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Human microbiota plays an indispensable role in physiology, nutrition and most

significantly, in imparting immunity. The role of microbiota has remained cryptic for

years, until recently meticulous studies revealed the interaction and dynamics of these

microbial communities. This diversified state is governed by hormonal, behavioral and

physio-chemical changes in the genital tract. Many inclusive studies have revealed

“Lactobacillus” to be the most dominant member of vaginal flora in most of the

healthy, reproductive age group and pregnant females. A total of five community state

types have been described, out of which four are dominated by Lactobacillus while

the fifth one by facultative or strict anaerobic species. A variation between species

stability and gestational age has also been revealed. Studies have divulged a significant

higher stability of vaginal microbiota in early stages of pregnancy and the same

increased subsequently. Inter-species and racial variation has shown women belonging

to White, Asian, and Caucasian race to harbor more of the anaerobic flora. The vaginal

microbiome in pregnancy play a significant role in preterm and spontaneous labor. This

Lactobacillus-rich microbiome falls tremendously, becomingmore diverse in post-partum

period. Apart from these known bacterial communities in human vagina, other microbial

communities have also been traced. The major fragment is constituted by vaginal

viral virome and very little information exists in relation to vaginal mycobiome. Studies

have revealed the abundance of ds DNA viruses in vaginal microbiome, followed by

ssDNA, and few unidentified viruses. The eukaryotic viruses detected were very few,

with Herpesvirales, and Papillomaviridae being the only pathogenic ones. This flora is

transmitted to infants either via maternal gut, vagina or breast milk. Recent studies

have given an insight for vaginal microbiome, dissociating the old concept of “healthy”

and “diseased.” However, more extensive studies are required to study evolution of

virome and mycobiome in relation to their association with bacterial communities; to

establish and decode full array of vaginal virome under the influence of genotypic

and environmental factors, using novel bioinformatic, multi-omic, statistical model, and

CRISPR/Cas approaches.
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INTRODUCTION

Human microbiota is an array of microbes, including archaea,
protista, bacteria, fungi, and viruses that exist on and within
the human tissues, fluids and body cavities, along with varied
anatomical sites; whereas microbiome is an aggregate of the
genetic materials of resident microbiota (1, 2). This microbiota
plays an indispensable role in human physiology, nutrition,
and most significantly in imparting immunity. The microbial
communities exemplify a segment of first-line defense of human
body by competitive exclusion of the invading microorganisms.
A significant number of microorganisms live in a mutualistic,
harmonious relationship in human body, whilst a few of them
become opportunistic in immunosuppressed conditions, leading
to acute, fatal, and chronic conditions. Notwithstanding the
role of microbiota in human physiology, the minutiae remain
cryptic for years until recently meticulous studies revealed
the configuration, function, interaction, and dynamics of these
microbial communities amongst each other and with the human
host, which enable different individuals to behave differently
when encountered with external stress. The major landmark
in this came with the human microbiome project (HMP;
2008–2013), with an aim to profile the microbial composition
of healthy adults, 18–40 years old, with special interest to
know the impact of human microbiota in disease and health,
taking care that the microbiome included in study is minimally
perturbed. The core microbiome in this project was studied
from five anatomical sites viz skin, nasal passages, oral cavity,
gastrointestinal tract and urogenital tract and the total number
of microbiomes interrogated were 3,000 from 300 healthy
individuals. The analytic tools used in HMP included taxonomic
profiling by 16SrRNA sequencing and more comprehensive
analysis by metagenomic sequencing (1, 3, 4) and it revealed
the taxonomic composition of human microbiome. However,
it was noted that this could not serve as a sole correlate with
host phenotype, (5) hence it acted as the underpinning for the
second phase of this project; Integrative HMP (iHMP). It has
been delineated that altered microbiota can act as an initiating
factor for many disorders like obesity, diabetes, inflammatory
bowel disease, bacterial vaginosis (BV), preterm labor (PTL),
and many others (2). The iHMP was devised to reconnoiter
the same host-microbiome dynamics over a period of time. In
this second phase, the multi-omics approach was used to target
the specific disease conditions to have a broader perspective
of microbiome interactions in health and disease, with known
modulations in specified states like preterm labor in pregnancy,
inflammatory bowel disease and pre-diabetes (6). All these
three studies have finished the first phases of their research
recently (7–9). Apart from HMP, many other studies have
shown the influence of microbiota in different dysbiotic and
diseased states. The maximum association between health and
disease has been related to the gut. The gut microbiome is
the vastest of all, encompassing different generas and phylas
contributing to the dynamic human physiology and immunity
(10). As the elements of microbiome were unveiled, research
on microbiota of sites other than those included in HMP,
like urinary tract, vagina, respiratory tract, central nervous

system, conjunctiva, began (11–16). Of these, vaginal microbial
communities represent a fine, balanced, mutualistic association
between microorganisms, and human physiology. The bacterial
communities derive nutrition from the sloughed cells, glandular
secretions of the host to replenish their continuously dwindling
counts, while these help the host by preventing colonization
by non-resident, invading microbes (17, 18). The traits of
this dynamic, co-evolutionary vaginal ecosystem have remained
cryptic for years till the advent of comprehensive, culture-
independent approaches. An interesting correlation between
Vitamin D, PTL, and vaginal microbiome has also been reported.

VAGINAL MICROBIOTA

Many inclusive studies, both culture-dependent and culture-
independent have revealed “Lactobacillus” to be the most
dominant member of vaginal flora in most of the healthy,
reproductive age-group females. Primarily, it was assumed that
this notion might be skewed due to the availability of only
culture-dependent techniques that disregards the growth of
fastidious organisms but recently, analysis based on 16SrRNA
and sequencing have revealed the same results (19–21).
Lactobacilli are very well-adapted in vaginal environment and
benefit the host by virtue of production of lactic acid as
their fermentation by-product, that lowers the pH of vagina
to ∼3.5 (22). Such a low pH is inhibitory to many other
invading microbes, thereby imparting a protective role. Apart
from the lactic acid, Lactobacilli also generate bacteriocins (23,
24), that are bactericidal, proteinaceous compounds with a very
narrow-spectrum of killing which is achieved by enhancing the
permeability of the target cell membrane. Hydrogen peroxide,
H2O2, is another defensive factor produced by Lactobacillus.
The role of H2O2 is controversial as its production is enhanced
in aerobic conditions, whereas the vaginal environment is
usually anaerobic. Moreover, one of the major species L. iners
does not produce H2O2, thereby further casting further doubt
on its significance. Since the details are yet unknown, it is
possible that H2O2 might act as a surrogate marker for some
cryptic biological marker (25, 26). Apart from the by-products
produced by Lactobacilli, it is interesting to note that Lactobacilli-
enriched vagina, when encountered with any gram-negative
attack, imparts a species specific stimulatory effect on our innate
immune system by enhancing the production of IL-23, which
preferentially activates Th-17 pathway (27, 28). Figures 1, 2

depict the homeostasis and dysbiosis in vaginal microbiome.

SPECIES VARIATION OF LACTOBACILLUS

The most common resident Lactobacilli of human vagina
include L. crispatus, L. iners, L. gasseri, and L. jensenii. Prior
to culture-independent techniques, L.crispatus was considered
as the predominant species (29), but after the advent of
culture-independent methods, L.iners has been found to be the
predominant member (30–32). According to a recent study,
L.iners has been noted in the vaginal flora of 83.5% of the subjects
and as dominant member in 34%. The prevalence of L. crispatus
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FIGURE 1 | Vaginal homeostasis and microbiome (left panel) and fluctuations after encountering gram-negative attack (right panel).

FIGURE 2 | Risk factors for alteration in vaginal microbiome and consequences of dysbiosis.
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was 64.5% in all the subjects with dominance in another 26.2%,
L. gasseri in 42.9% of subjects with dominance in another 6.3%
and L. jensenii in 48.2% with dominance in 5.3% (32). Another
significant feature was the association of different Lactobacillus
species with varied pH. L. crispatus transcends to lower the
vaginal pH upto∼4, while other species have capability to impart
a comparatively higher pH of∼4.5–5 (32).

It has been shown by many studies that L. crispatus has
a strong association with elimination of Gardenella, exhibiting
a much stable microbiome. On the contrary, L. iners have
been seen to co-exist with Gardenella, providing a less stable
microbiome and might be implicated in pre-term labor (PTL)
by supporting the existence of other harmful species or by other
cryptic mechanisms (33–35). These findings are in contradiction
to the study by Kindinger et al. (36) who noted no association
between L. iners and Gardenella. The differences might be due
to the varied sequencing and techniques used; V1–V3 primers in
one study while while 16S rRNA sequencing in the other. A total
of five community state types (CST) have been described, out of
which four (I, II, III, and V) were dominated by Lactobacillus,
while the fourth one was noted to be dictated by facultative or
strict anaerobic species (32). Contrary to the common belief,
20–30% of the otherwise, healthy females were found to lack
this genus fully and were seen to harbor a sundry array of
strict or facultative, anaerobic bacteria. This was associated with
somewhat higher vaginal pH of ∼4.7–6.5 (31, 32, 37) and this
high pH predisposes these women to other genital infections
(22, 38).

The other genera residing the vagina include
Corynebacterium, Atopobium, Gardnerella, Mobiluncus,
Peptoniphilus, Anaerococcus, Prevotella, Finegoldia, Sneathia,
Lachnospiraceae taxon Lachnovaginosum genomospecies
(BVAB1), and Eggerthella (31, 32, 37, 39–46) Other
under-recognized members are Streptococcus, Atopobium,
Megasphaera, Leptotrichia, and Straphylococcus. All these
organisms have the capability to reside in such a low pH due
to the utilization of lactic acid as these are either homolactic
or heterolactic fermenters. Apart from the intrinsic pH, other
factors such as pregnancy, menstruation, dysbiosis, use of oral
contraceptives, lubricants, antibiotics, and douching also play a
role in sustainability of these microbial communities (47–49).

RACIAL DIFFERENCES IN VAGINAL
MICROBIOTA

Inter-species and racial variation in microbiota has also been
noted. Hispanic and black women have been reported to harbor
more of the anaerobic flora, than Lactobacillus with dominant
CST IV, while most of the Asian and Caucasian race have
Lactobacillus as the dominant member. Multiple species of
Lactobacillus have been isolated from these women, but females
of black race had more of the single-species dominant cluster,
while multiple species of Lactobacilli in single female were
isolated from Caucasian women (31, 32, 37, 50). Studies have
shown a strong association of L. crispatus with lower probability
of PTL in Caucasian population, while a weaker or no association

exists in African population (33, 36). Moreover, inconsistent
results have been noted for L. iners, Gardenella and PTL,
demanding need of an in-depth study for the same. Recent
study conducted by Serrano et al. (51) in 300 European, African
and Hispanic females each, has revealed a lower prevalence
of G. vaginalis, A. vaginae, Prevotella cluster 2, P. bivia, and
S. amnii amongst African women, while in Hispanic females, a
significantly higher abundance of A. vaginae and P. bivia was
reported. Pregnant women of European lineage showed only
a lower prevalence of L. crispatus accompanied by a richer
prevalence of L. iners (51). In all these females, the microbiome
shifted more toward a stable, Lactobacillus-dominant profile with
a major shift in early stages of pregnancy, significantly in women
of African or Hispanic lineage. Further studies are required
to understand the effect of both genomic and environmental
factors in the changing vaginal microbiota. A recent analysis
of cervicovaginal microbiota of 2,000 pregnant females has
revealed significant association with spontaneous labor, more so
in African-American lineage. The utmost astounding aftermath
of the study was inverse association of β-defensin 2 with
spontaneous preterm labor, but was ethnicity-determined. The
risk of spontaneous labor increases in African-Americans with
low levels of β-defensin 2, while the reverse is true for non-
African Americans (52).

Apart from the racial diversity, vaginal microbiome also varies
depending on the mode of delivery, sexual partner (53), health,
diabetes status of the mother (54), and between monozygotic and
dizygotic twins (55). Vaginal delivery has been illustrated to be
favorable for microbiome of the infant, as established by baptism
theory (56, 57).

VAGINAL MICROBIOTA IN HEALTH AND
DISEASE

Since the mere absence of Lactobacilli and mere presence of
gram-negative organisms does not correlate with the disease,
there is an urgent need to modify the previous “Amsel”
and “Nugent” scoring system, which consider the presence
of Lactobacilli as a marker for healthy vagina and vice-
versa. The implementation of these criteria which merely
use Lactobacilli as a marker of healthy vagina, explains
the highly reported incidence of bacterial vaginosis (BV), a
dysbiotic state of vaginal microflora; high rate of treatment
failure and recurrence (41, 58). Recently, BV associated
bacteria (BVAB), belonging to Firmicutes and Actinobacteria,
have also been identified, that can be implicated in such
dysbiotic states. Moreover, the reliability of such criteria
is challenged more in pregnancy where altered pH due
to the excessive vaginal discharge alters the microbiota
(58, 59).

Daily changes in the dynamic composition of vaginal
microbiota have been noted in many studies (60–63). Both
types of communities exist, the ones changing significantly over
shorter spans, and those that remain constant and stable over a
longer duration of time. Maximum changes are seen to occur
during menstruation, followed by sexual activity, however a
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relatively stable microflora is seen at times of high estrogen and
progesterone levels (64).

VAGINAL MICROBIOTA IN PREGNANCY

Pregnancy is a state of diverse physiological changes to adapt
fetus to human body and vice-versa. This diversified state is
governed by hormonal changes leading to immune modulation,
behavioral changes, physio-chemical changes in the mucosa, and
changes in the genital tract (65–67). All these factors further drive
the modulation in structure and function of microbiome, making
it unique from non-pregnant females. Only few studies have been
conducted to know the microbiome of pregnant females, as most
of the earlier studies have focused on a non-pregnant vagina
(68–72). Recently, a study conducted by Freitas et al. (73) using
sequencing of cpn60, a universal target and 16S rRNA resolution,
has shown significant variations in microbiome of pregnant and
non-pregnant females. The microbiota in pregnant vagina is less
rich and less diverse as compared to non-pregnant vagina, with
a predominance of Lactobacillus species. This microbiome was
characterized in 182 pregnant females of 11–16 weeks gestation
and 310 non-pregnant females, via pyrosequencing of cpn60
region and revealed six different community state types profiles
(73). Aagaard et al. (4) have revealed the presence of microbiota
at three different zones within the vagina of 24 otherwise-healthy
pregnant females and noted that there was no site-specificity
of any kind. The authors showed that the pregnant vagina was
less rich and less diverse than the non-pregnant vagina (68).
Antonio et al. (70) have also reported lesser diversity and richer
Lactobacilli flora in vagina of 12 pregnant females. Additionally,
a variation between species stability and gestational age has also
been revealed. The authors found a significant higher stability
of vaginal microbiota in early stages of pregnancy and the same
increased with gestational age (69). The etiology behind these
differences is still not well-established but it has been allied to
sex hormone levels, with estrogen increasing the thickness of
vaginal mucosa, thereby increasing the glycogen deposition. This
glycogen deposition acts as a chemotactic agent for microbes as
this is major substrate used by these microbes, which is broken
to glucose and then fermented to lactic acid, thereby playing
a significant role in lowering the vaginal pH (60, 74, 75). The
estrogen level is low in early childhood, when diphtheroids and
enteric organisms predominate, and again falls significantly after
menopause, increasing the colonization by enteric pathogens due
to absence of glycogen and glucose in vagina.

ROLE OF MICROBIOTA IN ADVERSE
PREGNANCY OUTCOME

The available information about the vaginal microbiome incited
the need to find any association of this varied microbiome
in pregnancy with adverse pregnancy outcomes. The vaginal
microbiome in pregnancy have been shown to play a significant
role in PTL and spontaneous labor. PTL is defined as the
delivery of a baby before 37 weeks of gestation, that complicates
∼15–30% of pregnancies worldwide and is a major cause

of neonatal morbidity and mortality. It remains one of the
significant and unsolved problems for obstetricians due its
multifactorial etiology. Though the mortality arising from PTL
has reduced in the recent past, but the incidence is still static
(76). The major contributing factors include premature rupture
of membranes, intra-amniotic infections, ascending infections,
cervical insufficiency, stress, vascular disorders etc. Ascending
genital infections alter the delicate materno-fetal immune
balance by release of toxins and array of enzymes compromising
the fetal membrane cover and subsequently, disrupting the
membranes (77–79). This genital microbial flora can either be
endogenous or acquired during an infectious process. Most of
these infections are occult accounting for ∼25% of PTL (77),
the source of which was recognized after the advent of 16SrRNA
sequencing. Endogenous microflora from oral cavity, vagina
and gut was reported as the causative agent in 15–50% cases
(80, 81). Major breakthrough to know the effect of endogenous
resident vaginal flora was The Multi-Omic Microbiome Study:
Pregnancy Initiative (MOMS-PI) research group, as a part of
HMP-2. The study included 1,527 pregnant women with 2,06,437
samples, that included maternal vaginal, rectal, buccal, skin, and
nasal swabs, urine, blood, products of conception; infant cord,
cord blood, meconium, rectal, skin, and buccal swabs. All these
samples were analyzed using 16S rRNA, cytokine, lipidomic
profiling, metagenomics, and metatranscriptomics. It was noted
that no matter with what complex or simple microbiome
pregnancy was started, it eventually converged toward the well-
established Lactobacilli-predominant microbiome by the second
trimester, as has been noted by Bello previously (50).

Significant demographic variation was revealed, with a diverse
vaginal microbiome and PTL being more common in African
population, especially with lower socio-economic profiles.
Sneathia amnii, Prevotella-related clades, a Lachnospiraceae
taxon (BVAB1), and a Saccharibacteria bacterium (TM7-H1)
were also noted as predictor of PTL in vaginal microbiome in
these females (33, 36, 51, 82). Recently, a significant association
of Mobiluncus and Sneathia with PTL has been noted by Elovitz
et al. (52). An interesting correlation between Vitamin D,
PTL, and vaginal microbiome has also been reported (83, 84).
Vitamin D influences the vaginal microbiome by maintaining
and strengthening the vaginal epithelium, by inducing expression
of LL-37, an antimicrobial peptide, and most importantly, by
inducing the insulin synthesis and inactivating the glycogen
synthase kinase, that subsequently, stimulates the glycogen
synthesis. This glycogen acts as a substrate for Lactobacilli
and helps in lowering pH by production of lactic acid and
therefore, vitamin D deficiency in a pregnant female can lead to
spontaneous PTL (85–87).

Stout et al. (88) in a prospective cohort of pregnant
females (2012–2015) demonstrated a much stable microbiome
in pregnancies terminating into spontaneous labor as compared
to pregnancies that ended up in PTL, in whom the diversity
increased and stability of the microbiome decreased early in
the gestation period (89). The phase of extreme variation was
noted between first and second trimester with first trimester
having more of the alpha diversity than others, highlighting that
microbiome changes are paramount in early phases of pregnancy.
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However, DiGiulio et al. (81) in contrast to the other studies have
shown no variation in microbiome during the different phases
of pregnancy (72). Such disparities may be attributed to varied
definitions of the PTL, sample size, different demographic profile,
sampling techniques, analysis conventions or other confounding
factors. These factors contribute to the skewing of data and
don’t permit a uniform analysis of results, thereby generating
inconsistent inferences. However, the common conclusion of
all these studies is that more diverse and lesser stable vaginal
microbiome in early pregnancy correlates with PTL, thereby
making early pregnancy microbial vacillations as an important
marker for PTL. Though an association with Lactobacilli-rich
vagina has been noted, but whether this association is causal or
not has not been confirmed by other studies. No single taxon
has been statistically correlated to PTL per se. This might be
due to a smaller sample size; thereby necessitating need for
further studies to understand the role of microbial transition
between first-to-second trimesters of pregnancy. In study by
DiGiulio et al. (81) weekly samples from 49 females (carried
out during different trimesters and post-partum period) were
integrated from vaginal as well as non-vaginal sites viz saliva,
distal gut (stool), and gum or teeth. Five community state
types, similar to the ones described earlier by Ravel et al. (32),
along with interstate variations in vagina were noted. These
variations were represented as a Markov chain and a significant
correlation was observed for Gardenella and Ureaplasma, when
tested independently while association withGardenella remained
significant on non-independent analysis. This highlights the
importance of Gardenella in a setting of low Lactobacilli burden,
as a potential contributor to PTL. Another significant finding
noted was the association of CST IV with preterm birth,
irrespective of other factors. This is in contrast to previous study
by Romero et al. (90) in which the authors noted no significant
difference in CST between term and preterm birth. This could
be attributed to racial differences and the inclusion of gestation
period of < 4 weeks (90). The findings of a static microbiota are
in contrast to the findings of Koren et al. (91) who noted a drastic
transition in gut microbiome, termed as “remodeling” from first
to third trimester and the same was seen in mice experiments
also, in which the microbiota of third trimester induced adiposity
along with insulin resistance in mice. This discrepancy could
be attributed to the dietary modifications, use of probiotics and
antibiotics by the enrolled subjects.

ROLE OF MICROBIOTA IN POST-PARTUM
PERIOD

Studies have also been conducted to note the persistence of this
microbiome in pregnancy and then, later in the post-partum
period. It has been shown that this Lactobacillus-richmicrobiome
falls tremendously, becoming more diverse and richer in the
post-partum period, reaching the level of non-pregnant vagina,
which can be attributed to varying estrogen levels (71). The post-
partummicrobiome tends to become similar to gut communities.
The mechanism behind this correlation isn’t understood entirely,
while primary contrivance might be the translocation of stool

microbiota to vagina. The need for this microbiota to restore
itself to non-pregnant state is mandatory to have a healthy
environment in case of subsequent pregnancy within a year (72).
Such a shorter inter-pregnancy period might act as a stepping-
stone for subsequent preterm births also, but auxiliary studies are
required to corroborate this hypothesis.

VAGINAL MICROBIOME OTHER THAN
BACTERIOME

Apart from these known bacterial communities that exist in
human vagina, other microbial communities have also been
traced. The major part of these communities is constituted by
vaginal viral virome and very little information exists related
to vaginal mycobiome. Mycobiome has revealed the role of
C.albicans but the pathological association and relationship with
other vaginal communities still needs more insight (42).

VIROME

Viral vaginal communities are one of the significant but
understudied components of microbiome. Virome, in itself is
an emerging concept, that encompasses all viruses residing in
or on human body, be it colonizing, genome-integrated or
pathogenic viruses, causing fulminant, acute, latent, chronic, or
persistent infections. This human virome is composed of both
prokaryotic and eukaryotic viruses, former being more common.
Bacteriophages might seem to be indifferent in causing human
illness, but they play a major role in causation of many infections
by influencing the growth of bacterial communities (92).
Similarly, endogenous retroviruses have also been implicated in
many autoimmune disorders recently (93). Eukaryotic viruses,
on the other hand, form a minor but a momentous component
of vaginal virome with major implications in human health and
disease, especially Papillomaviruses and Herpesviruses (94, 95).
The study of viral genome has been possible after the advent
of high-throughput sequencing and metagenomic approaches.
Wylie et al. (96) was the first to conduct an in-depth study
of human virome in 2012. Since then, virome at different
body sites, including gut, vagina, CSF, oral cavity, conjunctiva,
and cervix, has been studied. The first large-scale description
of vaginal virome in human body revealed the complexity
of virome at different sites viz. nose, mouth, vagina, stool,
and skin. The most common viruses inhabiting the humans
indeed are bacteriophages, but eukaryotic DNA viruses have
also been noted from these sites, common ones being Human
papilloma virus (HPV), and Herpes simplex virus (HSV). These
viruses can either stipulate a defensive role to humans by
their mutualistic cross-talk with bacteria or might predispose
us to imminent viral infections. Further studies are required
to unveil this concept of cross-talk (95). The gut virome is
one of the most vast and complex ecosystems on the earth
and these outnumber the bacterial cells by 10:1 and in mucus
membranes with ratio of 20:1. Almost 108-109 virus-like particles
(VLPs) are present per gram of the gut, with cross-assembly
phages (crAssphage) being the dominant one. Out of this vast
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virome, merely ∼1% has been sequenced and the major bulk is
still cryptic. A transition from high bacteriophage-low bacterial
community to low bacteriophage-high bacterial communities has
been noted (97).

Apart from the gut virome, fewer studies have been conducted
to study virome in oral cavity, CSF, cervix, respiratory system,
skin, blood, conjunctiva, urinary tract, and breast milk. Skin
and CSF, in absolute contrast to the gut, has low biomass
communities with a predominance of bacteriophages (98, 99).
The studies on virome in oral cavity have revealed the ubiquitous
presence of certain genotypes, along with the personalized,
persistent virome associated with some of these and is thought
to be hormonal-driven. Oral virome remains stable over a
period of 1 month and association of this diverse virome
with periodontitis and dental plaques has been reported (100,
101). Role of virome in respiratory tract infections has also
been documented but further studies are required to elucidate
their pathogenic effect (14). Rodriguez et al. (13) have shown
the presence of bacteriophages in 100% and HPV in 95% of
the samples from urinary tract. The authors have also found
some novel genotypes that accounted for carcinoma skin and
were implicated in anal and genital warts too (13). Virome of
conjunctiva has also been studied and it was found to have a
unique paucimicrobiome with presence of Multiple Sclerosis–
associated retrovirus (MSRV), Human Endogenous Retrovirus K
(HERV-K), and Torque Tenovirus (TTV). Out of these, TTV has
been implicated in 100% cases of seasonal hyperacute panuveitis
(SHAPU) and culture-negative endophthalmitis (15). In case
of cervix, Papillomaviridae, Anelloviridae, Genomoviridae, and
Herpesviridae dominated different community state types (102).
Asymptomatic viremia dominated by phages has been noted in
different studies (11, 12). Since this virome is not static, the
effect of diet, seasonal changes, vaccination, and environment on
virome has been well-documented (103–105).

ROLE OF VAGINAL VIROME IN ADVERSE
PREGNANCY OUTCOMES

Stout et al. (88) have shown that there is a specific vaginal
virome in each pregnancy, which is unique to every female. The
authors collected serial vaginal swabs in each triemester and
subjected these to high-throughput sequencing. It was noted that
there’s a high probability of PTL in females with a diverse and
dynamic virome rather than individuals with a consistent and
static one (88). Similar findings have been observed by Wylie
et al. (7, 106). Another study by Jakobsen et al. (107) revealed
the abundance of ds DNA viruses in vaginal microbiome,
followed by ssDNA and few unidentified viruses. The eukaryotic
viruses detected were very few (4%), as the pathogenic ones are
usually RNA viruses. Amongst the eukaryotic viruses isolated,
Herpesvirales, and Papillomaviridae are the only pathogenic ones.
A variation in bacterial vaginosis (BV) status has also been noted,
revealing interplay between bacterial communities, pH and other
environmental factors (107). These findings were in contrast to
other studies that showed no variation in vaginal virome with
BV status (108). This could be attributed to different sequencing

platforms and VLP purification methods employed. Pathogenic
viruses have been inversely related to presence of Lactobacillus
crispatus in vagina. The majority is inhabited by bacteriophages,
with phages enriching the vaginal flora and providing the non-
host defense by forming a barrier over the mucosa. These can
be lysogenic, which get integrated or are lytic which accumulate,
replicate and finally, lyse the cell with release of new phages.
Lytic phages have been more commonly observed in this acidic
environment, in contrast to the gut virome where lysogenic
phages predominate. This could be because of the fact that
lysogenic phages prefer a much simpler and stable environment,
in contrast to the lytic phages that inhabit a complex, more
diverse, and unstable environment (109). The role of these
phages in vaginal dysbiosis is multifactorial. These can either
gain an entry into vaginal mucosa, colonizing the vagina, thereby
replacing the commensal bacteria; or these can enter the vagina
along with the pathogenic bacteria as their respective prophages,
rescuing them by “superinfection exclusion” (107).

Eskew et al. (110) studied the vaginal virome in subjects
undergoing in-vitro fertilization at the time of embryo
transfer and its association with successful pregnancy and
observed that a more diverse viral flora was associated with
unsuccessful pregnancies and vice-versa. The association
was stronger with Papillomaviruses and Herpesviruses. The
authors also revealed presence of eukaryotic viruses in vaginal
swabs of asymptomatic women in pre-conception period.
A higher prevalence of eukaryotic pathogenic viruses in
patients receiving azithromycin prophylaxis was also noted
and these females eventually had an unsuccessful pregnancy
outcome (110).

ROLE OF VAGINAL MICROBIOTA AND
VIROME IN VERTICAL TRANSMISSION

Newborns have feeble microbiota before birth and their gut is
nearly sterile when they are born. It is the maternal microflora
and the environmental influences that help an infant establish
his initial microbiota (111). This flora is transmitted to infants
either via maternal gut, vagina, or breast milk (112); and can
occur by vertical or horizontal transfer (113–117). Amongst the
initial colonizers, Bifidobacteria tops the list, accompanied by
their respective bifidophages (43, 118). Few studies have shown
that gut virome also plays an important role in shaping the
microbiome of infant (119–121). Duranti et al. (122) conducted
a study to profile these bifidophages along with bifidobacteria
and they identified twenty-one different putative phages that
were linked to B. adolescentis, B. breve, B. dentium, B. longum,
and B. pseudocatenulatum (121, 123, 124). They analyzed
transmission of microbiota via vertical transmission and breast-
milk and found a positive correlation between the same. It
has been hypothesized that bifidophages and bifidobacteria are
transmitted via passage from the vagina and also via breast-milk
as these have the ability to utilize human milk oligosaccharides
(HMO) or HMO-derived glycan products. These also promote
colonization by other commensals by helping them to co-
exist by providing nutrition (44–46, 125). These authors gave
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the first firm evidence of maternal-to-child transmission of
bifidophages (122).

ROLE OF VIROME IN ONCOGENESIS

It is well-established that Lactobacillus-dominant microbiome
is beneficial in preventing dysbiosis and infections. A positive
correlation between healthy vaginal milieu and viral oncogenesis
has been suggested with dysbiosis playing a major role (126).
Many studies have shown a protective role of L.crispatus in
preventing HPV, HSV, and MCPyV while CST with dominance
of either L.gasseri or L.iners lacked this protection and rather
led to a rise in pro-inflammatory cytokines with a decrease of
anti-inflammatory and anti-tumor cytokines (7, 127–130). CST
with fully depleted Lactobacilli and dominance of Sneathia spp
and Prevotella spp was seen to be associated with HPV, dysplasia
and cervical carcinogenesis (131–133). However, it can’t be
hypothesized that vaginal microbiota is a risk factor for these viral
infections, but it does influence the acquisition and clearance of
such infections. There is a need for further studies to discover
the basis of this “steady-state immune-bacterial crosstalk” and the
interaction between bacterial microbiome and oncogenic virome.

LIMITATION OF THE STUDY

The composition ofmicrobiome is distinctive in diverse segments
of vagina, however owing to dearth of this information in most of
the studies discussed above, this factor couldn’t be delineated in
this review.

CONCLUSION

All the recent studies have given an insight for vaginal
microbiome, dissociating the old concept of “healthy” and

“diseased,” that was mainly allied to sexually transmitted
infections. These details can be used to decipher the cryptic
pathogenesis of several infections and might play a major
role in mucosal immunization by incorporating these beneficial
microbial communities, as in probiotics. While the multi-omics
have provided us with a comprehensive information regarding
vaginal microbiome, but the interpretation and the translational
impact on women’s health still requires further understanding of
functional interaction between viral communities and host cells,
dynamics between different microbial communities, interaction
with the host exclusively and to explore newer intervention
strategies for the same. Statistical models could be used
to integrate and analyze these datasets for assessing their
role in biological processes, influence of environmental, and
genetic factors, clinical progression, and outcome of such
interactions, along with high-throughput molecular multi-
omics techniques and CRISPR/Cas system. These meticulous
analyses are obligatory as simple associations might represent
a misinterpreted result, further confounding the scenario when
translated to humans, as mere presence does not reveal any
significant clinical implication on human health.

Future prospects involve the need to study evolution of
virome and mycobiome in relation to their association with
bacterial communities; to establish a full array of viral genes
and decoding of the vaginal virome entirely, including RNA
viruses, and to establish the causal association of microbiome
with host under the influence of genotypic and environmental
factors, using novel bioinformatic, multi-omic, statistical model,
and CRISPR/Cas approaches.
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