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OVERVIEW

What is heritability? Is it merely the ver-
tical transfer of your genomic material
from egg and sperm? Or is it a far more
complex set of traits which arise from
the community of genomic and epige-
nomic material which is vertically trans-
ferred during key intervals of develop-
ment?

The ‘Developmental Origins of
Health and Disease [DOHaD] Hypothe-

sis’ (Barker, 1986; Fleming et al., 2018)
encompasses a substantial body of evi-
dence which temporally and function-
ally links maternal exposures to adverse
outcomes (largely the non-communica-
ble diseases [NCDs]) in her offspring
like obesity, metabolic disorders, cardi-
ovascular disease, and behavioural out-
comes (see Figure 1 for a schematic
overview).
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Figure 1: Womb with a view: How do we prepare babies to adapt to the world they are going to be
born into? Tolerate commensal microbes and allow colonization? Resist pathogens?
This schematic underlies key questions of our time in microbiome science, and early developmental
programming, including foetal development. (Modified from Aagaard et al., 2016).
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Aagaard-Tillery et al., 2008; Aagaard et al., 2012; Antony et al., 2021; Blaser, 2006; Bolte et al., 2022;
Campodonico-Burnett et al., 2020; Chu and Aagaard, 2016; Cuevas Guaman et al., 2014; Elsakr et al.,
2019, 2021; Gonzalez-Rodriguez et al., 2016; Goodspeed et al., 2015; Greenhalgh et al., 2016; Harris
etal., 2016; Kahr et al., 2021; Ma et al., 2014a,b; Murgas Torrazza, and Neu, 2011; Nash et al., 2021;
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2015,a,b, 2018; Suter et al., 2011, 2012a,b, 2013, 2014

Figure 2: Heritability: What are the molecular mechanisms which facilitate maternal-foetal
communication and enable adaptation in a changing world?

This schematic and listed references represent the data from mice to monkeys to humans demon-
strating that the majority of our heritable traits are not the product of genomic alleles, but rather

epigenomic and metagenomics driven patterning.

Initial mechanistic-minded studies in
animal models demonstrated that both
maternal nutritional deprivation and a
high fat *Western style’ diet feeding
brought about meaningful and persistent
modulations in postnatal gene expres-
sion resulting from epigenomic changes
in key metabolic pathways in the off-
spring (Aagaard-Tillery et al., 2008;
Safi-Stibler and Gabory, 2020). More
recently, others examined the similar
temporal relationships through the lens
of microbiome science, leading to the
genesis of the ‘Hygiene Hypothesis.’
The Hygiene Hypothesis suggests that
in addition to maternal exposure-driven
foetal epigenetic variation, the lack of
exposure to microbes early in life pre-
disposes offspring to not only develop-
ing these same adverse outcomes, but
also atopic and allergic diseases later-in-
life (Blaser, 2006). However, despite
nearly 100 years recognizing these
links, we have failed to reveal meaning-
ful mechanistic understandings of 1)
how specific maternal elements contrib-
ute to functional foetal and early life

developmental and 2) how to prevent
infant morbidity and mortality. We and
others have now spent the last several
decades diving into understanding what
enables generational adaptation to occur
at a far, far more amenable rate than
genomic variance and positive selection
would allow (A4agaard-Tillery et al.,
2008; Aagaard et al., 2012; Antony et
al., 2021; Blaser, 2006; Bolte et al.,
2022; Campodonico-Burnett et al.,
2020; Chu and Aagaard, 2016; Cuevas
Guaman et al., 2014; Elsakr et al., 2019,
2021; Gonzalez-Rodriguez et al., 2016;
Goodspeed et al., 2015; Greenhalgh et
al.,2016; Harris et al., 2016; Kahr et al.,
2021; Ma et al., 2014a,b; Murgas
Torrazza, and Neu, 2011; Nash et al.,
2021; O'Neil et al., 2013, 2017; Pace et
al., 2018; Pew et al., 2016; Prince et al.,
2019; Seferovic et al., 2015,a,b, 2018;
Suter et al., 2011, 2012a,b, 2013, 2014).
While Figure 2 depicts a number of
mechanisms by which ‘heritability’
occurs, we focused our discussion at the
2023 Old Herborn University Seminar
on the role of the microbiome, its
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metagenome, and its accompanying
metabolome during key intervals of
development (4agaard et al., 2014;
Azad et al., 2016; Banerjee et al., 2020;
Bassols et al., 2016; Bolte et al., 2022;
Butel et al., 2007; Chu and Aagaard,
2016; Chu et al., 2017; Claus et al.,
2016; Collado et al., 2016; Gomez-

Arango et al., 2017; Greenhalgh et al.,
2016; Doyle et al, 2014, 2017,
Jasarevic and Bale, 2019; Liu et al.,
2022; Ma et al., 2014a,b; Nash et al.,
2021; Pace et al., 2018, 2021; Pammi et
al., 2017; Parnell et al., 2017; Prince et
al., 2016, 2019; Rogier et al., 2014;
Seferovic et al., 2015, 2018).

CO-EXISTENCE OF MICROBES AND ANIMALIA SPECIES:
HOW ESSENTIAL ARE MICROBES FOR REPRODUCTION
AND NORMAL EARLY DEVELOPMENT?

Our laboratory and others have demon-
strated that the vaginal, oral and stool
microbiota composition and microbi-
ome community function vary during
the course of normal pregnancy, thus
providing a unique ‘“‘signature” in preg-
nancy with relative altered abundance of
multiple species and strains (4agaard et
al., 2012b; Butel et al., 2007; Chu et al.,
2017; Liu et al., 2022; Ma et al., 2014a;
Pace et al., 2021). But what impact does
this have on either the pregnancy or the
developing infant? Although it has long
been suggested that intrauterine infec-
tions, such as chorioamnionitis, are the
sequelae of ascending microbiota from
the upper vagina, we and others have
shown that the evidence supporting this
notion are relatively sparse and source
microbes come from other maternal
sites with vertical transfer (both in and
ex utero) or via limited horizontal trans-
fer (Adagaard et al., 2014; Aagaard and
Hohmann, 2019; Azad et al., 2016;
Banerjee et al., 2020; Bassols et al.,
2016; Bolte et al., 2022; Butel et al.,
2007; Cao and Mysorekar, 2013; Chen
and Devaraj, 2018; Chen and Gur,
2019; Chu et al., 2016, 2017; Claus et
al., 2016; Collado et al., 2016; Dong et
al., 2015; Doyle et al., 2014, 2017,
Goldstein et al., 2017; Gomez-Arango et
al., 2017; Gosalbes et al.,, 2013a;
Jasarevic and Bale, 2019; Kelly et al.,
2021; Liu et al., 2022; Lokugamage and

Pathberiya, 2019; Ma et al., 2020; Pace
etal., 2021; Pammi et al., 2017; Parnell
et al., 2017; Petersen et al., 2021a,
2021b; Prince et al., 2016; Rogier et al.,
2014; Roswall et al., 2021; Satokari et
al., 2009; Seferovic et al., 2019,
2020a,b; Song et al., 2021; Stinson et al.,
2018; Thaiss et al., 2016; Tuominen et
al., 2018; Zheng et al., 2015).

Clearly, to exist on Earth is to coexist
with microbes. Interactions between
microbes and host species within the
kingdom Animalia are evident when
comparing to their gnotobiotic and/or
‘germ free’ laboratory derived counter-
parts. Importantly, germfree derivations
of mice, zebrafish, and pigs are capable
of survival but are immunologically
(Gensollen et al., 2016), metabolically
(Cox et al., 2022), and behaviourally
(Luczynski et al., 2016) abnormal. Com-
paring gnotobiotics to naturally-existing
Animalia species, which evolved during
hundreds of millions of years in a world
teeming with microbial communities, it
is evident that while survival can occur
absent of microbes, normal develop-
ment is accompanied by immune toler-
ance to commensal microbes, allowing
them to persist while barring highly
antigenically and genomically-related
pathobionts and pathogens from flour-
ishing.

Indeed, the reliance on microbes for
Animalia species fitness is not limited to



immune development. Some animal
species, including horses, sheep, and
cattle, rely primarily on microbial
macromolecules, small molecule inter-
mediates and proteins, and key metabo-
lites as primary sources of dietary
energy and micronutrients. Others, like
koalas or cuttlefish, have developed
highly specific interactions which are
hallmark symbiotic characteristics or
traits of their species, such as enabling
digestion of nutrient-poor food sources
(koalas and eucalyptus [Chong et al.,
2020]) or production of biolumines-
cence (McFall-Ngai, 2014) (cuttlefish).
Placental mammals maintain finely
tuned relationships with microbial
metabolic products, and even seemingly
minor disruptions to normal microbial
community structure (e.g., community
dysbiosis) has been associated with the
incidence, onset and prevalence of dis-
orders in metabolism and a number of
non-communicable diseases in humans

and primates (Girbovan et al., 2017;
Gosalbes et al., 2013a; Huang et al.,
2021; Moeller et al., 2018; van Opstal
and Bordenstein, 2015). Although
microbial products are capable of influ-
encing foetal development (Figure 1),
true vertical transfer requires these
microbes be functional, selectable, and
capable of colonizing their host during
the perinatal window (periconception
through early postnatal life). From an
ecological perspective, a non-random
generational transmission of microbes
would provide exclusive opportunities
for selection toward host fitness (7ett et
al., 2019) and limit virulence potential
(Schubbert et al., 1998). Comprehensive
data sources are needed to quantify the
contributions of transmission mode
toward the acquisition of microbes
(Jiménez etal., 2008; Perez et al., 2007,
Schubbert et al., 1998; Tett et al., 2019)
and the mechanisms used to generation-
ally retain them.

WHAT IS THE IMPORTANCE OF MATERNAL-FOETAL
COMMUNICATION DURING DEVELOPMENT?

As schematically depicted in Figure 3,
there is a fundamental paradox in devel-
opment: if the womb is sterile and the
placenta is a barrier and not a means of
communication, how do we tolerate
commensal microbes requisite to
metabolism, immunity and behaviour
and adapt to an ever-changing world?
When considering the factors influenc-
ing the formation of the foetal microbi-
ome, it is also important to consider how
the intrauterine environment itself may
influence the microbiota of the develop-
ing foetus. Many scientists have chal-
lenged the notion of a sterile intrauterine
environment in the absence of disease
and have purported a distinct placental
and amniotic fluid microbiome that is
closely similar to the foetal/neonatal
microbiome; others argue that any and

all representations of microbial content
are confounded by  contamination
(Aagaard et al., 2014; Aagaard and
Hohmann, 2019; Azad et al., 2016;
Banerjee et al., 2020; Bassols et al.,
2016; Bolte et al., 2022; Butel et al.,
2007; Cao and Mysorekar, 2013; Chen
and Devaraj, 2018; Chen and Gur,
2019; Chong et al., 2020; Chu et al.,
2016, 2017; Claus et al., 2016; Collado
et al., 2016; Cox et al., 2022; DiGiulio
et al., 2010; Dong et al., 2015; Doyle et
al., 2014, 2017; Gensollen et al., 2016;
Girbovan et al., 2017; Goldstein et al.,
2017; Gomez-Arango et al., 2017,
Gosalbes et al., 2013a,b; Hansen et al.,
2015; Hiltunen et al., 2021; Hornef and
Penders, 2017; Huang et al., 2021;
Jasarevic and Bale, 2019; Jiménez et al,
2008; Kelly et al., 2021; Kennedy et al.,



Simply active or passive transfer of microbial antigens or metabolites
(would not explain lifelong changes and lasting impact)

Intrauterine colonization?
(available & present maternal microbes colonizing the fetus during pregnancy)

Immune education, enabling differential postnatal tolerance of commensal
microbes?
(maternal exposures alter the intrauterine metabolic milieu, enabling toleranc
to niche microbes resulting in early postnatal colonization)

Colonization resistance & community resilience?
(be it through host immunity or microbe-microbe interactions, the presence of
a few key microbes in the fetus/neonate prohibits colonization by others—
pathogen or beneficial commensal)

Let’s reframe the discussion away from ‘sterile’ to ‘womb with a view’

Figure 3: The womb with a view perspective enables us to consider the importance of developing
immune tolerance to commensal microbes early in development.

Whether true colonization occurs in utero is yet to be determined, and there is supporting and
refuting evidence in both (see the text for references). I remain agnostic as to whether true coloni-
zation with live microbes fully occurs in utero. However, what is evident is that microbial products
do transfer in utero from mother to foetus, inclusive of metagenomic materially, peptidoglycans and

other antigens, and microbial metabolites.

2021, 2023; Liu et al., 2022; Loku-
gamage and Pathberiya, 2019; Luczyn-
skietal., 2016; Ma et al., 2020; McFall-
Ngai, 2014; Mishra et al., 2021; Moeller
et al., 2018; Onderdonk et al., 2008a;
Pace et al., 2021; Pammi et al., 2017,
Parnell et al., 2017a,b; Perez et al.,
2007; Perez-Murioz et al., 2017,
Petersen et al., 2021a, 2021b; Prince et
al., 2016; Rackaityte et al., 2020; Rogier
et al., 2014; Roswall et al., 2021; Sato-
kari et al., 2009; Schubbert et al., 1998;
Seferovic et al., 2019, 2020a,b; Song et
al., 2021; Stinson et al., 2017, 2018; Tett
et al., 2019; Thaiss et al., 2016; Theis et
al., 2020; Tuominen et al., 2018; van
Opstal and Bordenstein, 2015; Zheng et
al., 2015). Evidence for a unique placen-
tal microbiome by virtue of meta-
genomic characterization stems from a
metagenomics study of 320 placentae
which demonstrated a low-biomass
microbial community of the placental
parenchyma and chorionic  villi
(Aagaard et al., 2014). Our study
demonstrated a unique placental micro-
biome niche composed of non-

pathogenic commensal microbiota from
the Firmicutes, Tenericutes, Proteobac-
teria, Bacteroidetes, and Fusobacteria
phyla that was most akin to the human
oral microbiome by composition. Other
researchers have demonstrated a simi-
larity between the placental microbiota
and the neonatal meconium, suggesting
that the microbiota may be transferred
across the placenta and into the foetus
before being excreted into the amniotic
fluid as foetal urine; others again argue
that these metagenomics signals are
largely the result of contamination
(Aagaard et al., 2014; Aagaard and
Hohmann, 2019; Bassols et al., 2016;
Cao and Mysorekar, 2013; Chen and
Devaraj, 2018; Chen and Gur, 2019;
Chong et al., 2020; Collado et al., 2016;
Cox et al., 2022; DiGiulio et al., 2010;
Dong et al., 2015; Doyle et al., 2014,
2017; Gensollen et al., 2016; Girbovan
et al., 2017; Goldstein et al., 2017,
Gomez-Arango et al., 2017; Gosalbes et
al., 2013a,b; Hansen et al.,, 2015;
Hiltunen et al., 2021; Hornef and
Penders, 2017; Huangetal., 2021;
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Jimenez et al, 2008; Kelly et al., 2021;
Kennedy et al., 2021, 2023; Loku-
gamage and Pathberiya, 2019; Luczyn-
skietal., 2016; Ma et al., 2020; McFall-
Ngai, 2014; Mishra et al., 2021; Moeller
et al., 2018; Onderdonk et al., 2008b;
Parnell et al., 2017a,b; Perez et al.,
2007; Perez-Murioz et al., 2017,
Petersen et al., 2021a, 2021b; Prince et
al., 2016; Rackaityte et al., 2020;
Roswall et al., 2021; Satokari et al.,
2009; Schubbert et al., 1998; Seferovic
et al., 2019, 2020a,b; Song et al., 2021;
Stinson et al., 2017, 2018; Tett et al.,
2019; Thaiss et al., 2016; Theis et al.,
2020; Tuominen et al., 2018; van Opstal
and Bordenstein, 2015; Zheng et al.,
2015). Our publications and those of
Gosalbes and colleagues (postulate that
because the neonatal meconium micro-
biota differs from the dominant bacterial
groups found in the maternal skin,
faecal, and vaginal niches, the neonatal
microbiota is unlikely to originate in
those maternal locations. Instead, they
argue that because meconium is formed
starting at mid-gestation in foetal life
(17 weeks and beyond), the microbiota
detected in meconium is likely not
simply due to contact with maternal
habitus at time of delivery (Gosalbes et
al., 2013a). Indeed, it is well established
that the meconium expressed within
minutes to days of birth has been present
in the small bowel since at least 20
weeks of gestation. Chen and Gur
hypothesize that maternal comorbidities
(including diabetes and hypertension)
results in changes in the maternal intes-
tinal, oral, and vaginal microbiomes that
facilitate the translocation of bacteria to
the intrauterine environment either
haematogenously or through direct
ascension, suggesting that the placenta
is more conduit than barrier (Chen and
Gur, 2019). Recent work from Peterson

and colleagues demonstrated that new-
borns who developed immunoglobulin
E (IgE)-mediated allergic sensitization
(atopy) by one year of age have a less
diverse gut metabolome at birth as
measured in the meconium, which
begins forming in the foetal gut during
the second trimester (Peterson et al.,
2021b). They argue that deficiency in
microbiota maturation and immune
development likely begins in utero
rather than at time of delivery.

It is important to acknowledge, how-
ever, that there is a debate regarding the
existence of a placental/amniotic fluid
or foetal microbiome (Figure 4). In our
own work, while we have consistently
distinguished a metagenomic signal in
the placenta from that of contaminant
controls, we have also been explicit in
noting it to be of low biomass, low
abundance, and sparse (4dagaard et al.,
2014; Aagaard and Hohmann, 2019;
Azad et al., 2016; Banerjee et al.,
2020; Bolte et al., 2022; Butel et al.,
2007; Chu et al., 2017; Claus et al.,
2016; Goldstein et al., 2017; Jasarevic
and Bale, 2019; Liu et al., 2022; Ma et
al., 2020, 2014b; Nash et al., 2021; Pace
et al., 2018, 2021; Pammi et al., 2017;
Prince et al., 2019; Rogier et al., 2014;
Seferovic et al., 2015b, 2018, 202b). We
have also remained consistently agnos-
tic as to whether the placental or intra-
uterine microbiome is truly alive and
colonizing, with a yet unclear functional
role. With further scientific advance-
ment and continued curiosity, we are
confident that investigators will deter-
mine whether these consistently
observed low-biomass communities are
alive and colonize the foetus or alterna-
tively enable later colonization through
processes of immune tolerance or colo-
nization resistance.



CONCLUSIONS AND CLINICAL SIGNIFICANCE

Here we have described the current state
of the science on several aspects of the
female reproductive microbiome, as
well as their current association with
perinatal disorders of both the mother
and her offspring. What we understand
today is far more complex and con-
founded than was appreciated less than
a decade ago, and is much simpler than
what we will come to realize in coming
years. The vaginal microbiome varies
from one woman to the next, across the
lifespan, and in association with both
health and disease states. Simplified
views that suggest “less diverse and less
rich vaginal microbiomes are equivalent
to disease states” have been challenged
and discounted.

Previously assumed to be “sterile”
reproductive tract tissues have been
shown to harbour low biomass meta-
genomes, and yet we remain unclear as
to what, how and when the infant is
colonized. When we consider species
outside humans and mice, the dogma
that all foetuses develop in a microbio-
logically and immunologically naive
environment is not supported by the cur-
rent published literature. Although the
presence of pioneering prenatal micro-
biota is often considered to be a novel
concept, experimental and observa-
tional evidence of its existence dates
back almost 100 years for many species,
including humans. The advent of highly
selective cultivation media and con-
cerns regarding contamination-prone
nucleic acid sequencing has led to
appropriate and necessary questioning
of the evidence supporting prenatal
exposure to maternal microbiota. Upon
comprehensive review of the literature
inclusive of heterogenous and orthogo-
nal rigorous methodologies among mul-
tiple Animalia species, the state of the
science is most consistent with the
notion that in wutero exposure to
microbes is sufficient, although not

necessary for all species, for normal
development when considering hetero-
geneous cohorts and species on nearly
every continent. This robust set of find-
ings may facilitate the transition into a
new era pursuing a deeper functional
understanding in order to improve the
health of humans and animals world-
wide.

While we and others have clearly
shown that there is, at most, transient
differences in the microbiota of neo-
nates born via Caesarean when com-
pared to those born by vaginal delivery,
these changes are limited to a few taxa,
are not durable, and appear to resolve
during infancy. As such, it is not surpris-
ing that meaningful lifelong impacts on
the development of the metabolic and
immune system in mammalian off-
spring have yet to be causally linked.
However, the potential for reduction of
harm readily resides within our reach if
we can reduce the disparities that con-
tribute to increased Caesarean delivery
risk. For example, with a lens on our
diabetic or obese population, based on
multiple lines of evidence, we can con-
fidently anticipate three benefits of
widened availability of optimized nutri-
tion with relief of food scarcity and
unrestricted access to medical care both
preconception and prenatally. We
would (1) improve glycaemic control,
optimizing foetal growth, (2) lower the
Caesarean delivery rate and increase the
duration of human milk feeding, and (3)
potentially mitigate the longer-term
risks from exposure to these conditions
in utero. This heightened attention to
maternal perinatal health - like im-
proved glucose control and appropriate
weight gain - can be attained with
widened access to clinical and public
health interventions and patient coun-
selling without incurring any additional
risk to mom or foetus. While there are
many outstanding questions regarding



the neonatal and infant microbiome, we
caution that societal focus needs to shift
away from a narrow focus on reducing
Caesarean delivery rates to meet a cer-
tain quota - which as we have demon-
strated may be difficult to achieve in
today’s society - to optimizing maternal
healthcare before, during, and after
pregnancy. Additionally, efforts to
restore the neonatal and infant microbi-
omes with vaginal or faecal seeding may
fail to yield beneficial outcomes and
may be harmful at both individual and
broader societal levels. As physicians,
our first responsibility is to do no harm.

Despite growing popularity of neonatal
seeding in the general press, health care
practitioners and patients should only
perform seeding practices within the
confounds of strict scientific protocols
to ensure safety. To ultimately improve
maternal and neonatal outcomes in asso-
ciation with presumptively beneficial
alterations in the microbiome, attention
should be directed to established benefi-
cial realms of improved access and
availability of preconception and prena-
tal care, nutritional counselling, lacta-
tion services, and limiting food scarcity
and other health disparities.

Disclosure Statement: The authors report no conflict of interest.
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