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One sentence summary: Perinatal factors impact the health of offspring through modulating the gut microbiota in mothers and infants, which leaves a
lasting impression beyond infancy until childhood and adulthood.
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ABSTRACT

Maternal health status is vital for the development of the offspring of humans, including physiological health and
psychological functions. The complex and diverse microbial ecosystem residing within humans contributes critically to
these intergenerational impacts. Perinatal factors, including maternal nutrition, antibiotic use and maternal stress, alter
the maternal gut microbiota during pregnancy, which can be transmitted to the offspring. In addition, gestational age at
birth and mode of delivery are indicated frequently to modulate the acquisition and development of gut microbiota in early
life. The early-life gut microbiota engages in a range of host biological processes, particularly immunity, cognitive
neurodevelopment and metabolism. The perturbed early-life gut microbiota increases the risk for disease in early and later
life, highlighting the importance of understanding relationships of perinatal factors with early-life microbial composition
and functions. In this review, we present an overview of the crucial perinatal factors and summarise updated knowledge of
early-life microbiota, as well as how the perinatal factors shape gut microbiota in short and long terms. We further discuss
the clinical consequences of perturbations of early-life gut microbiota and potential therapeutic interventions with
probiotics/live biotherapeutics.

Keywords: prenatal and postnatal factors; gut microbiome; transmission; early life; infant; diseases

INTRODUCTION colonisation of microbiota residing in the gastrointestinal tract
as well as interactions with the host take place until homeosta-
sis is achieved. Increasing evidence points to a mutualistic rela-
tionship between early-life gut microbiota and host health in the
short and long terms. Although the mechanism and/or causal-
ity remain unclear, the accepted dogmatic belief indicates that

The first years of life are characterised by rapid growth and
development of the infant, including physical growth, devel-
opment of the immune system, and motor, cognitive and
behavioural skills. In parallel, the acquisition, selection and
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the disrupted microbiota in early or later life can leave a last-
ing and potential footprint on health, with a subsequent risk
of disease through an altered immune system (Gensollen et al.
2016). In comparison to adults, the assembly of the microbiota in
early life is susceptible to influences from various factors (Tam-
burini et al. 2016), and a longer length of recovery time from the
exposed factors is required (Yassour et al. 2016).

During pregnancy, the mother supports foetal development
by transferring molecular nutrients and microbial molecules
(e.g. short-chain fatty acids and bile acids) to the foetus
through the umbilical cord (Macpherson, de Agiiero and Ganal-
Vonarburg 2017; Ganal-Vonarburg, Hornef and Macpherson
2020). It has been realised that any abnormal changes related
to the mother during pregnancy and lactation are linked to the
growth and health of the foetus and infant after birth. An impor-
tant underlying contributor is the gut microbiota of both mother
and infant. Numerous factors (collectively named ‘perinatal fac-
tors’) have been documented to influence the maternal and
infant gut microbiota during pregnancy and lactation, mainly
including maternal diet, antibiotic use, mode of delivery, breast-
feeding and maternal stress (Table 1). These factors can shape
the initial microbiota in infants by altering the composition and
diversity of maternal microbiota per se that is transmitted to the
infant (e.g. maternal gestational diet), or disrupting the vertical
mother-to-infant microbial transmission (e.g. mode of delivery),
thus predisposing the infants to colonisation by aberrant micro-
biota, such as opportunistic pathogens (Shao et al. 2019). Impor-
tantly, these perturbations in the early-life microbiota can per-
sist beyond infancy until childhood and adulthood.

Here, we review the existing findings regarding the influence
of perinatal factors on the health of infants to provide a com-
prehensive overview, which thus far is still lacking. Then, we
describe the updated knowledge of the development and mat-
uration of the gut microbiota in early life, including bacteria,
viruses and fungi, and pay attention to impacts of perinatal fac-
tors on the gut microbiota in early life in short and long terms.
Finally, we depict associations between early-life gut microbiota
and disease, and discuss the potential therapeutic interventions
with probiotics.

PERINATAL FACTORS DURING PREGNANCY,
BIRTH AND POSTPARTUM

During pregnancy, simultaneous changes in hormone secretion,
immunity and metabolism in the female take place until deliv-
ery and beyond, the process of which interplays with placen-
tal development and foetus growth. Perinatal factors mainly
include maternal nutrition, antibiotic use, maternal stress and
maternal age during pregnancy, as well as gestational age, mode
of delivery and breastfeeding, which can interfere with the
course of pregnancy and the health outcomes of offspring, in
addition to the gut microbiota in early life of the offspring (as
discussed below), likely leaving a lasting impression on the risk
of disease in later life.

Maternal nutrition

The macro- and micronutrients during pregnancy provide the
essential nutrition for growth of the foetus. Under- and over-
nutrition as well as diet composition and quality can influence
the in utero nutrient levels that are associated with the placen-
tal and foetal immune development, thereby leading to adverse
pregnancy outcomes. For example, in the human, the profile
and intake (e.g. proteins, starch and fatty acids) of maternal
macronutrients during pregnancy have been shown to be related

to foetal body composition and fat distribution (Blumfield et al.
2012). Maternal dietary pattern during pregnancy dominated
by intake of poultry, nuts, cheese, fruits, whole grains, added
sugars and solid fats was associated with greater gestational
weight gain but not newborn fat mass or adiposity. The other
dietary pattern with an intake of eggs, starchy vegetables and
non-whole grains led to a higher maternal fasting glucose and
greater newborn adiposity (Starling et al. 2017). In addition, the
influence of maternal diet during pregnancy on neonatal health
could leave a lasting impression on the body composition of off-
spring (Chen et al. 2016; Crume et al. 2016). For example, a higher
maternal energy intake during pregnancy mainly from carbohy-
drates and fat led to an increase in neonatal fat mass and risk of
adiposity within 3 days after birth (Crume et al. 2016). Insufficient
micronutrients during pregnancy, for example vitamin D, could
reduce the whole-body and lumbar-spine bone-mineral content
in children 9 years old (Javaid et al. 2006) and might increase
the risk of wheeze symptoms in children 12 years old (Devereux
et al. 2007).

Antibiotic use

Although prescription of a course of antibiotics to a pregnant
woman is a contentious issue, the average number of medica-
tions (e.g. antibiotics) that pregnant women took increased from
2.5in 1976 to 4.2 in 2008 at any period of pregnancy, and >90% of
pregnant women took at least one medication in 2008 (Mitchell
et al. 2011). Although the benefits of antibiotics during and after
pregnancy cannot be denied, one concern about antibiotic inter-
vention in pregnant and lactating women is the substances that
can be transferred to the foetus via the placenta and umbil-
ical vein by simple diffusion and blood flow. The concentra-
tion of antibiotics (e.g. ampicillin, cephalothin and clindamycin)
in the umbilical blood reaches a peak within 1 h after mater-
nal serum peak during pregnancy (Chow and Jewesson 1985).
Due to the limited activity of foetal hepatic drug-metabolising
enzymes compared with adults, the non-metabolised drug thus
accumulates in the foetal tissues (Morgan 1997). During lacta-
tion, the transfer of maternal antibiotics to the newborn still
occurs via breastfeeding as the maternal antibiotics can circu-
late into breast milk in multiple ways, including simple diffu-
sion, active transport and pinocytosis, depending on the type
of antibiotics (e.g. ampicillin, penicillin and cephalosporins) and
circulation conditions (Reali et al. 2005).

Furthermore, exposure to antibiotics during pregnancy for
either mother or foetus or newborn has been associated with an
increased risk of multiple diseases, which may be attributed to
increased expression of antibiotic resistance genes and altered
gut microbiota (Mueller et al. 2015; Yassour et al. 2016; Neu-
man et al. 2018). For example, at 7 years of age, children whose
mothers were exposed to antibiotics during the second or third
trimester exhibited 84% higher risk of obesity, compared with
children of non-exposed mothers (Mueller et al. 2015). Other
studies suggest that antibiotic exposure during pregnancy may
increase the risk of inflammatory bowel disease among 827
239 Swedish children (Ortqvist et al. 2019) and wheeze/asthma
in childhood, as suggested by a cohort of 411 Danish children
(Stensballe et al. 2013) and a meta-analysis (Zhao et al. 2015).

Gestational age

The global incidence of preterm birth (gestational age <37
weeks) is estimated to be up to 15 million each year, which is still
rising and accounts for 5-18% of all births across 184 countries,
with significant disparities in the frequency of preterm birth
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among countries [Purisch and Gyamfi-Bannerman 2017; World
Health Organization (WHO) 2019]. Two-thirds of preterm births
take place after the spontaneous onset of labour (Romero, Dey
and Fisher 2014), which is responsible for over 50% of perina-
tal mortalities and morbidity below the age of 5 years (Gold-
enberg et al. 2008). However, the underlying mechanism for
spontaneous preterm birth remains enigmatic. Of note, numer-
ous causes, including infection or inflammation, environmental
exposure, immune status, maternal and foetal genome, utero-
placental ischaemia or haemorrhage, maternal anxiety and
stress, a decline in progesterone action and changes in micro-
biota, have all been considered as potential causes with an
induction of spontaneous preterm delivery (Goldenberg et al.
2008; Romero, Dey and Fisher 2014). Among these determinants,
infection and inflammatory responses seem to be the significant
risk factors for preterm birth as elevated production of proin-
flammatory cytokines is associated with uterine activation and
preterm birth (Cappelletti et al. 2016). Mother’s genetics may be
a grounded factor that influences the gestation period and the
risk of preterm birth (Bezold et al. 2013). A genome-wide associa-
tion study involving a total of 8 643 women found 6 genomic loci
that were associated with gestational duration and 3 of these
loci were involved with preterm birth. The functions of these
genes were involved in uterine development, maternal nutrition
and vascular control (Zhang et al. 2017). The advances of next-
generation sequencing and metagenomic analysis have uncov-
ered the potential association between preterm birth and spe-
cific microbiota in pregnancy (as discussed below) (Vinturache
et al. 2016; Fettweis et al. 2019).

Mode of delivery

Over the years, the occurrence of Caesarean section (C-section)
delivery has been unprecedentedly and steadily increasing to
18.6% of all births in 150 countries (Betran et al. 2016) although
the threshold of 10-15% was recommended by the WHO in 1985
(WHO 1985). Regionally, the highest proportion of 40.5% was in
Latin America and the Caribbean region, followed by 32.3% in
North America, 31.1% in Oceania, 25% in Europe, 19.2% in Asia
and 7.3% in Africa (Betran et al. 2016). Many efforts, including
clinical and non-clinical interventions, have been made in order
to reduce unnecessary C-section births, as there is an increasing
body of evidence showing the association of short- and long-
term risks from C-section with the health of the woman, baby
and subsequent pregnancies. Mothers who gave birth via C-
section had a decreased risk of urinary incontinence and pelvic
organ prolapse, but an increased risk of placenta previa, pla-
centa accrete and placental abruption, as well as miscarriage
and stillbirth for subsequent pregnancy (Keag, Norman and
Stock 2018). Children delivered by C-section had increased risk
of asthma up to the age of 12 years and obesity up to 5 years of
age (Keag, Norman and Stock 2018), which was consistent with
other studies (Li, Zhou and Liu 2013; Kuhle, Tong and Woolcott
2015; Peters et al. 2018). Increased risks of subsequent subfertil-
ity, pelvic adhesion and small bowel obstruction have also been
observed in mothers who gave birth via C-section (Gurol-Urganci
et al. 2013; Abenhaim et al. 2018; Sandall et al. 2018). In addition,
C-section could increase risk of overweight and obesity in child-
hood compared with infants delivered vaginally (Li, Zhou and
Liu 2013).

Breastfeeding

Breast milk contains all the essential macro- [e.g. caseins, whey,
fatty acids, human milk oligosaccharides (HMOs) and lactose]
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and micronutrients (e.g. Immunoglobulin A, Immunoglobu-
lin G, Immunoglobulin M, calcium and vitamin A) (Andreas,
Kampmann and Le-Doare 2015; Ahern et al. 2019). Based on the
nutritional composition, breast milk is commonly classified into
colostrum (first milk after birth), transitional milk and mature
milk, which also differ in microbiota composition (Gomez-
Gallego et al. 2016). Colostrum contains high concentrations
of whey protein and low concentrations of both lactose and
fat compared with mature milk. The nutritional composition
of breast milk is dynamic (Andreas, Kampmann and Le-Doare
2015). In general, the content of protein in breast milk gradually
decreases with a gradual increase in the concentration of lipid,
and lactose production is highest in the fourth to seventh
month (Andreas, Kampmann and Le-Doare 2015). The HMOs
are an important part of the carbohydrate fraction of human
milk, mainly consisting of 2'-fucosyllactose (20-30% of all
HMOs) (Ahern et al. 2019).

During lactation, exclusive breastfeeding can meet all of the
nutritional requirements for the infant’s growth. In addition, the
bioactive molecules (e.g. HMOs) and microbiota in breast milk
help to guide the development and maturation of the infant
immune system, promote the colonisation of beneficial micro-
biota and protect from invasive pathogenic bacteria (Gomez-
Gallego et al. 2016). In comparison with the infant fed with for-
mula, breastfed infants have lower incidences of various infec-
tious morbidity and diseases, such as necrotising enterocolitis
(NEC), respiratory tract infection and decreased risk of childhood
obesity and diabetes (Salone, Vann and Dee Stuebe 2009; 2013).

Other perinatal factors

Chronic psychological distress of mothers (e.g. depression, anxi-
ety and perceived stress) during pregnancy may increase the risk
of adverse birth outcomes, including preterm birth (Coussons-
Read et al. 2012), low birth weight (Lewis, Austin and Galbally
2016) and adverse child neurodevelopment (Sawyer et al. 2019).
The intergenerational transmission of depression is mainly
influenced by genetic inheritance, maternal antidepressant use
during pregnancy and childhood maltreatment (Sawyer et al.
2019), as well as gut microbiota (Wang et al. 2020). In addition,
maternal smoking during pregnancy is a potential cause of a
range of behavioural problems and disorders in the offspring as
the foetus is particularly vulnerable to numerous tobacco com-
ponents compared with adults (Talati et al. 2016).

Due to changes in socioeconomic circumstances and lifestyle
in recent years, the proportion of women giving birth after 35
years of age, considered advanced maternal age, has been ris-
ing considerably. Both mothers of early age (typically <17 years)
at first childbirth and those of advanced age have been realised
to be the most vulnerable to infant mortality and poor health
outcomes for children and mothers, including high risk of foetal
growth restriction, placental abruption, preterm birth, low birth
weight, stillbirth, C-section, neonatal intensive care unit (NICU)
admission and postnatal morbidity and mortality in children,
as well as gestational hypertension and diabetes mellitus for
advanced age mothers-to-be (Finlay, Ozaltin and Canning 2011;
Gibbs et al. 2012; Lean et al. 2017; Londero et al. 2019).

FEATURES OF THE INFANT GUT MICROBIOTA

Composition and development of the bacterial
population in the infant gut

The infant gut microbiota contains members from the three
domains of life, Archaea, Bacteria and Eukarya, as well as
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viruses. The majority of studies of the infant gut microbiota
have utilised 16S ribosomal ribonucleic acid (rfRNA) amplicon
sequencing to profile the bacterial composition, which are lim-
ited by factors such as primer design and sample processing,
leading to the underrepresentation of some of the key members
of this population (Claesson et al. 2010; Hill et al. 2016). More
recent studies have replaced 16S with whole-genome shotgun
sequencing, which is more cost prohibitive but allows for higher
taxonomic and functional analyses.

It has been long believed that bacterial colonisation of the
infant gut begins at birth but recent studies have questioned if it
actually begins in utero (as discussed below). Although the infant
gut microbiota tends to have lower diversity and as much as
six times fewer operational taxonomic units (OTUs) than adults,
it is also more dynamic with rapid development over the first
6 months of life (Avershina et al. 2016; Yassour et al. 2016; Hill
et al. 2017). The microbiota in infants is mostly represented
by four phyla, namely Actinobacteria (genus Bifidobacterium),
Proteobacteria (genus Enterobacteriaceae—unclassified), Firmi-
cutes (e.g. genera of Streptococcus and Enterococcus) and Bac-
teroidetes (genus Bacteroides), which normally, with the excep-
tion of the Firmicutes, are represented by no more than one
genus as indicated in the bracket (Dogra et al. 2015).

Immediately after Dbirth, facultative and aerotol-
erant microorganisms such as Proteobacteria (genus
Enterobacteriaceae—unclassified) and Firmicutes (genus
Streptococcus) dominate, resulting in the depletion of oxygen in
the gut and subsequent colonisation by strict anaerobes (Del
Chierico et al. 2015; Dogra et al. 2015). However, studies vary
on the exact timing of when such strict anaerobes become
dominant. In a recent study, Shao et al. (2019) found that by
the first 7 days, the microbiota of vaginally born infants was
dominated by strict and facultative anaerobes, namely the gen-
era Bifidobacterium, Escherichia, Bacteroides and Parabacteroides.
Likewise, Hill et al. (2017) found that the Bifidobacterium genus
was dominant 1 week after birth in vaginally born infants, while
Jostet al. (2012) found that bifidobacteria were significantly more
abundant between days 4 and 6. However, other studies have
found that facultative aerobes such as Enterobacteriaceae could
be dominant for up to 1 or 3 months before being supplanted
by Bifidobacterium and Bacteroides (Dogra et al. 2015; Bokulich
et al. 2016; Yassour et al. 2016). However, the majority of studies
are in agreement that the Actinobacterium phylum (genus
Bifidobacterium) becomes dominant between 3 and 6 months of
age (Yatsunenko et al. 2012; Jakobsson et al. 2014; Dogra et al.
2015). The early bifidobacterial population at 1 month mainly
consists of Bifidobacterium longum subsp. longum, Bifidobacterium
breve, Bifidobacterium bifidum, B. longum subsp. infantis, Bifidobac-
terium adolescentis and Bifidobacterium pseudocatenulatum species
(Duranti et al. 2017).

A key point in the development of the infant gut microbiota
is weaning and the introduction of solid foods. The introduction
of solid foods between 6 and 24 months led to a decrease in Bifi-
dobacterium and Clostridium, and an increase in Bacteroides, Faecal-
ibacterium and Clostridiales revealed by the longitudinal study of
43 US infants from birth to 2 years (Bokulich et al. 2016) and 39
Finnish infants from 2 months to 3 years (Yassour et al. 2016).
On the contrary, a Danish longitudinal study found a significant
increase of species within the Bacteroidetes (genus Bacteroides)
phylum in line with weaning (Bergstrom et al. 2014). This study
also noted that while the relative abundance of the Bifidobac-
terium genus decreased with weaning, certain species namely
B. adolescentis and Bifidobacterium catenulatum actually increased
in relative abundance (Bergstrom et al. 2014). This is likely due

to the decrease of HMO-utilising bifidobacteria (e.g. B. bifidum)
and an increase in species that are adapted to the utilisation of
plant-derived fibres (Egan and van Sinderen 2018). The cessation
of breastfeeding leads to an increase in butyrate-producing bac-
teria, such as Clostridium leptum, Clostridium coccoides and Lach-
nospiraceae, possibly associated with energy harvest to new
food sources (Bergstrom et al. 2014).

By 2 to 3 years of age, the infant microbiota almost fully
resembles the adult-like microbiota (Yatsunenko et al. 2012).
Alpha diversity increases with age, in particular between 1, 2
and 4 years (Fouhy et al. 2019). At 2 years of age, the number of
OTUs is almost two-thirds that of adults (Avershina et al. 2016),
while the composition is also altered, with higher numbers of
class Clostridia and Bacteroides and a decrease in the relative
abundance of bifidobacteria (Bergstrom et al. 2014; Avershina
et al. 2016). Interestingly, it was noted that the 10 most preva-
lent OTUs in the infant gut up to 1 year could not be identified in
the mother, but at 2 years the most prevalent OTUs were found
at the same level in the mother’s microbiota (Avershina et al.
2016). In another study, two notable bacteria in the adult gut,
namely Akkermansia muciniphila and Faecalibacterium prausnitzii,
were detectable at 2 year and 1 year, respectively, having been
absent in the first 2 months of life (Yassour et al. 2016). How-
ever, it has to be mentioned that the absence of microbes may
be attributed to the limitation of current approaches, even with
shotgun metagenomic sequencing. By 4 years of age, the bac-
terial profile is dominated by Ruminococcaceae, Dialister, Fae-
calibacterium, Bacteroides and Christensenellaceae (Fouhy et al.
2019).

The concept of enterotypes in the adult gut microbiota was
introduced in 2011, when meta-analysis of faecal metagenome
studies revealed that individuals could be grouped into three
clusters or ‘enterotypes’ based on the relative abundances of
Bacteroides, Prevotella and Ruminococcus in their microbiota (Aru-
mugam et al. 2011). Bergstrom et al. (2014) studied the Bac-
teroides/Prevotella ratio in infants aged between 9 and 36 months
and found that such enterotypes were established during this
time. Interestingly, other correlations between certain families
and genera have also been observed. Notably, there have been
incidences of an inverse correlation between the levels of Bac-
teroides and Bifidobacterium (Jost et al. 2012; Yassour et al. 2016),
perhaps due to competition for HMOs. Likewise, B. breve has
been associated with delayed colonisation of certain Clostridia
OTUs (Avershina et al. 2016). Bacteroides have also been negatively
correlated with Clostridium (Nakayama et al. 2011). At a species
level, B. longum was shown to co-exist with Lactobacillus and Ente-
rococcus at 9 months, but this had ceased by 18 and 36 months
(Bergstrom et al. 2014).

Sources of gut bacterial population in early life

An important source of gut bacteria for the infant is the mother,
in a concept known as vertical transmission (Wang et al. 2020).
The microbiota can be vertically transmitted from the maternal
faecal microbiota, the vaginal microbiota and breast milk. In the
faecal samples of vaginally born infants, it was found that over
half the bacterial species present in the infant gut on one day
of life originated from the mother, with the majority from the
mother’s gut but also from the vagina, oral cavity and skin in the
25 Italian infants cohort (Ferretti et al. 2018), and the mother—
infant shared species proportion reached up to 72% in the 98
Swedish infants cohort in the first few days of life (Béackhed et al.
2015).
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Species from Bacteroides, Parabacteroides, Escherichia and Bifi-
dobacterium were also shown to be vertically transmitted from
the maternal faecal microbiota to the infant. Jost et al. (2012)
have shown that strains of Bacteroides fragilis and Bacteroides ster-
coris can be isolated from maternal faecal samples and the cor-
responding infant stool. Yassour et al. (2018) made a particu-
larly interesting observation in that strain diversity within fae-
cal species was higher in the mother than the infant. How-
ever, when it came to vertical transmission, it was not always
the dominant strain (identified as typically at least 70% relative
abundance of that species) that was transferred to the infant. In
the case of Bacteroides dorei, the secondary strain was more likely
to be found in the infant faecal sample. The authors also noted
that strains transmitted from the mother were more likely to
persist in the infant than strains of the same species from else-
where.

Bifidobacteria are also commonly vertically transferred from
mother to infant, perhaps unsurprisingly given their dominance
in the early infant gut. The bifidobacterial species transmitted
from mothers’ stool or milk to infants in the first month were
identified as B. bifidum, B. adolescentis, Bifidobacterium dentium, B.
breve, B. longum spp. and B. pseudocatenulatum (Duranti et al. 2017).
Likewise, in a separate study, strains of B. breve and B. bifidum
were found in maternal and infant faecal samples, 10 days after
birth (Avershina et al. 2016).

The vertical transmission of bacteria from breast milk to
infants occurs during lactation. In the first month of life, infants
who were mainly breastfed received 27.7% of their gut bacte-
rial operational taxonomic units (OTUs) from breast milk (Pan-
naraj et al. 2017), and identical strains of B. breve and Lactobacil-
lus plantarum were identified in both breast milk and the corre-
sponding infant stool using a culture-dependent method (Mur-
phy et al. 2017). Identical strains of B. bifidum, Coprococcus comes
and Ruminococcus bromii were identified in breast milk and the
corresponding infant stool in an Italian cohort with shotgun
metagenomic sequencing (Asnicar et al. 2017). Aside from ver-
tical transmission, breast milk can also promote the develop-
ment of the infant microbiota via HMOs. A number of commen-
sal members of the gut microbiota have been shown to utilise
HMOs, including bifidobacteria and Bacteroides (Marcobal et al.
2011; Egan et al. 2014; Duranti et al. 2017). The genomes of bifi-
dobacteria (in particular B. longum subsp. infantis) contain spe-
cific genes that are responsible for encoding enzymes that can
metabolise HMOs (e.g. fucosidase, f-hexosaminidase, sialidase
and B-galactosidase) and elements for internalisation of HMOs
(e.g. permeases for ABC transport system) (Sela et al. 2008; Tur-
roni et al. 2018). The utilisation of HMOs by Bacteroides (e.g. B. frag-
ilis and Bacteroides thetaiotaomicron) involves the upregulation of
mucin glycan degradation pathways (Marcobal et al. 2011).

In a separate study, the presence of Lactobacillus and Prevotella
in the newborn’s gut was ascribed to these being the predomi-
nant genera in the vaginal microbiota. (Dominguez-Bello et al.
2010). Similarly, Lactobacillus and bifidobacterial OTUs were also
found to be shared between the vaginal microbiota and infant
faecal samples (Yassour et al. 2016).

The hypothesis of in utero colonisation and a placental micro-
biota is relatively recent but also controversial. Bacteria have
been found in the placenta, amniotic fluid and the umbilical
cord (Wang et al. 2013; Aagaard et al. 2014; Collado et al. 2016).
One study identified several genera that were present in the pla-
centa and amniotic fluid as well as in the meconium (the first
stool from newborn after birth) of the infant, indicating vertical
transmission between placenta and infant (Collado et al. 2016).
However, the validity of such research has been questioned, due
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to the low biomass present and potential contaminations of the
sequenced samples (Lauder et al. 2016).

Maternal administration of probiotics is another source of
beneficial bacteria in the infant gut. In a small cohort study
with six mother-infant dyads, all four infants delivered vaginally
and in one of two C-section-born infants, Lactobacillus rhamno-
sus GG was present in infant faecal samples at 1 and 6 months
of age when mothers were taking L. rhamnosus GG during late
pregnancy (Schultz et al. 2004). With a larger cohort, L. rhamno-
sus GG was found in maternal (74 of 116 subjects at 3 months
after delivery) and infant (50 of 129 subjects at 10 days; 56 of
122 at 3 months) stool samples following intake by the mother
from 36 weeks of gestation up to 3 months postnatally (Dotterud
et al. 2015).

The infant gut virome

The infant gut virome, which includes eukaryotic and prokary-
otic viruses (bacteriophage), has not been as intensively studied
as the bacterial portion of the infant gut microbiota. One of the
main difficulties in analysis of the infant gut virome is that a
large number of sequences cannot be assigned to a taxonomic
group (Reyes et al. 2015). The diversity of the infant gut virome
is lower than that of adults (Breitbart et al. 2008; Pannaraj et al.
2018), but recent studies have shown that similar to bacteria, the
infant gut virome is dynamic and changes throughout infancy,
including an increase in alpha diversity (Reyes et al. 2015). In an
early study of the infant gut virome 1 week after birth, it was
found that more than half the viral genotypes present in infant
stool could no longer be detected just 1 week later (Breitbart et al.
2008). In terms of alpha diversity, bacteriophage decrease from
birth to 24 months, but eukaryotic species richness increases
(Lim et al. 2015). In the first months after birth, Caudovirales are
predominant, followed by a shift to Microviridae at 24 months, a
similar time to the shift of the infant microbiota towards that of
an adult. Eukaryotic viruses are low in abundance in early life (1
month) but increase thereafter, with Anelloviruses being dom-
inant (Lim et al. 2015). In a second study of 20 twin pairs, the
Anelloviridae, which targets eukaryotic hosts, were highly abun-
dant until 15 to 18 months, after which it decreased (Reyes et al.
2015). In terms of bacteriophage, their abundance and diver-
sity are inversely proportional to that of the bacterial popula-
tion in the infant gut. In twins, the microbiota shifted from
high bacteriophage-low bacterial diversity in the first month
to high bacterial diversity-low bacteriophage by 2 years of age.
The authors suggested that the low bacterial diversity in the
first month of life leads to a contraction of the bacteriophage
population, which subsequently allows the bacterial population
to flourish (Lim et al. 2015). Pannaraj et al. (2018) found shared
viruses between breast milk and corresponding infant stool in
the first week of life, suggestive of vertical transmission.

The Siphoviridae family of the Caudovirales order includes
bacteriophages that target bifidobacteria (Lugli et al. 2016). When
looking at bifidobacterial prophage, ‘bifido(pro)phages’, it was
found that bifidobacterial species such as B. longum that were
high in relative abundance at a certain sampling point were
then decreased at the next time point, which corresponded
to an increase in the relative abundance in the correspond-
ing bifido(pro)phage. Metatransriptomic analysis confirmed that
the prophage were actively replicating and killing their hosts
(Lugli et al. 2016). Duranti et al. (2017) later proved that such
bifido(pro)phages could be vertically transmitted from mother
to infant. A B. longum phage was identified in a mother’s breast
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milk and the corresponding infant stool sample at two sepa-
rate time points. A second B. longum phage was identified in a
mother’s faecal sample and in the corresponding faecal sample
of the infant (Duranti et al. 2017).

The Bacteroides genus is also targeted by members of the gut
virome. The Alpavirinae subfamily of the Microviridae is asso-
ciated with the Bacteroides genus (Krupovic and Forterre 2011),
while crAssphage, a Podoviridae bacteriophage first identified
in 2014 has also been identified in the infant gut virome and
predates Bacteroides (Dutilh et al. 2014; Lim et al. 2015; McCann
et al. 2018).

The infant gut mycobiome

The gut mycobiota encompasses all the fungi present in the gas-
trointestinal tract. Similar to the virome, research into the infant
gut mycobiota has gained traction in recent years. The fungal
population in the infant gut tends to have a low biomass, which
makes sequencing technologies such as shotgun sequencing
difficult. Instead, amplicon-based techniques using the 18S or
23S rRNA gene sequence or internal transcribed spacer regions
or culture-dependent approaches are utilised (Ward, Knights
and Gale 2017).

In a study of faecal samples of 11 infants whose age range
was not defined, Candida albicans was the dominant fungal
species, followed by Candida parapsilosis, Candida krusei and Lep-
tosphaerulina (Heisel et al. 2015). In a separate study of 111 par-
ticipants that included 8 infants under 2 years of age, infants
and children were found to have a higher fungal richness
compared with adults. Penicillium, Aspergillus, Candida, Debary-
omyces, Malassezia, Ascomycota, Eurotiomycetes, Tremellomycetes,
Nectriaceae and Trichosporon were the dominant genera, with Peni-
cillium being significantly more abundant in infants compared
with adults (Strati et al. 2016). In contrast, in a study of 70 healthy
control infants at 3 months of age, Saccharomycetales, Penecillium
and Aspergillus were the dominant genera (Arrieta et al. 2018).

Candida spp., which are highly abundant in the maternal
vaginal and skin microbiota, have also been shown to be ver-
tically transmitted between maternal and corresponding infant
faecal samples (Bliss et al. 2008).

The sporobiota in the infant gut

An endospore is a tough, dormant structure formed by cer-
tain types of bacteria, typically members of the phylum Fir-
micutes (Clostridiaceae and Lachnospiraceae families), which
allows for greater resistance to otherwise inhospitable condi-
tions such as extremes in temperature, oxygen, antibiotic expo-
sure, UV radiation and nutrient and water deprivation. Such
characteristics have led to challenges in health and disease, as
the ability to form spores is linked to pathology, including per-
sistent, chronic infection, resistance to antibiotics, relapses and
spread of antimicrobial-resistance genes. Due to the significance
of spore formers to human health and disease, it has been sug-
gested that they should be considered as a separate grouping
in microbiota studies. The term sporobiota has been suggested
to cover the entirety of spore-forming bacteria in a population,
while the term sporobiome has been used to define a collec-
tion of genomes of spore-forming bacteria related to a particular
niche (Tetz and Tetz 2017).

The abundance of spore formers in the human gut
microbiota is considered to be underrepresented in many
metagenomic studies, for reasons including the resistance of
endospores to traditional DNA isolation techniques (Filippidou

et al. 2015), the high similarity between the 16S rRNA and house-
keeping genes of otherwise unrelated spore formers (Wang
et al. 2007) and the fact that spore formers tend to have larger
genomes, resulting in fewer reads per gene per taxon (Galperin
et al. 2012; Tetz and Tetz 2017). However, a study of the cul-
turable bacteria of the adult gut microbiota found that 60%
of the commensal bacteria in the gut are spore formers and
30% of the overall gut microbiota. Spore formers were found
in several gut-associated families, including Lachnospiraceae,
Ruminococcaceae and Clostridiaceae (Browne et al. 2016).

Spores are specialised for host-host transmission, which
makes them ideal for colonisation of the developing infant gut
microbiota (Tetz and Tetz 2017). The ability to form spores allows
certain bacteria to colonise the infant gut early in low num-
bers and wait until conditions become more favourable, at which
point they enter into a vegetative state and begin to multiply
(Avershina et al. 2016).

Studies have also found that the Clostridium genus is present
at low relative abundance (<1%) in breast milk (Jost et al. 2013,
Murphy et al. 2017). For this reason, it is perhaps not surpris-
ing that studies have found a higher level of spore formers in
formula-fed infants. In a study of 98 mother-infant pairs in Swe-
den, formula-fed infants had elevated levels of Clostridioides diffi-
cile in comparison to those who were breast-fed. Even in breast-
fed infants, the cessation of breastfeeding at 12 months also
led to an increase in levels of Clostridium (Backhed et al. 2015).
Another study of 107 mother-infant pairs in the United States
found that the Erysipelotrichaceae family was prominent among
non-exclusively breastfed infants (Pannaraj et al. 2017).

INFLUENCES OF PERINATAL FACTORS ON
MICROBIOTA DEVELOPMENT AND
MATURATION IN INFANTS

Maternal nutrition and gut microbiota

Maternal nutrient intakes during pregnancy and lactation have
been linked to the acquisition and development of gut micro-
biota in the offspring (Chu et al. 2016b) (Fig. 1). In a human cohort
with mother-infant dyads, where the mothers had a high-fat
diet (>40%) within the third trimester of pregnancy based on
a dietary questionnaire. An enrichment of species of Lactococ-
cus, Granulicatella and Enterococcus, and a depletion of Bacteroides,
Sutterella, Parabacteroides and Comamonas were observed in the
gut microbiota of infants born to a maternal high-fat gesta-
tional diet, and this influence persisted to 6 weeks of age (Chu
etal. 2016a). In addition, maternal fish and seafood intake during
pregnancy increased the abundance of genus Streptococcus and
decreased Bacteroides uniformis in infant gut at 6 weeks of age.
Maternal dairy intake was positively associated with Clostridium
neonatale, Clostridium butyricum and Staphylococcus, but decreased
the abundance of Lachnospiraceae family. The abundance of
genus Bifidobacterium was negatively associated with maternal
fruit intake (Lundgren et al. 2018). The study additionally illus-
trated that this intergenerational nutritional influence on the
gut microbiota of infants was in a delivery mode-dependent
manner (Lundgren et al. 2018). In a non-human primate model
[Japanese macaque (Macaca fuscata)], a maternal high-fat diet
during pregnancy and lactation persistently shaped the gut
microbiota in the offspring with reduced abundance of Camply-
obacter species, and this impact could persist until adulthood at
1 year of age (Ma et al. 2014).

The underlying biological mechanisms regarding how mater-
nal gestational diet modifies the offspring gut microbiota are
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Figure 1. Perinatal factors impact the health and development of offspring through modulating the foetal growth, and the gut microbiota in both mothers and infants,
which leaves a lasting impression beyond the birth and weaning period until childhood and even adulthood.

not entirely understood. During pregnancy, it is known that the
molecular transfer of nutrients from mother to foetus is of criti-
calimportance for early life immune development (Macpherson,
de Agliero and Ganal-Vonarburg 2017). Alternation in mater-
nal diets may disrupt this process, and thus interfere with the
interactions of the host immune system with early-life micro-
biota. Considering the microbial mother-to-infant transmission
at delivery and/or postpartum (Ferretti et al. 2018; Yassour et al.
2018; Wang et al. 2020), the maternal microbiota altered by diet
could be transmitted to the offspring. Thus, further studies
recording the information of maternal gestational diet, and sam-
pling maternal and infant microbiota are warranted to address
these knowledge gaps.

Maternal antibiotic use and gut microbiota

Antibiotic treatment remains the major therapeutic strategy for
many infectious diseases, however, increasing concerns have
arisen due to its double-edged sword effect, in particular, the

resulting risk of antibiotic resistance in the disease-causing
microbes but also in beneficial commensal microbes (Fig. 1).
Avoiding antibiotic use during the perinatal period is recom-
mended when it is not mandatory, as increasing studies have
identified associations between antibiotic use and the short-
and long-term alternations of the microbiota and the health of
the offspring.

The typical application of antibiotic administration during
labour (referred to as intrapartum antibiotic prophylaxis, IAP) is
for group B Streptococcus (GBS) positive women to prevent neona-
tal GBS infection and subsequent sepsis associated deaths (Al-
Taiar et al. 2011). Meanwhile, changes of microbiota in new-
borns caused by IAP treatment have been disclosed by various
approaches including routine microbiological culturing, molec-
ular methods and next-generation sequencing in humans and
animals. Using a molecular method of real-time polymerase
chain reaction (PCR) for specific groups of bacteria, the abso-
lute abundance of the Bifidobacterium genus in the gut micro-
biota of full-term and vaginally delivered newborns within 1
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week after birth whose mothers were subjected to IAP treat-
ment was decreased compared with newborns of mothers with-
out antibiotics administered (Aloisio et al. 2014). Later, the author
applied 16S amplicon sequencing to examine the effects of
IAP on the gut microbiota of newborns in full-term and vagi-
nally delivered newborns within 1 week after birth (Aloisio
et al. 2016). In addition to confirmation of reduced bifidobacte-
ria in newborns, the richness and diversity of the gut micro-
biota in newborns from the IAP group were decreased, with a
lower abundance of Actinobacteria and Bacteroidetes as well
as an overrepresentation of the Proteobacteria phylum and
Enterobacteriaceae family (Aloisio et al. 2016). These findings
were partially observed in other cohorts (Mazzola et al. 2016;
Nogacka et al. 2017; Tapiainen et al. 2019). Within the first 6
months of life, differences in gut microbiota induced by IAP
decreased gradually (Mazzola et al. 2016; Nogacka et al. 2017;
Tapiainen et al. 2019). Bifidobacteria appeared to recover with
a significant increase in the abundance similar to infants born
normally but not for the Enterobacteriaceae family (Mazzola
et al. 2016). Importantly, effects of postnatal antibiotic treat-
ment to infants were comparable to that of IAP (Tapiainen
et al. 2019).

Along with changes to the gut microbiota, enriched antimi-
crobial resistance genes (ARGs) in infants exposed to perinatal
antibiotics have been noticed (Parnanen et al. 2018; Tapiainen
et al. 2019). These increased ARGs might result from, but are
not limited to mother-to-infant transfer of maternal ARGs as
there was a significant increase in the abundance of ARGs in
the infants compared with their paired mothers (Parnanen et al.
2018; Tapiainen et al. 2019), indicating that infants were at a
high risk for the selection of antibiotic resistant strains once
exposed to antibiotics, possibly due to the lesser richness or
simpler composition of the gut microbiota in comparison to the
adults (Parnanen et al. 2018; Tapiainen et al. 2019).

The precise mechanism underlying the effects of maternal
antibiotic intervention on the microbiota of offspring is still
unknown. The response to antibiotics varies among species and
the type and number of antibiotics administered. For exam-
ple, the absolute abundance of Lactobacilllus, B. fragilis, C. dif-
ficile and Escherichia coli did not show any significant variation
except for bifidobacteria in newborns of mothers exposed to IAP
(Aloisio et al. 2014). The oral microbiota of offspring whose moth-
ers received a cocktail of antibiotics clustered separately from
those of mothers administered only a single antibiotic (Gomez-
Arango et al. 2017). In addition, given that vertical transmis-
sion of microbes from mothers to infants is one of the criti-
cal sources for early-life microbiota (Ferretti et al. 2018; Yassour
etal. 2018), perinatal antibiotic intervention in mothers may pro-
mote transmission of specific microbial strains to infants. Using
a culture-dependent approach, a reduction of vaginal Lactobacil-
lus transmission was observed from IAP-treated mothers to the
infants’ oral cavity (Keski-Nisula et al. 2013), the result of which
was later confirmed and expanded by 16S amplicon sequenc-
ing (Gomez-Arango et al. 2017). A high proportion (65%) of oral
microbiota in newborns within 3 days after delivery was shared
with maternal microbiota in the oral cavity; and maternal
exposure to intrapartum antibiotics reduced the relative abun-
dance of oral bacteria from families Micrococcaceae, Strepto-
coccaceae, Gemellaceae and order Lactobacillales but increased
the abundance of families Prevotellaceae, Bradyrhizobiaceae,
Sphingomonadaceae, Comamonadaceae, Oxalobacteraceae and
Neisseriaceae in the newborn (Gomez-Arango et al. 2017). Fur-
thermore, perinatal antibiotic intervention can disrupt maternal
microbiota, which may lead to an altered microbiota transferred

to the offspring. This has been observed in a murine model
(Miyoshi et al. 2017) but confirmation in humans still remains
unexplored.

Gestational age and microbiota

Prematurity strongly influences the initial gut microbiota in the
newborn, and the subsequent trajectory of microbiota develop-
ment and maturation (Fig. 1). Preterm infants are normally sub-
jected to a microbiologically controlled environment (namely
NICU) in the first few days of life or even longer depending on
the newborn’s health status. Exploring the development of the
gut microbiota in the preterm infant is emerging as a critical
research priority in the field of microbiology and paediatrics, due
to the fact that perturbation of the gut microbiota during this key
developmental window influences host physiology and disease
risk (Groer et al. 2014). Up to now, our appreciation of gut micro-
biota in preterm infants is still relatively limited compared with
full-term infants.

In the first few months, the richness of the gut micro-
biota colonising preterm infants accounted for only 10% of the
bacterial species of the counterpart full-term infants (Gibson
et al. 2016). The gut microbial composition in preterm infants
was mainly comprised of microbes from classes of Bacilli,
Gammaproteobacteria and Clostridia, accounting for >90% of
gut microbiota, and each of the three classes represents the pre-
ponderance at different periods of life, with increasing propor-
tions of Clostridia at the cost of Bacilli (La Rosa et al. 2014). In a
large longitudinal study with 401 stool samples from 84 preterm
infants aged from 1 week to 5 months, 6 bacterial species (Ente-
rococcus faecalis, Enterobacter cloacae, Staphylococcus epidermidis, E.
coli, Klebsiella pneumoniae and Klebsiella oxytoca) were consistently
present in 99.8% samples from all preterm infants with high
relative abundance (25-72%) (Gibson et al. 2016). The longitu-
dinal pattern of gut microbiota development mentioned in La
Rosa et al. (2014) was revealed to be driven primarily by species
of Klebsiella, Escherichia and Enterobacter replacing Enteroccoccus
and Staphylococcus as infants aged (Gibson et al. 2016). In addi-
tion, preterm infants have lower levels of Bifidobacterium and
Bacteroides compared with full-term infants (Stewart et al. 2017;
Chernikova et al. 2018). Sampling preterm infants at the early
life stage is relatively undemanding, but there is a paucity of
reports regarding the maturation of preterm infant gut micro-
biota in later life. A recent study following participants up to
4 years of age indicated that impact of gestational age at birth
on the diversity and composition of gut microbiota in preterm
children persisted at 1, 2 and 4 years, i.e. lower diversity, and
discriminatory genera (Lactobacillus, Streptococcus and Carnobac-
terium) determined by linear discriminant analysis effect size
for preterm children (Fouhy et al. 2019), indicating a delayed
succession of microbial species in preterm infants (Arboleya
et al. 2016).

The causes of preterm birth are complex (as discussed
above), and a spectrum of vaginal microbiota is a significant con-
tributor, particularly in women of African ancestry (Kindinger
et al. 2017; Brown et al. 2018; Fettweis et al. 2019). The vaginal
microbiota of women who gave preterm birth was characterised
with low abundance of Lactobacillus crispatus and high levels
of bacterial vaginosis-associated bacterium 1, Sneathia amnii,
TM7-H1 and a group of Prevotella species (Fettweis et al. 2019).
The preterm-associated bacteria generally expressed a series of
proinflammatory cytokines into vaginal fluid, which were pro-
posed to induce preterm birth (Fettweis et al. 2019). Combining
these findings may provide a potential predictor for the risk of
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preterm birth early in pregnancy. However, causality still needs
to be determined.

Developing strategies to prevent the adverse outcomes of
preterm birth by intervening in the gut microbiota in early life
is desirable. Feeding breast milk from own mothers or donors
since the first days of life has been shown to stimulate the recov-
ery and establishment of normal-like microbiota with gradually
increased levels of bifidobacteria (Korpela et al. 2018; Parra-Llorca
et al. 2018). In addition, supplementation of multispecies pro-
biotics containing both Lactobacillus and Bifidobacterium species
has been found to significantly reduce the risk of NEC in preterm
infants (Kona and Matlock 2018).

Mode of delivery and gut microbiota

Influences of mode of delivery on the acquisition and colonisa-
tion of microbiota across multiple body sites (gut, skin, nares
and oral cavity) in infancy ranging from birth up to 4 years
have been well documented (Dominguez-Bello et al. 2010; Chu
et al. 2017; Fouhy et al. 2019) (Fig. 1). The much more diverse set
of microbiota residing within the gut following C-section birth
compared with the other body sites is of particular relevance
to various disorders including allergies, obesity and inflamma-
tory bowel disease (Tamburini et al. 2016). Thus, the majority of
emerging evidence regarding the abnormal microbiota related
to mode of delivery (C-section versus vaginal delivery) is from
the gastrointestinal tract, and more studies are necessary to
address the effect of C-section on the other microbial niches in
the human body.

While most studies report the significant influence of C-
section on the gut microbiota immediately after birth, there are
some inconsistencies between studies. For example, the phy-
logenetic diversity, richness and evenness of microbiota from
C-section newborn in meconium were greater compared with
vaginally delivered newborns (Bokulich et al. 2016), but not in
Chu et al. (2017), and even the opposite result was observed in a
small Chinese cohort (Shi et al. 2018). This perhaps is attributable
to exact sampling points, sampling procedure, cohort size,
genomic DNA extraction and sequencing approach, and other
environmental and population variables. The C-section infants
acquired gut microbial species typically on the skin surface,
dominated by genera of Staphylococcus, Corynebacterium and Pro-
pionibacterium (Dominguez-Bello et al. 2010). This could be due to
the different first major microbial exposures for C-section-born
compared with vaginally born infants, as passing through the
birth canal may be critical for establishing a healthy microbiota
early in life (Dominguez-Bello et al. 2010).

As newborns grow to 1 month old, mode of delivery con-
tinues to be the dominant factor over breastfeeding and sur-
rounding environment that affect the colonisation of the gut
microbiota (Wampach et al. 2018; Shao et al. 2019). In this period,
infants delivered by C-section are enriched with species of Ente-
rococcus (E. faecalis, E. faecium), Staphylococcus (S. epidermis, S.
saprophyticus, S. lugdunensis, S. aureus), Streptococcus (S. parasan-
guinis, S. australis), Klebsiella (K. oxytoca, K. pneumoniae), Enter-
obacter (E. cloacae, E. hormaechei, E. cancerogenus) and Clostridium
(C. perfringens), Haemophilus (H. parainfluenzae, H. aegyptius, H.
influenzae, H. haemolyticus), Veillonella (V. dispar, V. parvula), which
are commonly associated with skin, oral cavity and the hos-
pital environment, and partially are opportunistic pathogens
(Backhed et al. 2015; Shao et al. 2019).

As infants grow, the abundance of species of Bacteroides that
were undetectable in newborns delivered by C-section increased
for the first time to enable detection at 6 months of age (Yassour

Wangetal. | 773

et al. 2016), but was still less than vaginally born infants; con-
versely, Clostridiales and Enterobacteriaceae were more abun-
dant in C-section-born infants. This difference remained until
1 year of age (Backhed et al. 2015; Bokulich et al. 2016). How-
ever, although nearly all of C-section-born infants from differ-
ent cohorts lack members of the Bacteroides genus in their gut
microbiota in the first few months of life, this feature still could
not be confined solely to this group of infants. In a Finnish
cohort, a subset (7/35) of vaginally born infants also had low
abundance of Bacteroides; however these infants together with
C-section-born infants exhibited high abundance of Bifidobac-
terium species. Functional analysis revealed that Bifidobacterium
mainly contributed to HMOs breakdown in the low-Bacteroides
group replacing Bacteroides species that were the main contribu-
tor in all normally delivered infants (Yassour et al. 2016). In such
a case, in addition to confirmation of this hypothesis with larger
cohorts, identification of the dominant degrader(s) of HMOs in
those C-section-born infants with low relative abundance of Bifi-
dobacterium and Bacteroides need to be addressed. However, it has
to be mentioned that these observations were detected with the
relative abundance of the microbial community and the abso-
lute changes of these species were unclear.

This microbiota similarity between infants born vaginally
or by C-section gradually increased after the first year of life
(Bokulich et al. 2016; Fouhy et al. 2019), suggesting that both
microbial ecosystems underwent maturation, resembling the
adult-like gut microbiota. At 2 years of age, the discrimina-
tory genera could be still identified for vaginally born infants,
namely Parabacteroides and Ruminiclostridium, while Gordonibac-
ter and Lachnospiracheae NC2004 group were discriminative
of C-section-born infants. By 4 years of age, there were no
discriminatory genera for C-section-born infants (Fouhy et al.
2019). The clinical consequences of the long-lasting and large-
scale perturbations of early-life gut microbiota remain to be
investigated.

Given that antibiotics normally are administered during
pregnancy to mothers who give birth by C-section to prevent the
risk of infections, in order to discriminate influences between
mode of delivery and antibiotics, C-sections were specially per-
formed with mice model without the use of antibiotics in the
perinatal period. The maturation of gut microbiota in C-section-
born mice was almost stagnated compared with the vaginally
born mice showing a progressive approximation in microbial
maturation during the first 6 weeks of life. The diversity of
the gut microbiota in vaginally born animals decreased with
age from weaning, which was also observed in C-section-born
mice with lower diversity at weaning. In addition, C-section-
born mice at weaning were enriched with Lactobacillus, and
Erysipelotrichaceae with underrepresented taxa of Bacteroides,
Ruminococcaceae, Lachnospiraceae and Clostridiales (Martinez
et al. 2017). The research with the same hypothesis in humans
is warranted.

A number of studies have shown a correlation between C-
section delivery and a higher abundance of the spore-forming
Clostridium genus. In the INFANTMET study, the Clostridium
genus was found to be more abundant at 1 week in C-section-
born infants, both full term and preterm, as compared with vagi-
nally born infants. However, at later samples, no significant dif-
ference was observed. Interestingly, the metabolomic analysis
performed in this study revealed that bile acids were present
in higher amounts in preterm urine, compared with full term.
Clostridioides difficile spores germinate in response to primary bile
salts (Shen 2015), although this study did not specify which bile
salts were found (Hill et al. 2017). In a recent comprehensive
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study of 596 healthy full-term babies, the spore former Clostrid-
ium perfringens was also found to be enriched in the gut micro-
biota of C-section delivered infants during the first week of life
(Shao et al. 2019). In a study of 13 C-section delivered infants in
southern Spain, Clostridium was present in all time points, in
all infants and adults. Two of the infants in this cohort were
found to have Clostridium in their meconium samples, which
were recovered at 100% identity with the corresponding mater-
nal sample, indicative of vertical transmission from mother to
infant, possibly in utero (Valles et al. 2014)

Breastfeeding and microbiota

The early diet of infants in the first few months is dominated
by the breast milk from their own mother or donor, or formula
where breast milk is unavailable, followed by the introduction of
solid food (Fig. 1). The early feeding pattern including the extent
of breastfeeding, the timing of solid food introduction and other
provided dietary ingredients such as prebiotics, probiotics and
symbiotics may result in different trajectories of gut microbiota
development.

Breast milk harbours >700 bacterial species at concentra-
tions of ~1000 colony-forming units (CFUs)/ml, and thus breast-
fed infants ingest up to ~800 000 bacteria daily (Le Doare
et al. 2018). The origins of the human milk microbiota may
stem from maternal skin and the oral cavity of the infants
or possibly translocate from the maternal gut by the entero-
mammary pathway, although this theory is still controversial
and needs to be confirmed (Rodriguez 2014). The microbial pro-
file of the breast milk can change over the course of lactation
from colostrum, to transition and mature breast milk. Species
of Weissella and Leuconostoc, followed by Staphylococcus, Strepto-
coccus and Lactococcus, dominate the microbial community in
colostrum (Cabrera-Rubio et al. 2012). Afterwards, genera of Pseu-
domonas, Staphylococcus and Streptococcus constitute the main
members of a core set of microbial species in breast milk, while
the other members vary across studies, possibly attributed to the
different stages of lactation, maternal health status and delivery
mode (Cabrera-Rubio et al. 2012; Jost et al. 2013; Khodayar-Pardo
et al. 2014; Murphy et al. 2017).

A close relationship between the infant’s gut microbiota and
mother’s breast milk microbiota has been established, and it
is dependent on the infant’s age. During the first week of life,
studies showed that the feeding pattern, either exclusive breast-
feeding or non-exclusive breastfeeding, did not affect the micro-
biota in the newborn’s gut (Backhed et al. 2015; Shao et al. 2019).
As newborns grow, breastfeeding becomes the most impor-
tant factor shaping the gut microbiota (Stewart et al. 2018).
Within 6 months, exclusively breastfed infants had increased
levels of species of Lactobacillus (L. johnsonii, L.gasseri, L. paraca-
sei, L. casei), and B. longum. In contrast, the relative abundance
of Bacteroides, Eubacterium, Veillonella and Megasphaera in non-
exclusively breastfed infants increased (Backhed et al. 2015; Ho
et al. 2018).

In general, microbial diversity is higher in non-exclusively
breastfed than exclusively breastfed infants in early life (Ho
et al. 2018) and during 12 to 24 months of life (Bokulich et al.
2016). The maturation of microbiota in infants fed exclusively by
breast milk occurs later than in infants who received breast milk
and formula, reflected by the predicted microbial age (Backhed
et al. 2015; Ho et al. 2018). An increase in gut microbial age is
related to a shorter duration of exclusively breastfeeding (Ho
et al. 2018). Breast-fed dominant infants aged from 12 to 24

months were enriched with species of Lactobacillus, Staphylococ-
cus, Megasphaera and Actinobacteria, while genera of Clostridi-
ales and Proteobacteria were more abundant in formula-fed
dominant infants (Bokulich et al. 2016).

The influence of feeding pattern depends on the other peri-
natal factors, such as mode of delivery. A study showed that the
impact of breastfeeding on the gut microbiota in infants became
significant only after the first week (Shao et al. 2019). The effect
size of breastfeeding was still smaller than mode of delivery,
and importantly breastfeeding did not impact the gut micro-
biota differently according to mode of delivery during the first
month of life (Reyman et al. 2019). Infants born by C-section and
fed by breast milk did not gain the comparable abundance of
Bifidobacterium at 1 week of life compared with vaginally born
infants fed by formula (Reyman et al. 2019). As infants age to
around 8 months, the influence of breastfeeding was increas-
ing and becoming comparable to the impact of mode of deliv-
ery (Shao et al. 2019). Conversely, results from the TEDDY cohort
indicated that breastfeeding dominated the microbial develop-
ment as measured from 3 to 14 months of life compared with
the other perinatal factors including mode of delivery that sig-
nificantly influences the gut microbiota of infants (Stewart et al.
2018). The contradictory results might be attributable to the sta-
tistical analysis methods, the heterogeneity among populations
such as the breastfeeding cessation in practice, and the clinical
structure of the involved participants (e.g. the ratio of C-section
to vaginally born infants, the extent of exclusive breastfeeding)
(Shao et al. 2019).

Maternal stress and gut microbiota

With increasing evidence that the microbiota is one of the key
regulators of the gut-brain axis (Cryan et al. 2019), influences
of maternal stress during pregnancy on the offspring’s psycho-
logical function and behaviour, and physical development and
health have been linked to the maternal microbiota (Fig. 1). An
altered maternal microbiota as a result of perinatal stress may
be transmitted to the offspring, which impacts the maturation of
an infant’s immunity, and the hypothalamic-pituitary-adrenal
axis (Zijlmans et al. 2015; Gensollen et al. 2016). Indeed, infants of
mothers who suffered from high cumulative stress assessed by
a combination of high reported stress and high cortisol concen-
trations during pregnancy had a higher microbial diversity, and
were enriched in species of Proteobacteria (Escherichia, Enterobac-
ter, Serratia) with lower abundances of lactic acid bacteria (Lac-
tobacillus, Lactoccus, Aerococcus) and Actinobacteria (bifidobacte-
ria, Collinsella, Eggerthella) during the first 4 months of life. The
altered microbial colonisation pattern increased the risk of pre-
disposing the infant to gastrointestinal symptoms and allergic
reactions (Zijlmans et al. 2015). Later, as shown in mice, this
early prenatal stress was proven to influence the acquisition and
development of gut microbiota in a temporal and sex-specific
manner via altering the maternal gut and vaginal microbiota
(Jasarevi¢ et al. 2017), and lasted until adulthood in female mice
(Gur et al. 2017), which needs to be confirmed further in humans.

ASSOCIATION OF MICROBIOTA IN EARLY LIFE
WITH HEALTH

As discussed above, a number of intrinsic and extrinsic perinatal
factors can affect the composition of the infant gut microbiota.
The next logical question is what is the effect of these changes,
particularly in relation to infant health and development. The
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hygiene hypothesis, although somewhat controversial, claims
that the increasing incidence of allergic and auto-immune dis-
eases in western countries can be explained by changes in early
microbial exposure as colonisation of the infant gut is consid-
ered a critical factor in training the immune system’s reactions
to microorganisms (Penders et al. 2014).

Development of the immune system and risk of allergy

The gut microbiota plays a key role in the development and
maturation of the infant immune system. Reduced diversity in
the infant gut microbiota has been linked with a range of auto-
immune diseases and allergies. Atopic disease relates to eczema
(atopic dermatitis), allergic rhinitis (hay fever) or asthma and
is generally defined by elevated levels of IgE in the serum. A
lower bacterial diversity in early life (1 week to 1 month) has
been linked with development of asthma and eczema later in
childhood at 1 year (Ismail et al. 2012), one and half years (Wang
et al. 2008) and 7 years of age (Abrahamsson et al. 2014). Lower
bacterial richness at 3 months was also linked to an increased
risk of food sensitisation at 1 year of age. However, there was no
difference in bacterial richness or diversity between sensitised
and non-sensitised infants at 1 year of age, which further high-
lights the importance of the development of the infant micro-
biota in the first months of life (Azad et al. 2015). A recent study
also found that the numbers of bacterial cells by real-time PCR in
faecal samples of infants with atopic dermatitis were lower than
healthy controls at 6 months. Although this study did not find
a compositional difference in gut microbiota between the two
groups, at a functional level the relative abundance of microbial
genes involved in oxidative phosphorylation (involving regula-
tory T cells activation) and nucleotide-binding oligomerisation
domain (NOD)-like receptor signalling (being a function of sens-
ing commensal microbiota and maintaining homeostasis) were
higher in the control group (Lee et al. 2018).

Specific phyla and genera of bacteria have also been linked
with increased susceptibility to allergies. A recent longitudinal
study followed the development of the IgE-mediated allergies
and compositional changes in the gut microbiota in 93 children
from 4 months to 8 years. In children that developed allergies,
Bacteroides were significantly underrepresented in early sam-
ples, which persisted to 8 years. Coprococcus and Prevotella were
also underrepresented in allergic children. Interestingly and per-
haps unexpectedly given their status as health-benefiting bac-
teria, bifidobacteria were enriched in allergic children compared
to nonallergic children, along with OTUs from the Ruminococ-
caceae family. Roseburia and Clostridium, including C. difficile,
were also consistently overrepresented in allergic children. This
study hypothesised that the production of butyrate by Coprococ-
cus plays a key role in preventing the development of allergic
disease (Simonyté Sjodin et al. 2019). Butyrate is the preferred
energy source of colonic epithelial cells while also playing a role
in maintaining gut barrier function (Lopetuso et al. 2013).

Higher levels of Enterobacteriaceae and lower levels of
Bacteroidaceae at 3 months of age were associated with an
increased risk of food sensitisation (Azad et al. 2015). The KOALA
study in the Netherlands identified a link between the presence
of C. difficile and the development of atopic diseases such as
asthma, eczema and sensitisation towards food allergies. This
study identified not only C-section birth with increased risk of
atopic diseases but also hospital birth. Vaginally born infants
in hospital had an increased risk compared with those born at
home, which correlated with increased colonisation by C. difficile
(van Nimwegen et al. 2011).
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Several studies have found that an underrepresentation of
Bacteroides is linked with an increased risk of allergic disease.
As described elsewhere in this review, this genus is significantly
affected by mode of delivery, with a sustained decrease in rel-
ative abundance in C-section-born infants. C-section birth and
the lower abundance of Bacteroides compared with vaginally
born controls was associated with lower levels of Th1-associated
chemokines in a study of 24 infants over the first 2 years of
life, indicating a reduced Th1 immune response (Jakobsson et al.
2014). A low diversity in the Bacteroides genus at the first month
of life was associated with IgE-mediated atopic eczema during
the first 2 years (Abrahamsson et al. 2012). Another study found
that the Bacteroidetes were 3-fold less abundant in infants with
eczema at 18 months (Nylund et al. 2013). The Bacteroides genus
was also found to be underrepresented in infants with IgE-
mediated food allergies (Ling et al. 2014).

The presence of Lactobacillus and Bifidobacterium has been
associated with a reduced susceptibility to allergic diseases
(Sjogren et al. 2009a; Johansson et al. 2011). Lactobacillus strains
can induce IL-12 and INF-y, which results in the suppression
of IgE (Shida et al. 1998). Increased bifidobacterial diversity is
associated with increased IgA production and protection against
allergy (Sjogren et al. 2009b).

Diabetes

Type I Diabetes (T1D) is an auto-immune disorder that results
from T cell-mediated destruction of the insulin-producing g
cells of the pancreatic islets. Although there is a genetic element
to the development of T1D, it has been suggested that pathogen-
esis may be influenced by the gut microbiota (Wen et al. 2008).
In Eastern Europe, T1D is prevalent in Finnish and Estonian chil-
dren. In a study of 33 infants from Finland and Estonia who were
genetically at risk for the development of T1D, it was found that
there was a 25% decrease in alpha diversity in T1D-diagnosed
individuals compared with those who had not developed the
disease. At genus level, Ruminococcus and Streptococcus were over-
represented in T1D-diagnosed infants but the differences were
not significant (Kostic et al. 2015). Another study in Eastern
Europe linked the prevalence of T1D in Finland and Estonia to a
higher relative abundance of Bacteroides in the infant gut micro-
biota. In comparison, infants from Russia had a lower relative
abundance of Bacteroides and a lower prevalence of T1D (Vatanen
et al. 2016). These results correlated with a wider European study
that also found an increased abundance of Bacteroides in chil-
dren younger than 2.9 years who developed T1D (de Goffau et al.
2014). A transatlantic longitudinal study described changes in
the functional potential of the microbiota, correlating a decrease
in fermentation pathways and the production of short-chain
fatty acids with an increased incidence of T1D development in
infants genetically at risk (Vatanen et al. 2018).

Obesity

Compositional changes in the infant gut microbiota have also
been linked with a tendency towards obesity later in life.
Obese adults typically have lower numbers of Bacteroidetes
than normal-weight individuals (Kotzampassi, Giamarellos-
Bourboulis and Stavrou 2014) and as described above C-section-
born infants also lack this group. An early study using fluores-
centin situ hybridization (FISH) with flow cytometry found thata
microbiota population with an abundance of bifidobacteria and
lower numbers of Staphylococcus aureus in early life (6 months)
was shown to inversely correlate with obesity by the age of 7
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(Kalliomaki et al. 2008). This was corroborated by a later study
using 16S rRNA sequencing that found that high Bifidobacterium
and Collinsella levels at 6 months of age corresponded with lower
adiposity at 18 months. On the contrary, high levels of Strepto-
coccus were associated with earlier gestational age and higher
adiposity (Dogra et al. 2015).

Probiotic intervention studies

Probiotics are defined as ‘live microorganisms which when
administered in adequate amounts confer a health benefit on
the host’. Due to the adverse effects attributed to perturbations
in the infant gut microbiota described above, probiotic inter-
vention studies have increased among the scientific and med-
ical communities. The majority of such studies utilise strains
of bifidobacteria and lactobacilli, due to their technical robust-
ness and generally safe status, but overall results have been
mixed.

Lactobacillus rhamnosus GG has been widely used in such stud-
ies. As mentioned above, this strain has been shown to transfer
to the infant following use by the mother (Schultz et al. 2004;
Dotterud et al. 2015). This probiotic strain was also used in an
intervention study in infants who were at risk of developing
asthma in Northern Europe. Administration of the strain daily
from birth to 6 months resulted in a distinct community compo-
sition including an increased relative abundance of Lactobacil-
laceae and Bifidobacteriaceae. The community composition was
also more stable in the high L. rhamnosus GG group that the
authors speculated could be a protective mechanism against
pathogen overgrowth (Cox et al. 2010). Lactobacillus rhamnosus
GG was also used in a probiotic mixture containing Lactobacil-
lus acidophilus La-5 and Bifidobacterium animalis subsp. lactis BB-
12 to investigate if maternal intake of probiotics could decrease
the risk of atopic disease in infants. The probiotic was found
to reduce the incidence of atopic dermatitis but there was no
effect on the composition of the gut microbiota of the infant
(Dotterud et al. 2010). A later investigation of the data by the
same group suggested that the effect of the probiotic is depen-
dent on the intrinsic microbiota of the infant (Avershina et al.
2017). Supplementation with B. longum subsp. infantis EV001 was
shown to reduce levels of faecal calprotectin in the first 2 months
after birth (Henrick et al. 2019). High levels of faecal calpro-
tectin are indicative of intestinal inflammation and an increased
risk of atopic dermatitis and asthma later in life (Orivuori
et al. 2015).

Prevention of atopic disease was also the primary objec-
tive of a longitudinal perinatal probiotic intervention study. In
this study, pregnant mothers were given a capsule containing L.
rhamnosus GG, L. rhamnosus, B. breve Bb99 and Propionibacterium
freudenreichii ssp. shermanii DSM 7076 and after birth their infants
received the same probiotic daily for the first 6 months of life.
The prevalence of atopic disease was measured at 2, 5 and 13
years. After 5 and 13 years, it was found that there was no signif-
icant difference in the overall cohort between the probiotic and
placebo groups. However, in the C-section delivered subgroup
who received the probiotic, there was a significant reduction in
allergic disease and eczema (Kallio et al. 2019). A similar study
investigated the administration of probiotic mixtures to moth-
ers with allergic disease, prenatally and postnatally. The probi-
otic mixtures were L. rhamnosus LPR and B. longum BL999 or Lacto-
bacillus paracasei ST11 and B. longum BL999. After 24 months, the
risk of eczema in the infants was significantly reduced in both
probiotic groups as compared with the control group (Rautava
et al. 2012).

One particular area that has produced positive results in pro-
biotic intervention studies is the prevention of NEC in preterm
infants. The L. rhamnosus GG strain mentioned above was shown
to reduce the incidence of NEC when used in conjunction with
bovine lactoferrin (Manzoni et al. 2014). Another Lactobacillus
strain, Lactobacillus reuteri DSM17938, was similarly effective in
reducing the incidence of NEC (Hunter et al. 2012). In a com-
prehensive meta-analysis of 24 separate clinical trials, it was
found that probiotic supplementation significantly reduced the
rate of severe NEC and mortality. The studies utilised Lacto-
bacillus, Bifidobacterium, Saccharomyces boulardii or a mixture of
bacterial strains (AlFaleh and Anabrees 2014). However, a more
recent trial using B. breve BBG-001 found no significant difference
between probiotic and placebo groups (Costeloe et al. 2016). In
preterm infants, oral supplementation with a probiotic mixture
of B. bifidum and L. acidophilus was shown to restore the composi-
tion of the microbiome closer to that of healthy full-term infants
(Alcon-Giner et al. 2019).

‘MISSING MICROBES’ FROM PERINATAL
PERIOD

Some microbes have been observed (as described above) to be
absent or at very low levels under certain circumstances, such
as Bacteroides for C-section, Bifidobacterium and Bacteroides for
preterm infants, Bifidobacterium for short-term breastfeeding or
without breastfeeding (referred to as ‘missing microbes’). How-
ever, it has to be keptin mind that those missing microbes might
be still present but cannot be detected with current approaches.
For example, the missing Bacteroides from C-section-born
infants gain prevalence in a few months of life, but the source
of the recovered Bacteroides and the underlying mechanisms are
still unknown. Similar to genetic mutations and modifications,
the missing microbes are able to ‘mutate’ the profile of the
initial members of the gut microbiota, resulting in a different
trajectory of microbial development and host health in life. To
this end, future research exploring the missing microbes as the
‘next-generation probiotics’ should be considered by leveraging
the advances in sequencing technology and metagenomic
analyses, together with improvements in culture-dependent
techniques (Browne et al. 2016; Lagier et al. 2018), for example,
Bacteroides species whose effect, by their presence or absence,
is clearly fundamental in infant health and development (Tan,
Zhai and Chen 2019).

On the other side, as the same functions can be shared by dif-
ferent species, it is possible that the other species with increased
abundance in the ecosystem compensate for the functions left
open by the missing microbes (Yassour et al. 2016). Thus, future
research must incorporate more than the composition of the
microbial community, and characterisation at functional level
will be essential to uncover the functional interactions between
commensal microbiota with the clinical consequence for the
host.

CONCLUSIONS

Associations between maternal perinatal factors and the health
of the offspring have been confirmed by cohorts of various
sizes. The impaired growth and development of the foetus due
to aberrant perinatal elements such as maternal malnutrition
and antibiotics, in particular affecting infant immunity, is pro-
posed to leave a negative impression on infant health in early
and later life; although, the underlying mechanisms of action
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are largely unknown. However, the gut microbiota has been
indicated to be highly sensitive to a number of perinatal fac-
tors and could provide the missing link. Indeed, the micro-
biota is increasingly recognised as a biological bond between
mothers and infants. Given the vital contribution of the mater-
nal microbiota to the early-life microbiota, and the relation-
ship between early-life microbiota and subsequent adverse
health outcomes, inheriting an altered maternal microbiota
could be detrimental to the offspring. Direct evidence com-
bining the perinatal factors, maternal and infant microbiota,
and health outcomes of the offspring is beginning to emerge,
where emphasis on the longer term maturation of the off-
spring will be essential. In parallel, the discovery of key microbes
that respond specifically to different perinatal factors repre-
sents an obvious strategy in the exploration of next-generation
probiotics for therapeutic interventions that maintain/improve
the health of mothers and children to ensure a good start
in life.
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