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Abstract

The human microbiome plays a number of critical roles in host physiology. Evidence from
longitudinal cohort studies and animal models strongly supports the theory that maldevelop-
ment of the microbiome in early life can programme later-life disease. The early-life micro-
biome develops in a clear stepwise manner over the first 3 years of life. During this highly
dynamic time, insults such as antibiotic use and formula feeding can adversely affect the com-
position and temporal development of themicrobiome. Such experiences predispose infants for
the development of chronic health conditions later in life. This review highlights key factors that
disrupt the early-life microbiome and highlights major non-communicable diseases which are
underpinned by early-life dysbiosis.

Background

The human microbiome is the ecosystem of microorganisms that inhabit the human body. The
majority of these microbes are found in the human intestines, where they play important roles in
epithelial barrier function, fermentation of dietary fibre, synthesis of vitamins, calibration of the
immune system, and defence against pathogens.1 This community has also been found to play
some surprising roles in angiogenesis,2,3 brain development,4–6 and behaviour.6,7

Given the various functions of the human-associated microbiota, it is unsurprising that aber-
rations in this community (dysbiosis) have been associated with a range of non-communicable
diseases (NCDs), including obesity,8–12 diabetes,12,13 inflammatory bowel disease,14,15 metabolic
syndrome,16,17 some types of cancer,18–20 asthma,21–23 allergy,24–26 non-alcoholic fatty liver
disease (NAFLD),27 and even certain neuropsychiatric disorders.28 NCDs such as these are a
significant and increasing burden on our health systems and on society. The rise of NCDs, which
has been described as ‘a public health emergency in slow motion’,29 has coincided with envi-
ronmental, medical, and lifestyle changes that are known to impact on the human microbiome.
Such practices include antibiotic use, dietary antimicrobials, increased hygiene, formula feeding,
and reduced exposure to animals and farming environments.30–33

The developmental origins of health and disease (DOHaD) paradigm provides a framework
through which to understand programming of disease by the humanmicrobiome. The DOHaD
theory states that exposures during the highly plastic period of early life can programme later-
life disease risk. The human microbiome is seeded, established, and stabilises in early life.34,35

During the first 2–3 years of life, the human gut microbiome is highly dynamic and is shaped by
numerous environmental factors.35 Early life (from gestation to early childhood) appears to be a
critical window for microbiome-driven programming of NCDs. Here, the evidence that certain
NCDs have an early-life microbiome origin is reviewed, with a focus on insults that can disrupt
early-life establishment of the human microbiome.

The early-life microbiome contributes to later-life disease

The microbiome is established in a clear, stepwise manner in the first years of life.35–38 At birth,
the human gutmicrobiome is highly dynamic, with a low biomass, a low level of intra-individual
(alpha) diversity, and a high level of inter-individual (beta) diversity.39,40 At around 1 year of age,
the gut microbiome shifts from a developmental stage to a transitional phase.35 During this
period, the composition of the microbiome changes, as alpha diversity increases and beta diver-
sity decreases. Finally, 2–3 years after birth, the gut microbiome matures to a stable, adult-like
phase.35 A range of chronic health conditions have been shown to be preceded by or associated
with dysbiosis during this early-life critical window of microbiome development.

Asthma

Evidence from longitudinal cohort studies suggests that a change in the early-life intestinal
microbiota precedes development of wheeze and asthma in childhood. Stokholm et al. reported
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an association between an immature gut microbiome at 1 year of
age and development of asthma at 5 years of age in a cohort of 690
children.41 Importantly, this association was only evident in the
children of asthmatic mothers, suggesting that the double hit of
genetic predisposition and lack of microbial stimulation in infancy
triggers asthma development. In another study of 1176 children,
faecal colonisation with Clostridium difficile at 1 month of age
was correlated with wheezing throughout the first 6–7 years of life
and asthma at 6–7 years of age.42 Similarly, Fujimura et al. analysed
stool samples from 298 infants aged 1–11 months and found that
infants with a lower relative abundance of particular bacteria (such
as Bifidobacterium, Akkermansia, and Faecalibacterium), and a
higher relative abundance of the fungal genera Candida and
Rhodotorula had an increased risk of asthma at 4 years of age.43

In a smaller study of just 47 infants, children who developed
asthma by 7 years of age (n= 8) showed decreased gut microbiome
diversity at 1 week and 1 month of age, but not at 12 months.21

However, with such a low number of participants, and such a high
level of inter-individual variation at these time points, these data
should be interpreted with caution. Antibiotic use in the first 2
years of life increases the risk of wheeze44 and asthma45 in later
childhood in a dose-dependent manner. Together these studies
demonstrate that dysbiosis of the intestinal microbiome in the first
year of life underpins later-life risk of asthma.

Further evidence from animal studies supports the notion that
the early-life microbiome plays a role in asthma development. In
germ-free mice, invariant natural killer T cells accumulate in the
colonic lamina propria and lung, leading to increased disease
severity in an ovalbumin-challenged mouse model of allergic
asthma.46 Colonisation of these mice with conventional murine
microbiota protects them from asthma, but only if performed in
the neonatal period. Arrieta et al. found four bacterial genera
(Faecalibacterium, Lachnospira, Rothia, and Veillonella) were
decreased in 3-month-old stool samples from CHILD study par-
ticipants who went on to develop wheeze and asthma in later life.22

Importantly, when these four taxa were inoculated into pregnant
germ-free mice, their adult progeny were protected from airway
inflammation.

There is evidence to suggest that the mechanism by which the
early-life gut bacteria protect children from developing asthma is
via their production of short-chain fatty acids (SCFAs). SCFAs are
immune-modulating bacterial metabolites which are produced in
the intestines as a result of fibre fermentation and are distributed
systemically. Thorburn et al. found that, in a mouse model of aller-
gic airway inflammation, maternal gestational high-fibre diet or
supplementationwith the SCFA acetate altered thematernalmicro-
biome and subsequently protected the offspring from asthma.23 The
offspring of the high-fibre diet/acetate-supplemented dams showed
an increase in T-regulatory cell number and function, as well as epi-
genetic changes in the Foxp3 promotor. Further, high serum acetate
levels in pregnant women correlates with reduced risk of wheeze in
their offspring in the first year of life.23 Similarly, high intestinal
acetate at 3 months of age,22 and propionate and butyrate at 12
months of age47 in infants correlates with a decreased risk for
wheeze and asthma in later life. These studies demonstrate the
importance of the early-life gut bacteria in shaping appropriate
immune functions via the actions of SCFAs.

Allergy and atopy

Dysbiosis of the intestinal microbiome has been shown to precede
development of allergy and atopy. In mice, neonatal antibiotic

exposure alters the intestinal microbiota and enhances food aller-
gen sensitisation.48 In the CHILD study cohort, an increased
Enterobacteriaceae/Bacteroidaceae ratio at 3 months and 1 year
of age was associated with increased food allergen sensitisation
at 1 year.49 In the KOALA study cohort, Escherichia coli colonisa-
tion in stool samples taken at 1 month of age was associated with
eczema diagnosis by 2 years of age in a dose-dependent fashion,
while C. difficile colonisation was associated with both eczema
and allergic sensitisation.42,50 In this same cohort, the effect of
intestinal colonisation with E. coli on eczema development was
modified by genetic variations in CD14 (cluster of differentiation
14) and TLR4 (Toll-like receptor 4), suggesting that host gene–
microbiota interactions determine atopy development in early
life.51 In a study of 138 infants, discordant temporal development
of Enterobacteriaceae and Parabacteroides spp. and decreased
abundance of Eubacterium spp. andAnaerostipes spp. over the first
26 weeks of life were observed in those that were diagnosed with
eczema by 18 months of age (n= 52).52 These infants also had
decreased levels of the SCFA butyrate in their stool in the first
26 weeks of life. This finding has been expanded upon in another
study showing that gut dysbiosis and decreased stool SCFA levels at
3 months of age correlated with atopy at 1 year of age.53 Children
with the highest levels of stool butyrate have been shown to have
the lowest risk of food allergy and allergic rhinitis in later life.47

These data suggest that early-life dysbiosis drives alterations in
the SCFA profiles of infants, which may underpin the risk of atopy
and allergy.

Obesity

There is a wealth of literature implicating the human gastrointestinal
microbiome in the aetiology of obesity. An obesogenic (‘Western’)
diet causes the microbiome to shift to an obesogenic state,54–56

while an obesogenic microbiome contributes to the development
of obesity and metabolic syndrome.57–60 Mechanistically, an obeso-
genic microbiome is more efficient at extracting energy from food,
increasing intestinal permeability, modulating satiety hormones,
increasing lipogenesis, and inducing chronic inflammation.57–60

The rise in childhood obesity rates over the past three decades
has paralleled the rise in maternal obesity. Recent models predict
that more than half (57%) of today’s children will be obese by
age 35.61 Disruptions in the development of the early-life intestinal
microbiota are associated with later-life development of obesity.
Dogra et al. reported that changes in the temporal development
of the gut microbiome in the first 6 months of life were predictive
of adiposity at 18 months of age.62 Specifically, infants with high
levels of Streptococcus and low levels of Bifidobacteria and
Collinsella at 6 months of age showed increased adiposity at 18
months. Another prospective study of 165 children found that
the composition of the gut microbiome at 10 days and 2 years
was significantly associated with childhood BMI (at age 12).63

In this cohort, the gut microbiota composition at 2 years of age
explained over 50% of the variation in childhood BMI. Anti-
biotic administration in the first year of life has been repeatedly
shown to increase the risk of adiposity and obesity in later child-
hood.64–66 These observations are supported by studies in mice,
which show that even sub-therapeutic doses of antibiotics in the
neonatal period result in increased adiposity and metabolic hor-
mones, as well as an increased susceptibility to a high-fat diet
(HFD) in later life.67,68

The maternal microbiome also appears to contribute to the risk
of obesity in her offspring. Maternal antibiotic administration
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during the second and third trimesters increases the risk of obesity
in her children at 7 years of age by 84%.69 Similarly, maternal HFD
during pregnancy is associated with changes in the neonatal gut
microbiome independently of maternal BMI.70 Evidence from
animal models supports the notion that dysbiosis of the maternal
microbiome results in neonatal dysbiosis and obesity development.
In mice, maternal HFD alters the gut microbiome in offspring,
leading to the development of obesity andmetabolic syndrome.71,72

In a non-human primate model, maternal HFD caused changes in
the composition of the neonatal gut microbiome which persist
even after weaning and transfer to a control diet.73

Neuropsychiatric

In adults, the intestinal microbiota interact with the brain and the
nervous system via their production of inflammatory and endocrine
molecules andmicrobialmetabolites.74–78 Additionally, they are able
to signal through the gut–brain axis via the vagus nerve.74–78 Several
neuropsychiatric disorders have been associated with gut dysbiosis
in adults, including autism,79 Parkinson’s,80 Alzheimer’s,81 depres-
sion,82 and schizophrenia.83 Emerging evidence suggests that neuro-
psychiatric disorders might be programmed through early-life
microbial exposure. In a cohort study of 7794 people, periconcep-
tional genital/reproductive tract infections significantly increased
the risk of schizophrenia in the offspring.84 In a larger study of
almost 2 million people, maternal infections during pregnancy
and childhood infections during the first 13 years of life have been
associated with the development of psychosis.85 However, in these
cases, it is difficult to ascertain whether the involved mechanism is
the maternal infection per se, or the inflammatory response to the
infection. The early-life microbiome has also been associated with
cognitive development in children. One study reported an inverse
relationship between gut microbiome alpha diversity at 1 year of
age and cognitive abilities at 2 years of age.86 In a study of 309 chil-
dren, gut microbiome composition at 3–6 months of age was asso-
ciated with cognitive development at 3 years of age.87 Many of the
associations observed in this study were driven by taxa within the
order Clostridiales.

These observations have been further explored in mechanistic
animal studies. Diaz Heijtz et al. reported that germ-free mice
showed altered motor activity and anxiety-like behaviour which
was coupled with altered expression of genes involved in second
messenger pathways and synaptic long-term potentiation in brain
regions implicated in these behaviours.6 Importantly, they could
rescue these aberrant behaviours by conventionalising germ-free
mice with normal gut microbiota in the gestational and neonatal
period, but not adulthood. Germ-free mice also show impaired
social behaviour and abnormal microglial development.88

Modulation of the maternal microbiome is sufficient to cause
behavioural and neurological changes in the offspring in mice.
Administration of non-absorbable antibiotics to pregnant mice
reduces exploratory behaviour in their offspring.89 Fostering these
offspring with untreated dams from postnatal day 1 partially res-
cued this phenotype, suggesting that the maternal microbiome
during gestation is involved in programming this behaviour.
Stress induces changes to the gut microbiome. In mice, maternal
prenatal stress alters both the maternal and offspring gut micro-
biota, and increases anxiety-like behaviour in the offspring.90

These changes are accompanied by differences in cytokine expres-
sion in the placenta and the adult offspring amygdala. Modulation
of the maternal microbiome using a HFD results in dysbiosis of the
offspring microbiome coupled with altered social behaviour and

neurological changes (specifically, changes in signalling in themes-
olimbic reward system, oxytocin levels in the hypothalamus, and
neural activity in the ventral tegmental area).91 Importantly, this
phenotype could be rescued after transferring stool from control
mice to the offspring of HFD dams, demonstrating a causal link
between maternal diet-induced dysbiosis, offspring dysbiosis,
and the development of behavioural abnormalities. These authors
were able to pinpoint a single bacterial species, Lactobacillus
reuteri, which was drastically reduced in offspring of HFD dams.
Treatment with L. reuteri restored social behaviour in these mice.
The ability of L. reuteri to rescue social deficits in other models of
autism spectrum disorder (including genetic, environmental, and
idiopathic) has since been established.92 Together, these animal
studies support observational evidence that the maternal and
early-life microbiomes may influence neurological development
and modulate the risk of neuropsychiatric disorders later in life.

Disruptions to the early-life microbiome

The human microbiome is vulnerable to disturbance in early life
(Fig. 1). Dysbiosis of thematernalmicrobiome, intrapartumor neo-
natal antibiotic exposure, formula feeding, and delivery mode have
all been shown to influence the early-life microbiome. Disturbances
during this highly dynamic period appear to be transient in nature
and are corrected after weaning.36,93–95 Nevertheless, these events
can have long-lasting impacts on the risk for later-life disease.

Early-life antibiotics

Antibiotics are powerful disrupters of the gut microbiome across
the lifespan; however, while the adult microbiome is generally able
to recover from antibiotic exposure in a timely manner,96 early-life
antibiotics have longer-lasting effects. Antibiotics can have pro-
found effects on the development of the early-life microbiome,
although this is dependent on the type, dose, duration, and timing
of administration.97 In one study of 142 Finnish children aged 2–7
years, early-life antibiotic use (from birth to the study period) was
associated with long-lasting shifts in gut microbiota composition
andmetabolism.98 In this study, macrolides (drugs that inhibit bac-
terial protein biosynthesis, such as azithromycin) were shown to
have a greater effect than β-lactams (drugs that inhibit bacterial
cell wall biosynthesis, such as penicillin). In a randomised control
trial, the effects of three commonly prescribed antibiotics were
assessed in preschool-aged children.99 Children were randomised
to receive amoxicillin, azithromycin, cotrimoxazole, or placebo for
5 days, with rectal swabs analysed before and after treatment.
Azithromycin was found to decrease bacterial alpha diversity,
while cotrimoxazole and amoxicillin had no discernible effect on
diversity. Yassour et al. performed a longitudinal study of the
gut microbiome of 39 children (half of whom were administered
multiple course of antibiotics in the first 3 years of life) which
included whole-genome shotgun sequencing of monthly stool
samples, allowing strain-level resolution of the microbiome.100

Stool samples of antibiotic-exposed children had a lower level of
bacterial diversity at both the species and the strain level.
Further, the gut microbiome of antibiotic-treated children was less
stable than that of untreated children.

Maternal antibiotic administration during pregnancy and birth
has also been shown to disrupt the neonatal microbiome.101–106

Intrapartum antibiotic prophylaxis (IAP) has been shown to
decrease bacterial diversity while decreasing the relative abundance
of Bifidobacteria spp., Bacteroides spp., and Lactobacillus spp., and
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increasing the relative abundance of Enterococcus spp., and
Clostridium spp.107 The mechanism by which maternally adminis-
tered antibiotics affect the neonatal microbiome is unclear. Direct
transmission of antibiotics via the placenta or breast milk may
occur. Alternatively, antibiotics may cause temporary dysbiosis
in the mother, resulting in transmitting her disrupted microbiota
to her infant during the critical phases of early life. Perinatal anti-
biotic exposure has been associated with an increased risk of devel-
oping asthma,108–111 allergies,112,113 and obesity.64–66,69 These are
important considerations, as administration of antibiotics during
labour and delivery is a common practice. IAP is administered
to all mothers delivering by caesarean section (CS; 34% of births
in Australia114), all mothers who deliver vaginally and are vaginally
or rectally colonised with group B streptococcus (20%–24% of
births in Australia115–117), as well as all mothers who experience
prolonged rupture of membranes. Combined, these prophylactic
interventions result may place a significant portion of the popula-
tion at risk of early-life dysbiosis and associated later-life diseases.

Mode of delivery

Internationally, the rate of caesarean delivery has steadily increased
between 2000 and 2015.114 In Australia, 34% of infants were born
via CS in 2015.114 This is a significant concern as CS delivery has
been repeatedly associated with early-life gut dysbiosis.36,38,118–122

CS-delivered infants are also at a greater risk of childhood
asthma,123–125 atopic disease,126–128 allergies,128,129 obesity,130 type
1 diabetes mellitus,131 inflammatory bowel disease,124,132 and
impaired cognition.133 Some have ascribed this dysbiosis to a lack
of exposure to the maternal vaginal microbiota at birth. Indeed,
postnatal ‘vaginal seeding’ (i.e., swabbing of the maternal vaginal
fluid across the skin and orifices of the newborn) has been trialled
in an attempt to correct this supposed issue.134 However, the act of
passing through the vagina at birth may not be the factor that dif-
ferentiates the microbiomes of CS-delivered and vaginally deliv-
ered infants. Instead, intrapartum antibiotic administration is
likely a key factor in the observed CSmicrobiome.107 All CS-delivered
infants are exposed to IAP, while the majority of vaginally deliv-
ered infants are not. Indeed, the gut dysbiosis caused by CS

delivery closely mirrors that seen in vaginally delivered infants
that are exposed to IAP, with a decrease in the abundance of
Bacteroides and Bifidobacteria, and an increase in the abundance
of Clostridium, Streptococcus, and Enterococcus.107 Further, women
who deliver via CS tend to have higher BMIs,135–141 lower gesta-
tional age at delivery,142 and reduced rates of breastfeeding.143–145

Regardless of the mechanism (IAP exposure or lack of vaginal
microbiota exposure), mode of delivery is certainly associated with
the microbiome in early life.

Preterm birth/NICU exposure

There is evidence to suggest that the human microbiome is seeded
prior to birth.36,39,40,146–149 However, this is a controversial topic
and there is also evidence to suggest that bacterial exposure does
not occur until birth.150 If humans are seeded with bacteria in
utero, these are likely to play a significant role in the development
of the fetal immune system.151 There is an increase in the rate of
bacterial translocation across the intestines and an increase in traf-
ficking of live bacteria around the body in the final trimester of
pregnancy.152 This may suggest that bacterial exposure increases
or perhaps commences in late pregnancy. Preterm birthmay there-
fore bypass this prenatal exposure.

Additionally, preterm infants are subject to a range of medical
interventions that have been associated with neonatal dysbiosis. In
particular, preterm infants are exposed to the neonatal intensive
care unit (NICU), the environment of which is likely to influence
the neonatal microbiome.153 These infants are also more likely to
consume formula or donor breast milk (which is sterilised prior to
use) and to experience less skin-to-skin contact with their mothers.
Further, preterm infants are more likely to be delivered by CS142

and to be administered antibiotics.154 The sum of these aberrant
early-life exposures is a significant difference in the neonatal
gut microbiome of preterm infants compared to their full-term
counterparts.155–158

Breastfeeding

Breast milk contains a rich and diverse microbiome. Breastfeeding
has been repeatedly shown to influence the development of the

Intrapartum antibiotics

Increasing diversity & stability

Mode of delivery

NICU exposure

Early-life antibiotics

Formula feeding

Furry pet exposure

Maternal microbiome

Preterm birth

Fig. 1. Insults to themicrobiome in early life (from gestation to
early childhood).
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infant gut microbiome.35,102,119,159–164 Exposure to breast milk bac-
teria and their metabolites modifies host gene expression and
immune development.162–164 Over a third of the gut bacteria of
breastfed infants are vertically derived from their mothers’ breast
milk and breast skin.165 Additionally, breast milk contains prebi-
otics which modulate the infant gut microbiome and metabo-
lome.166 A recent meta-analysis found that the gut microbiomes
of exclusively breastfed infants persistently differed in composi-
tion, diversity, and function from non-exclusively breastfed
infants.167 In the TEDDY study, breastfeeding (exclusive or partial)
was the most significant factor that shaped the gut microbiome in
the first 4 years of life.35 In this study, there were many factors
which significantly altered the infant gut microbiome at the genus
and species level, but breastfeeding was the only factor that influ-
enced the function of the microbiome. This is an important dis-
tinction, as it demonstrates a certain level of redundancy in the
functional capacity of the early-life gut microbiome, which is con-
siderably shaped by breastfeeding. The cessation of breastfeeding
drives the maturation of the infant gut microbiome to an adult-like
state.35,36

Given the important role of breastfeeding in the development of
the infant microbiome, it is not surprising that formula feeding is
associated with early-life dysbiosis38,168–170 and the development of
later-life NCDs.168,171,172 However, the effect of expressing and bot-
tle-feeding breast milk is less clear. Source-tracking studies have
demonstrated that the skin around the areola is the source of
approximately 10% of the breastfed infant microbiome.165

Bottle-fed infants may therefore miss out on maternal skin
microbes. Further, expressed breast milk is often stored frozen
and thawed before use. The effect of these common practices on
the infant gut microbiome is currently unknown, although there
is evidence to suggest that hand-expressed milk varies in bacterial
composition from pump-expressed milk.173

Maternal microbiome

The maternal microbiome is the largest donor of bacteria to the
infant microbiome.39,40 Therefore, maternal dysbiosis will nega-
tively impact on the development of the infant microbiome.
Factors that may skew the maternal microbiome include diet,
stress, medications, dietary antimicrobials, diabetes, and obesity.

The gut microbiota of infants of obese mothers varies from that
of infants of lean mothers,174–178 although this effect may be birth
mode-dependent.176 When stool from 2-week-old infants born of
obese mothers (Inf-ObM) or infants born of lean mothers was
transferred to germ-freemice, the Inf-ObM colonisedmice showed
gut dysbiosis, increased intestinal permeability, and increased sus-
ceptibility to obesity when exposed to a Western diet.179 These
mice also displayed hallmarks of NAFLD. Importantly, all mothers
in this study delivered vaginally, were not exposed to perinatal
antibiotics, and exclusively breastfed. This suggests that maternal
obesity is a causative factor in microbiome-mediated offspring
obesity and NAFLD. Maternal transmission of an obesogenic
microbiome may contribute to the intergenerational transmission
of obesity. With approximately a third of all women of child-
bearing age classified as obese,180 it is likely that a significant portion
of the population is exposed to an obesogenic microbiome from
birth. Further, obesity is a risk factor for other microbiome-modu-
lating events, such as CS delivery181 and reduced breastfeeding.182

The maternal diet during gestation also shapes the offspring gut
microbiome. In mice, 2-week-old pups of dams exposed to a
Western diet had altered gut microbiota and sex-specific changes

to colonic gene expression.183 In a primate model, a perinatal
maternal HFD, but not obesity per se, persistently altered the off-
spring gut microbiome.73 Offspring dysbiosis could not be fully
corrected with a low-fat postnatal diet, suggesting that microbial
exposures in utero and in early life programme long-term
metabolism.

Perinatal stress can modulate the maternal and offspring
microbiome and increase the risk of later-life disease. In a study
of 56 vaginally delivered infants, maternal prenatal stress (both
self-reported and inferred from serum cortisol levels) was associ-
ated with offspring gut dysbiosis, including a reduction in the
relative abundance of Lactobacilli and Bifidobacteria, and an
increase in the relative abundance of Escherichia, Serratia, and
Enterobacter.184 In a mouse model, maternal stress in early preg-
nancy disrupted the normal maternal microbiome adaptations
to pregnancy (both gut and vaginal), resulting in temporal disrup-
tions to the offspring microbiota.185 The effects of maternal stress
on the offspringmicrobiota inmice have been implicated in altered
hypothalamic pituitary adrenal (HPA) axis responses, immune
dysfunction, and aberrant neural development, and can last long
into adulthood.186,187

Another major maternal condition which may detrimentally
affect the early-life acquisition of microbes is diabetes. The intes-
tinal and vaginal microbiota of women with gestational diabetes
mellitus (GDM) varies from that of normoglycaemic pregnant
women.188–191 This maternal dysbiosis is mirrored in the infant
gut microbiome.191 Importantly, there is evidence to suggest that
both GDM and pre-existing maternal diabetes mellitus are associ-
ated with changes in the amniotic fluid and meconium micro-
biomes.191,192 These data might suggest that diabetes can alter
the human microbiome prior to birth. One study, which analysed
stool samples from mothers (n= 128) with and without GDM and
their children (n= 109) 5 years after birth, found that the maternal
microbiome had recovered at this time, while the microbiomes of
children of GDM mothers remained altered.193 Given that gesta-
tional diabetes is a significant and increasing concern in the preg-
nant population, the impact of this disease on the early-life
microbiome should be considered in more depth. In particular,
the effect of diabetes and diabetic medication on the breast milk
microbiome should be explored.

Household environment

Infants and young children spend the vast majority of their time
inside the family home. The microbiome of the residential built
environment is therefore an important consideration in the devel-
opment of the early-life microbiome. Lynch et al. prospectively
collected dust samples from homes with children <1 year old
(n= 104) and measured atopy and wheeze in these children at 3
years of age.194 The household dust of children who did not
develop atopy or wheeze by 3 years of age was richer and more
diverse than that of affected children. These results suggest that
household microbial exposures contribute to early-life immune
development and may confer protection against common
immune-mediated diseases.

The presence of furry pets35,195,196 and older siblings35,197 also
has a significant effect on the early-life microbiome. Dust from
homes with furry pets is microbially richer than that of homes
without pets.195 There is a well-established link between pet owner-
ship in early life and protection from allergy.198–200 To test the
hypothesis that this protection is conferred through exposure to
pet-associated microbes, Fujimura et al. collected house dust from
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dog-owning and pet-free houses.196 Mice were exposed to these
dust samples prior to and during an airway allergen challenge.
Those animals sensitised with dog-residence dust had significant
changes in the composition of their gut microbiomes and were
protected from airway inflammation. This suggests that diversity
within the environmental microbiome (particularly in cases of
cohabitation with animals) confers a benefit to the developing
microbiome.

Conclusions

The first years of life are a critical window for the development of
the microbiome. Insults such as antibiotic use, maternal dysbiosis,
and formula feeding during this time disrupt the early-life
microbiome, increasing the risk for later-life metabolic, neuropsy-
chiatric, and immunological disease. The prevalence of such
microbiome-disrupting practices has increased over the past three
decades and may have contributed to the rise of NCDs during this
time. Importantly, the humanmicrobiome is more readily change-
able than the human gene content. Therefore, interventions to
optimise the microbiome during gestation and infancy may help
to lessen the societal burden of NCDs.
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