal hormonal levels
(progesterone and estrogen) are known to vary during the above-
mentioned stages (Female Reproductive Endocrinology, 2019).
Furthermore, the level of glycogen in vaginal epithelial walls is
also known to be driven by levels of these hormones (Gregoire
and Parakkal, 1972; Miller et al., 2000; Mirmonsef et al., 2014).
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FIGURE 6 | Core metabolic functions in various reproductive and menopausal stages. The core metabolic functions (predicted using iVikodak) along with their
respective normalized median abundance values (and corresponding ‘bootstrap scores’) across various reproductive and menopausal stages.

Given that glycogen represents a primary nutrient source for
vaginal microbes (Mirmonsef et al, 2012), it is likely that
varying progesterone and estrogen levels (and consequently the
differential availability of glycogen) in the vaginal epithelium
of women, contribute to fluctuations in bacterial diversity
across all the above-mentioned reproductive stages. Thus, the
observed patterns in diversity values (obtained from the present
study), together with the fluctuating levels of gonadal hormones
throughout the reproductive cycle and post-reproductive phases
in women, suggest the existence of a ‘hormone-driven’ vaginal
microbial diversity model.

On a different note, impaired hormonal balance in
reproductive cycle of women results in bacterial vaginosis
(BV). Studies have indicated that dysbiosis in the vaginal
microbiome community contributes toward the pathogenesis of
BV (Onderdonk et al., 2016). The results from the current study
suggest the presence of a highly diverse and less stable vaginal
microbiota in BV positive cohorts as compared to the controls
(Figure 4). The BV-positive state is observed to comprise of
pathogenic microbes, like Atopobium, Gardnerella, Megasphaera,
Aerococcus, Gemella, Sneathia, Mobiluncus, etc., which are known
to disrupt the homeostasis of vaginal microenvironment (Pybus
and Onderdonk, 1999). Interestingly, the vaginal ecosystem of
BV-positive women is observed to harbor an array of microbes
that independently exist in otherwise healthy menstrual and early
stages of pregnancy (Figure 1). However, a careful analysis with
respect to the relative abundances at which they are found in
these states throws up a few interesting differences. For instance,

consider the abundance of Prevotella and Dialister, two genera
that are observed to be present in vaginal microbiota of women
who either are menstruating or in their early stages of pregnancy,
as well as in women who are diagnosed as BV-positive. Median
abundance trends depicted in Figure 1 appear to indicate that a
BV-positive state harbors a relatively higher abundance of these
two genera as compared to the other two mentioned states. The
co-inhabitance of the otherwise distinct microbial communities
probably contributes to the pathogenesis of BV. Hence, studies
designed to understand the intermingling and synergy of the
microbes belonging to two discrete phases may contribute
toward therapeutic/diagnostic strategies for management of BV.
It should also be noted that during menopause, low estrogen
in the body can decrease the Lactobacillus colonization in the
vagina, thereby triggering unhealthy states like BV and Atrophic
vaginitis (AV). Additionally, the application of low doses of
estrogen in post-menopausal women has been shown to alleviate
the symptoms of these vaginal infections (Shen et al., 2016).
Although the present study describes the taxonomic
composition of vaginal microbial communities and attempts
to interpret trends pertaining to community-level diversity
across various reproductive and menopausal (sub)-phases, it is
pertinent to note that the analysis was performed on sequence
data collated from five different studies. In spite of adopting
identical sequence pre-processing protocols prior to downstream
analysis, there remain several upstream confounding factors that
can potentially impact the meta-analysis and significantly bias
the results and interpretations drawn therein. Such confounding
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factors include between-study variations with respect to sample
collection protocols, DNA extraction methods, sequencing
platform and the kind of PCR primers employed, target region
of the 16S rRNA gene, etc. As seen from study details presented
in Supplementary Data Sheet 3, all five studies (from which
the data was sourced for the present meta-analysis) employed
the same platform, i.e., Roche for sequencing microbial DNA.
Similarities also exist with respect to the target variable region of
the 16S rDNA gene.

Notwithstanding the mentioned similarities, the fact that the
pooled data corpus (analyzed in the present study) includes
instances of multiple samples sourced from the same study
participant at different time-points remains a major limitation
of the meta-analysis. The results and interpretations put
forward and discussed in this study are therefore an indicative
(preliminary) representation of ‘population-level’ trends that
were observed in the analyzed data. Although in an ideal scenario,
the analysis should have excluded sequence data corresponding
to such instances (of multiple samples from the same individual),
we were constrained by limited availability of sequence data
that would be required for performing a meaningful ‘bias-free’
meta-analysis. Furthermore, some of the analyses presented in
this study were carried out using relative abundances of various
bacterial community members in a given sample. This stands out
as one more major limitation of the analysis and results presented
in this study. The reason for stating this limitation is as follows.
Recent reports indicate a growing trend toward employing
absolute bacterial abundances (often termed as ‘compositional’
data) for analysis rather than restricting/constraining data to
a non-orthogonal, geometric space through use of relative
abundance data (Gloor et al,, 2017). Analysis of compositional
data has been shown to reduce the probability of generating
spurious observations.

The vaginal microbial communities are the primary
players involved in an ecosystem that protects women against
gynecological diseases and/or disorders. Dysbiosis in the vaginal
microbiome can potentially influence disease susceptibility via
its complex interaction with mucosal immune cells in the vaginal
micro-environment. The findings of the current study suggest
that the stability or variance of vaginal microbial communities
correlates not only with the bacterial community structure,
hygiene practices and sexual activity, but also with oscillating
hormone levels throughout the physiological/anatomical state
of women. In this context, it is worth mentioning that the use
of hormone contraceptives exerts a protective/beneficial effect
on vaginal micro-environment by stabilizing the structure and
composition of vaginal microbes (Achilles and Hillier, 2013;
Wessels et al., 2018). However, emerging evidence also suggests
that commonly used hormone contraceptives pills may increase
the risk of gynecological/reproductive disorders like BV, yeast
infections, and sexually transmitted diseases like HIV, by genital
inflammation induced modification of vaginal microbiome
(Murphy et al., 2014; Jespers et al., 2017; Lennard et al,, 2017;
Wessels et al., 2018). Thus, the results of the study strengthen the
need for a deeper understanding of the crosstalk between genital
micro-environment, vaginal microbiome, female sex hormones
and mucosal immune system.

MATERIALS AND METHODS

In order to identify patterns in bacterial community structure as
well as diversity of vaginal microbiota across various reproductive
and post-reproductive phases of women, publicly available 16S
rRNA datasets corresponding to each of the following studies
(Ravel et al., 2011; Brotman et al., 2014; Chaban et al., 2014;
Romero et al., 2014; Hickey et al, 2015) were downloaded
from NCBI Sequence Read Archive (SRA)'. The details of the
analyzed datasets along with their respective SRA accession
numbers have been provided in Supplementary Data Sheet 3.
This table is accompanied by a description (definitions) of various
reproductive and post reproductive stages/sub-stages as well
as other gynecological conditions such as bacterial vaginosis
(BV). SRA tool-kit version 2.3.4 (Leinonen et al., 2011) was
utilized to extract fastq files from the downloaded data. Quality
filtration of the retrieved fastq sequences was performed using
Prinseq-lite (Schmieder and Edwards, 2011) and the sequences
having an average ‘Phred’ quality score of 25 were retained
for further analysis. Taxonomic classification of the sequences
in each of the samples was obtained using naive Bayesian
classifier implemented in Ribosomal Database Project (version
2.11) (Wang et al., 2007) at a bootstrap confidence threshold of
80%. The genus level assignments for each individual sample
were utilized to capture the trends of abundance and bacterial
diversity in each cohort. In order to minimize the sampling
bias and to remove the sequencing errors caused by different
library sizes, each sample was sub-sampled or rarefied using a
boot-strap method that involved 1,000 iterations of the following
procedure. At each iteration, the genus abundance count of
a sample was randomly sub-sampled (without replacement),
to achieve a minimum sequencing depth of 500. The samples
that were observed to have cumulative genera abundance count
of at least 500, at 1,000 bootstrap iterations were filtered
for consequent analysis. The above-mentioned protocol was
implemented by using single_rarefaction.py script from QIIME
1? (Caporaso et al., 2010).

The pooled abundance data that was used for generating
various downstream results are provided as Supplementary
Table S1. The source codes of base scripts that were
employed for pre-processing the pooled data and for
generating the respective downstream results are provided
in Supplementary Data Sheet 4.

Taxonomic Profiling, Ordination Analysis

and Alpha-Diversity Computations

The boot-strapping protocol explained above, resulted in
generation of 1,000 sub-sampled genera abundance counts for
each sample. A median abundance value was computed from the
generated 1,000 values for every genus in a sample. Further, the
genus level taxonomic profile of each of the distinct stages was
captured by obtaining the median abundance of a genus from
all the samples belonging to a particular stage. It may be noted
that, each sample, although obtained from the same participant

Thttp://www.ncbi.nlm.nih.gov/Traces/sra/
Zhttp://qiime.org/
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albeit at different time points in longitudinal study, was used
‘independently’ to generate individual taxonomic profiles. Every
sample could be attributed to a unique reproductive or post
reproductive (sub)-phase. For visualizing the taxonomic profile at
genus level, the median abundance values were rank-normalized
as majority of samples were observed to have overwhelming
proportion of Lactobacillus. The rank normalized (non-zero)
median abundance values were visualized with the aid of heat
map (Figure 1), generated by R package’ ‘gplots’. Further,
‘Principal Coordinate Analysis’ (PCoA) was performed on the
rarefied abundance data using Weighted Unifrac divergence. The
Dirichlet Multinomial Mixtures probabilistic modeling (Holmes
etal., 2012) was employed to cluster the samples under study into
distinct community types. This type of probabilistic modeling
assumes that the each sample is derived not by a single microbial
community, but by a mixture of microbial communities. The
samples were segregated based on the types/communities which
had the highest probability to derive them. The main advantage
of utilizing this modeling to segregate samples into distinct
community types, is that a more robust and flexible model for
the data is obtained (Holmes et al., 2012). The model for the
data was generated and fitted for mixture of Dirichlets prior, as
a metric for inferring the statistically optimal number of clusters
(Supplementary Figure S2).

The following R packages were utilized to perform and
generate the PCoA plot using Dirichlet Multinomial Mixtures
probabilistic model as a metric ‘DirichletMultinomial™, ‘lattice”,
‘vegan’®, Phyloseq’, Ape®, Plyr®, Plotrix'’, ggplot2'', and grid".

Alpha-diversity indices were estimated using the R ‘vegan™’
package. Three community diversity measures, namely, Shannon,
Chao-1, and Simpson indices, for all the samples were computed
at each instance of 1,000 boot-strap iterations. Further, a median
value for diversity measures was computed from the obtained
1,000 values. Consequently, a Wilcoxon rank-sum test with a
corrected p-value threshold of 0.05 was performed between each
of the studied stages. The respective p-value statistics have been
provided in Supplementary Figures S4-S6.

Collation of Estrogen and Progesterone
Levels Across the Reproductive and
Post-reproductive Stages of Women

The levels of estrogen and progesterone were retrieved from
various literature sources. The range of hormone levels and
the corresponding citing literature have been provided in
Supplementary Data Sheet 2.

3https://cran.r-project.org/web/packages/gplots
“www.rdocumentation.org/packages/DirichletMultinomial/versions/1.14.0
Shttps://cran.r-project.org/web/packages/lattice/index.html
Shttps://cran.r-project.org/web/packages/vegan
"https://www.rdocumentation.org/packages/phyloseq/versions/1.16.2
Shttps://cran.r-project.org/web/packages/ape/
https://cran.r-project.org/web/packages/plyr/
Ohttps://cran.r-project.org/web/packages/plotrix/
Uhttps://cran.r-project.org/web/packages/ggplot2/
https://stat.ethz.ch/R-manual/R- devel/library/grid/html/00Index.html
Bhttps://cran.r-project.org/web/packages/vegan

Inference of Metabolic Functional

Profiles

The functional profiles of vaginal microbiome samples obtained
from each of studied stages were generated using ‘Global
mapper module of ‘iVikodak® web platform (Nagpal et al.,
2019). RDP abundance data at genera level was provided to
the ‘Global mapper’ module and the abundance of KEGG
pathways were computed at all metabolic hierarchical levels.
Further, KEGG abundance obtained was utilized to identify ‘core
metabolic features/functions’ in the studied vaginal microbiome
samples. In context of ‘iVikodak, core functions are defined
as the set of functions which have a minimum threshold
of abundance in most samples belonging to a particular
population/cohort. The computation of core functions is
performed using bootstrapped approach. At each bootstrap
iteration, 75% of samples from total population size are picked
randomly. Further, the median abundance of the inferred
functions is computed from the selected random set of samples.
A minimum prevalence of ‘0.2 * highest median abundance’
is noted. The functions having abundance greater than the
minimum prevalence threshold in at-least 75% of the samples
are assigned as core functions. Additional technical details on
the computational methodology can be found in ‘iVikodak
(Nagpal et al., 2019).
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DATA SHEET 1 | Box-plots representing relative abundances of taxa in vaginal
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DATA SHEET 2 | Estrogen and progesterone values across all reproductive and
post-reproductive stages of women. Levels of estrogen and progesterone values
across all reproductive and post-reproductive stages of women were collated from
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DATA SHEET 3 | Details of 16S rRNA vaginal microbiome datasets analyzed in
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and post-reproductive stages of women along with the respective BioProject/SRA
ID is provided in the table. Based on the inclusion criteria and other aspects, a
description of various reproductive and post-reproductive stage/sub-stages as
well as other gynecological conditions such as bacterial vaginosis (BV)

is also provided.

DATA SHEET 4 | Details of steps used for data pre-processing and analysis.
Source codes for each of the steps have also been provided.

FIGURE S1 | Median abundances of Lactobacillus and other major genera
present in the analyzed vaginal microbial samples. The pattern of median
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