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Abstract
Meconium, a newborns’ first stool after birth, is the first easily available sample for gut microbiota
studies. Recent studies have shown that first-pass meconium contains bacteria and that factors
such as gestational age and delivery mode can impact meconium microbiota composition. The
purpose of this thesis was to investigate what factors affect the bacterial composition of first-pass
meconium and the impact of meconium microbiota on later health.
This was a prospective cohort study of 212 consecutive newborns. The first stool after birth
was collected and analyzed using next-generation sequencing of the bacterial 16S rRNA gene.
Fecal samples were also collected at one year of age. Clinical follow ups were conducted until the
participants reached four years of age.
In total, 91% of the first-pass meconium samples contained bacterial DNA. The composition
of first-pass meconium was distinct from that of the gut microbiota at one year of age. The
biodiversity of the maternal living environment during pregnancy was associated with the
bacterial composition of the first stool.
The bacterial composition of first-pass meconium was associated with the subsequent health
of the infants. The infants with infantile colic had less lactobacilli in their meconium microbiota
than those without colic. The children who were overweight at three years of age had less phylum
Bacteroidetes and genus Bacteroides in their first-pass meconium than children with normal
weight. The composition of intestinal microbiota at 1 year of age was not associated with the risk
of being overweight in early childhood. The bacterial composition of meconium microbiota was
not associated with subsequent atopic eczema or wheezing.
This thesis shows that earlier reported associations between intestinal microbiota, infantile
colic, and overweight appear to be present immediately after birth. These findings emphasize the
importance of pre- and perinatal factors on the early intestinal colonization and later health of
children.

Keywords: atopic eczema, first-pass meconium, growth, infantile colic, intestinal
microbiota, meconium, overweight

Kielenniva, Katja, Elämän ensimmäisen ulosteen mikrobisto.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1645, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Elämän ensimmäisen uloste, mekonium, tarjoaa ensimmäisen helposti saatavilla olevan näytteen suolistomikrobiston tutkimiseen. Viimeaikaiset tutkimukset ovat osoittaneet, että mekonium sisältää bakteereita. Muun muassa raskauden keston ja synnytystavan on raportoitu vaikuttavan mekoniumin bakteerikoostumukseen. Tässä väitöskirjassa tutkittiin mekoniumin mikrobiston koostumukseen vaikuttavia tekijöitä sekä mekoniumin mikrobiston yhteyttä lapsen myöhempään terveyteen.
Tutkimuksen aineistona on 212 täysiaikaisen lapsen kohortti. Ensimmäinen mekonium kerättiin ja sen bakteerikoostumus analysoitiin bakteerin 16S rRNA-geenin sekvensoinnin avulla.
Lisäksi lapsilta kerättiin seurantaulostenäyte yhden vuoden iässä. Tutkimukseen osallistuneita
lapsia seurattiin neljän vuoden ikään asti.
Tutkimus osoitti, että 91 % mekonium-näytteistä sisälsi bakteerien DNA:ta. Mekoniumin
mikrobiston koostumus poikkesi selkeästi suolistomikrobiston koostumuksesta yhden vuoden
iässä. Raskauden ja syntymän aikaisista tekijöistä erityisesti äidin elinympäristön monimuotoisuus oli yhteydessä mekoniumin mikrobiston koostumukseen.
Tutkimuksessa havaittiin, että mekoniumin bakteerikoostumus oli yhteydessä lasten myöhempiin terveysongelmiin. Lapsilla, jotka kärsivät imeväisen koliikista, oli vähemmän laktobasilleja jo mekoniumin mikrobistossa kuin niillä lapsilla, joilla ei ollut koliikkia. Niillä lapsilla,
jotka olivat ylipainoisia kolmen vuoden iässä, oli enemmän Bacteroidetes -pääjakson sekä Bacteroides -suvun bakteereita mekoniumissa kuin normaalipainoisilla lapsilla. Suolistomikrobiston
koostumus yhden vuoden iässä ei ollut yhteydessä lapsen ylipainoon. Mekoniumin mikrobiston
bakteerikoostumus ei ollut yhteydessä myöhempään atooppiseen ihottumaan tai hengityksen
vinkumiseen.
Tämä väitöskirja osoittaa, että vastasyntyneen mekoniumin mikrobiston koostumus on yhteydessä koliikkiin ja ylipainon kehittymiseen lapsuusiässä. Tämä korostaa raskauden ja synnytykseen liittyvien tekijöiden merkitystä suolistomikrobiston muodostumiselle sekä lapsen myöhemmälle terveydelle.

Asiasanat: atopia, imeväisen koliikki, kasvu, mekonium, suolistomikrobisto, ylipaino

To my family
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1

Introduction

The first steps of bacterial colonization of the intestine are essential to establishing
healthy immune responses and metabolic programming (Gensollen, Iyer, Kasper,
& Blumberg, 2016). The immune system of the infant develops through
interactions with the intestinal microbiome (Hooper, Littman, & Macpherson,
2012). Recent strain-level analyses have revealed that the maternal gut is the major
source of an infant’s initial microbiota (Ferretti et al., 2018; Yassour et al., 2018).
Accordingly, maternal pre- and perinatal factors have been reported to be
associated with the composition of the early intestinal microbiota (Collado, Isolauri,
Laitinen, & Salminen, 2010; Lundgren et al., 2018; Rautava, Luoto, Salminen, &
Isolauri, 2012c) and infants’ later health problems (Rautava et al., 2012c). After
birth, the composition of the intestinal microbiota changes rapidly (Stewart et al.,
2018). The maturing microbiota is affected by several factors, including delivery
mode, antibiotics, probiotics, and feeding mode (Chassard, de Wouters, & Lacroix,
2014; Forbes et al., 2018; Korpela et al., 2020b).
The first-pass meconium is formed before birth. Its microbiota represents the
first intestinal microbiota available for research. Several recent studies have
reported that meconium contains bacterial DNA using 16S ribosomal RNA (16S
rRNA) marker gene analysis (Grier et al., 2017; Jiménez et al., 2008; Yassour et al.,
2018). In addition, studies have reported the detection of bacterial DNA from
placenta (Aagaard et al., 2014), amniotic fluid (Stinson et al., 2020), and umbilical
cord blood (Jiménez et al., 2005) in healthy term pregnancies, which suggests that
bacterial colonization of infant starts in utero. However, the concept of a fetal
microbiome is still controversial (Perez-Muñoz, Arrieta, Ramer-Tait, & Walter,
2017).
As it is suggested that the microbiota of the newborn infant is vertically
transmitted from the mother (Ferretti et al., 2018), the bacterial composition of firstpass meconium could reflect a maternal microbial effect on the newborn. However,
the distinct factors that affect the composition of the meconium microbiota and its
clinical significance are unclear.
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2

Review of the literature

2.1

Microbiome

The human microbiome includes a variety of microbes, including bacteria, archaea,
fungi, and viruses, which reside on human surfaces. Bacteria residing in the human
gut constitute the most abundant and diverse microbial structure in the human body,
with typically 1011–1012 microbes/ml of luminant content. Their gene set is over
100 times larger than the human gene content. The bacterial composition of the
intestinal microbiota has been widely studied over the past two decades via cultureindependent methods. Over 1,000 prevalent species have been found in the
intestinal microbiota, with each individual harboring at least 160 bacterial species.
The most typical members of the intestinal microbiota are anaerobic bacteria
belonging to the Firmicutes phylum and Clostridia class—such as genera
Clostridium, Faecalibacterium, Roseburia, Ruminococcus and Eubacterium—and
to the Bacteroidetes phylum—such as genera Bacteroides and Prevotella. There are
also important species that belong to the Actinobacteria phylum, such as
Bifidobacterium, and to the Proteobacteria phylum, such as Escherchia, but their
abundance is low compared to the two dominant phyla, Bacteroidetes and
Firmicutes, which together comprise over 90% of the bacteria in the colon
(Arumugam et al., 2011; Bäckhed, Ley, Sonnenburg, Peterson, & Gordon, 2005;
Eckburg et al., 2005; Qin et al., 2010). Each individual, however, harbors a unique
gut microbiome that is affected by genetics, age, health status, and environmental
factors such as geography, diet, and medications (Yatsunenko et al., 2012).
In addition to bacteria, viruses and fungi comprise part of the gut ecosystem.
The mycobiome comprises approximately 1–2% of the total microbial mass in the
intestinal microbiome (Iliev & Cadwell, 2020). Commensal fungi are not studied
as widely as intestinal bacteria, but they are also important to gut homeostasis.
Dysbiosis of the fungal microbiome has been implicated in inflammatory bowel
disease (Sokol et al., 2017). Colonization of the infant gut with yeasts is reported
to increase until 18 months of age, at which point 70% of children have fecal
samples that contain yeasts (Kondori et al., 2020). The gut virome consists mostly
of phages that infect bacteria, as well as eukaryotic RNA and DNA viruses.
Increasing evidence shows that the virome may contribute to intestinal
inflammation and bacterial dysbiosis (Iliev & Cadwell, 2020; Norman et al., 2015).
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Recent studies have addressed increasing interest in the infant gut microbiome,
which is highly dynamic (Stewart et al., 2018; Yatsunenko et al., 2012). Dysbiosis
of the infant gut microbiome might have long-term effects on the host’s health
(Scheepers et al., 2015; Vatanen et al., 2018; Walker, 2017). Studies have also
reported that the first stool after birth, meconium, contains bacterial DNA, but the
clinical significance of this finding is unclear (Hansen et al., 2015; Jiménez et al.,
2008; Yang et al., 2020).
2.1.1 Terminology in microbiome research
The term “microbiota” refers to the actual microorganisms habituating the specific
site of the body, whereas the term “microbiome” refers to the entire habitat,
including microorganisms, their genomes, and the surrounding environmental
conditions (Table 1) (Marchesi & Ravel, 2015). The widely used term “dysbiosis”
is defined as an imbalance in the gut microbial community structure that is
associated with diseases (Table 1). Dysbiosis can be initiated by infection,
inflammation, diet, or antibiotics. A dysbiotic microbiome is typically
characterized by a reduction in microbial diversity, a loss of beneficial bacteria—
such as Bacteroides and butyrate-producing bacteria (e.g., Firmicutes)—and
increased pathobionts i.e., symbiotic bacteria that may have pathogenic effects
under certain conditions (Levy, Kolodziejczyk, Thaiss, & Elinav, 2017). Intestinal
dysbiosis may impair epithelial barrier function, increase intestinal inflammation,
and lead to leaky gut, which is associated with intestinal pathologies such as
inflammatory bowel disease. For example, bacterial lipopolysaccharide, which
covers the outer membrane of most gram-negative bacteria, induces inflammation,
which further increases inflammation and exacerbates dysbiosis (Hiippala et al.,
2018).
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Table 1. Common terms and their definitions in microbiome research.
Term
Alpha
diversity

Definition

Reference

Diversity of species within a sample or a local site

Whittaker, 1972

Beta diversity Change in diversity of species between samples/environments
Dysbiosis
Microbiota
Microbiome
Probiotic

Whittaker, 1972

An imbalance in the gut microbial community structure that is associated Levy et al.,
with diseases

2017

Actual microorganisms habituating in the body, including bacteria,

Marchesi &

archaea, viruses, and fungi

Ravel, 2015

Microorganisms, their genomes, and the surrounding environmental

Marchesi &

conditions

Ravel, 2015

Live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host

16S rRNA

The 16S small subunit ribosomal RNA gene is a universal phylogenetic

gene

marker gene that is conserved among all bacterial groups

Hill et al., 2014
(Bouchet, Huot,
& Goldstein,
2008)

2.1.2 Functions of the intestinal microbiome
The human gut microbiome is responsible for several important functions that the
host is incapable of conducting. The most important functions include specific
functions in host nutrition metabolism, such as the breakdown of oligo/polysaccharides, the production of vitamins, immunomodulation, maintenance of
the gut mucosal barrier, and protection of the host against pathogens (i.e., gut
barrier functions). It has been suggested that the gut microbiome is the last human
organ to have been discovered (Baquero & Nombela, 2012; Hollister, Gao, &
Versalovic, 2014).
Gut barrier functions
The gut microbiome forms an anatomical and functional barrier together with
intestinal epithelial cells and mucous layers, with the outer mucus layer containing
bacteria and the inner layer resisting bacterial translocation. In addition,
antimicrobial peptides, secretory immunoglobulin A, intestinal phagocytes, and
macrophages protect the host from pathogens (Yu, 2012). A normal microbiome is
essential in maintaining the gut barrier function. Certain bacteria, such as
Akkermansia muciniphilia, improve the gut barrier function and prevent pathogen
invasion, and few Lactobacillus strains even possess antimicrobial effects against
21

gas-producing coliforms (Hiippala et al., 2018; Ottman et al., 2017; Savino et al.,
2011).
Metabolic functions and nutrition
The intestinal microbiome is essential for the digestion of food. The gut
microbiome has the capacity to ferment indigestible carbohydrates into short-chain
fatty acids (SCFAs)—mostly butyrate, acetate, and propionate (Macfarlane &
Macfarlane, 2003). SCFAs contribute to improved barrier function, reduced
inflammation, and improved insulin sensitivity. Importantly, SCFAs provide energy
for enterocytes (Hernández, Canfora, Jocken, & Blaak, 2019; Rajilić-Stojanović,
2013), SCFAs may also contribute to increased energy harvesting from one’s diet.
In addition, acetate regulates the levels of Peptide YY and GLP-1, which affect
satiety and thus energy intake (Hernández et al., 2019). The intestinal microbiota is
also involved in protein degradation and production of vitamins. Several bacterial
species are able to synthesize vitamin K2 and water-soluble B-vitamins, such as
biotin, cobalamin, niacin, folate, pantothenate, riboflavin, thiamin, and pyridoxine
(Rowland et al., 2018).
Immunomodulation
The intestinal microbiome plays a crucial role in the development of the normal
innate and adaptive immune system (Hooper et al., 2012; Maynard, Elson, Hatton,
& Weaver, 2012). Intestinal bacteria establish a symbiotic relationship with
epithelial tissue and gut-associated lymphoid tissue, including mesenteric lymph
nodes, Peyer’s patches of the distal ileum, and isolated lymphoid follicles in the
intestine. Peyer’s patches and mesenteric lymph nodes develop during the fetal
period, but isolated lymphoid follicles develop after birth (Cherrier & Eberl, 2012).
It has been recognized that the development of immune responses starts during the
fetal period and that maternal microbial exposure during pregnancy modulates
early immune development (Rautava, Collado, Salminen, & Isolauri, 2012a;
Romano-Keeler & Weitkamp, 2015). After birth, the immune system of a newborn
infant matures rapidly with the assistance of the infant’s own intestinal microbiome,
as well as maternal secretory immunoglobulin A through breast milk, and is also
affected by the maternal microbiome (Maynard et al., 2012).
Decreased exposure to environmental bacteria due to affluent hygiene is
associated with an increased incidence of allergies and autoimmune disorders, a
22

phenomenon called the hygiene hypothesis. Already in the 1970s, Gerrard et al.
noted that an absence of parasite infections was associated with an increased
prevalence of allergic diseases (Gerrard, Geddes, Reggin, Gerrard, & Horne, 1976).
It has been shown that decreased diversity of microbial contact leads to
dysregulation of the immune system and an increase in pathogenic reactivity (Bach,
2002). Epidemiologic observations in humans support this hypothesis, as having
older siblings (Strachan et al., 2015), living on a farm in infancy (Riedler et al.,
2001), and exposure to house dust microbiomes with farm-like composition
characterized by high bacterial richness and lower Streptococcaeae (Kirjavainen et
al., 2019) are associated with lower rates of asthma, rhinoconjunctivitis, and
eczema. Recent studies suggest a layered hygiene hypothesis or “microbial
diversity hypothesis,” implicating the important role of a diverse early intestinal
microbiota in subsequent atopic and allergic diseases (Ege, 2017).
Information about the microbiome–immune system interaction has been
acquired most importantly from experimental studies of germ-free (GF) animals.
These studies show that bacterial colonization of the gut is essential for the
development of normal immunotolerance. GF rodents have fewer immune cells in
the lamina propria, their Peyer’s patches and mesenteric lymph nodes are small,
and the frequency of CD4+ and CD8+ intestinal T cell subsets is decreased compared
to conventionally raised rodents (Gensollen et al., 2016). Regulatory T cells (Tregs)
are immune cells that play an important role in maintaining immune homeostasis.
Colonization of mice with clostridial species directly interacts with immune cells
and increases the number and function of Tregs in the colonic lamina propria
(Atarashi et al., 2011b). In addition, colonization of GF mice with Bacteroides
fragilis increases the suppressive capacity of Tregs and induces their production
of anti-inflammatory cytokine IL-10 in the gut (Round & Mazmanian, 2010). TH17
cells are a subset of activated CD4+ T cells that are important for epithelial
homeostasis and protecting the host from bacterial and fungal infections and
regulate host responses. They also produce proinflammatory cytokines and are
implicated in autoimmune disorders (Atarashi & Honda, 2011a). Segmented
filamentous bacteria induce the appearance of intestinal TH17 cells (Ivanov et al.,
2009).
The intestinal microbiome is also important in the development of innate
immunity functions. GF mice have mucosal accumulation of natural killer cells,
which influences intestinal and lung inflammation, whereas colonization of the
neonatal gut by a conventional microbiome leads to decreased natural killer cells
and normally developed immune homeostasis (Olszak et al., 2012). Moreover,
23

transiently colonizing pregnant mice regulates the number and activity of innate
lymphoid cells of the pups (De Agüero et al., 2016), aligning the role of the
maternal microbiome in the infant’s immune development.
2.2

Approaches to studying gut microbiome

Until the development of molecular-based methods, only a small fraction of the
bacterial composition of gut microbiota had been detected (Gill et al., 2006). The
use of molecular-based approaches (i.e., 16S rRNA sequencing, metagenomics,
metatranscriptomics, and metaproteomics) has revealed the vast variety of bacterial
species and the functional role of gut microbiome (Browne et al., 2016; Qin et al.,
2010).
2.2.1 Bacterial culture
Traditionally, the composition of gut microbiota has been studied by phenotyping
cultured bacteria using morphological and biochemical characteristics. Until the
1990s, classic culturing was the main method used to study the composition of
intestinal microbiota. Culturing is based on the ability to grow viable bacteria in
vitro. As the majority of intestinal bacteria are strict anaerobes, specific cultivation
techniques are required to study intestinal microbiota (Rajilić-Stojanović & de Vos,
2014; Sommer, 2015). Gut bacteria differ in their ability to grow in culture. Thus,
the relative abundance of bacteria detected via cultivation might be biased. It has
been estimated that 80% of the bacterial species residing in the human colon cannot
be detected via cultivation (Gill et al., 2006; Zoetendal, Rajilić-Stojanović, & De
Vos, 2008).
Culture-based methods are not very time- or cost-effective methods for
analyzing the composition of intestinal microbiota. In addition, culture-based
methods are laborious, and the results are sensitive to culture conditions. However,
bacterial culturing may still advantageous in microbiome studies, as it provides
information regarding the viability and functional properties of specific bacteria
residing in the gut microbiome (Lagier et al., 2012; Sommer, 2015).
2.2.2 16S rRNA marker gene analysis
Over the past two decades, the development of next-generation sequencing (NGS)
methods has provided a faster, more accurate and cost-effective way to study the
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composition of intestinal microbiota compared to bacterial culturing. These
methods can even detect rare species, and 16S rRNA sequencing is the most widely
used method in microbiota analysis (Iyer, 2016).
The 16S rRNA gene is a universal phylogenetic marker gene that is conserved
among all bacterial groups. It is about 1,500 bp long and is thus suitable for
sequencing (Bouchet et al., 2008). The 16S rRNA gene contains hypervariable
regions with less conserved and highly variable nucleotide sequences, reflecting
the evolutionary divergence of bacteria. Therefore, hypervariable regions are most
suitable for the identification and phylogenetic classification of bacteria (Lane et
al., 1985) and are used in a method called 16S rRNA marker gene analysis, which
relies on high-throughput sequencing of the hypervariable regions V1–V9 of the
16S rRNA gene (Hall & Beiko, 2018; Yang, Wang, & Qian, 2016)
After DNA extraction and quantification, the 16S rRNA gene is subjected to
polymerase chain reaction (PCR) amplification, which is based on universal
primers designed to attach to the conserved regions in the 16S rRNA gene (Wang
& Qian, 2009). Obtained amplicons are sequenced using NGS platforms such as
Ion Torrent and Illumina MiSeq (Heather & Chain, 2016). Further taxonomical
classification can be performed using microbial community analysis software, such
as QIIME (Caporaso et al., 2010). One important step in this process is binning the
preprocessed sequences into operational taxonomic units (OTUs). Each OTU
represents a cluster of similar nucleotide sequences, and if the degree of nucleotide
identity is high (usually, >97%), they are identified as the same taxonomic bacterial
species (Schloss & Handelsman, 2005). More recent methods allow better
evaluation of the number of bacterial species by resolving exact sequence variants
(ESVs), also called amplicon sequence variants (ASVs), which can be resolved by
the level of single-nucleotide differences over the sequenced region in pipelines
such as QIIME2 (Callahan, McMurdie, & Holmes, 2017; Prodanid et al., 2020).
The metabolic function of the gut microbiome can be predicted based on 16S rRNA
sequencing using advanced bioinformatic tools such as PICRUSt2 (Douglas et al.,
2020).
16S rRNA sequencing is limited to inaccurate species-level classification and
is dependent on different databases for analysis (Iyer, 2016). In addition, most of
these techniques allow only the sequencing of one to three hypervariable regions
of the 16S rRNA gene. Recently, newer alternative approaches have allowed for
the sequencing of the full-length bacterial 16S rRNA gene (Johnson et al., 2019;
Wagner et al., 2016), which has been used for gut microbiota analyses (He et al.,
2020; Stinson, Boyce, Payne, & Keelan, 2019c).
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2.2.3 Omics
Metagenomics is the study of the collective genome of microorganisms in a sample.
It concerns the genetic and functional capacity of the microbial community in
addition to phylogenetics (Zoetendal et al., 2008). Whole-genome sequencing
(WGS) has recently been used in intestinal microbiome studies (Park et al., 2020;
Shao et al., 2020; Vatanen et al., 2018). Although 16S rRNA marker gene analysis
is powerful, it is limited to detecting the composition of a microbiota based on just
one gene, whereas metagenomics provides information on all genes in a
microbiome, thus revealing its metabolic potential (Iyer, 2016). Another advantage
of WGS over 16S amplicon sequencing is its enhanced and more accurate detection
of bacterial species. However, 16S amplicon sequencing is more cost effective and
has more reference data available (Ranjan, Rani, Metwally, McGee, & Perkins,
2016).
Metatranscriptomics is the study of transcriptionally active genes in the
microbiome, thus providing information on the genes that are being expressed. As
prokaryotic mRNA is unstable and its amount is small compared to total RNA,
processing these samples is challenging (Bashiardes, Zilberman-Schapira, & Elinav,
2016). To achieve another insight into the functional potential of the gut
microbiome, metaproteomics provides information on the entire protein content in
the microbiome (Kolmeder & de Vos, 2014). Metabolomics detects various
metabolites from the metabolic pathways of the microbiome, such as choline, bile
acids, phenols, and short-chain fatty acids, using nuclear magnetic resonance and
mass spectrometry technologies (Aw & Fukuda, 2015). However, metaproteomics
and metabolomics are technically challenging due to the vast diversity of proteins
and metabolites produced by intestinal microbes (Iyer, 2016).
Integrating
information
about
microbiome
composition
with
metatranscriptomics, metaproteomics, and metabolomic approaches provides
significant information about the microbiome, its activity, and metabolic capacity
(Misra, Langefeld, Olivier, & Cox, 2019).
2.3

The intestinal microbiome and health

Recent studies have addressed increasing interest on the infant gut microbiome,
which changes rapidly and is highly dynamic (Stewart et al., 2018; Yatsunenko et
al., 2012). The early host-microbe interaction is essential for healthy
immunological and intestinal development and metabolic programming (Walker,
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2013). Dysbiosis of infant gut microbiome might have long-term effect on the host
health (Bisgaard et al., 2011; Walker, 2017).
In animal studies, the pathogenesis of chronic disease is often studied in GF
animals (Ley et al., 2005; Turnbaugh et al., 2006). GF conditions cannot be adapted
in humans. In cross-sectional epidemiological studies, the association of the
contemporary gut microbiome with diseases may be biased due to reverse causation;
i.e., the disease may change the gut microbiome.
Prospective cohort studies characterize the composition of the gut microbiota
(i.e., exposure) before the development of the disease (i.e., outcome). Thus, cohort
studies largely avoid reverse causation bias. Several birth cohort studies have
studied the impact of the early gut microbiota on disease outcomes. Prospective
cohort studies reveal that early intestinal microbiota is associated with later
overweight (Scheepers et al., 2015; Stanislawski et al., 2018; Tun et al., 2018; Vu
et al., 2021), atopic eczema (Park et al., 2020; Penders et al., 2007), asthma
(Stokholm et al., 2018) and type 1 diabetes (Vatanen et al., 2018) (Table 2). In
addition, several cross-sectional studies have reported an association between the
composition of intestinal microbiota and infantile colic (Pärtty, Kalliomäki,
Salminen, & Isolauri, 2017; Rhoads et al., 2018; Savino et al., 2009).
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Vu et al., 2021,

Korea

Park et al., 2020,

Canada

N = 132

N = 1,667

TEDDY

NoMIC

KOALA

KOALA

Multicenter

Vatanen et al., 2018,

2018, Norway

Stanislawski et al.,

2015, the Netherlands

Scheepers et al.,

the Netherlands

Penders et al., 2007,

Denmark

N = 783

N = 165

N = 909

N = 957

COPSAC Stokholm et al., 2018, N = 690

COCOA

CHILD

N = 935

Tun et al., 2018,

Canada

CHILD

Number of
study subjects

Author(s) and country

name

Cohort

1 year

1 week, 1 month,

6 months

Type 1 diabetes

BMI at 12 years

10 years

BMI, follow-up until

years

biannually

and WGS

SCFAs, no differences in taxonomic composition

↓ genes related to fermentation and biosynthesis of
every 3 months;

explained over 50% of the variation in BMI

Composition of the gut microbiota at 2 years

higher BMI z-score

Colonization by B. fragilis was associated with a

with eczema, wheezing, and allergic sensitization

E. coli was associated with eczema and C. difficile

Ruminococcus and Dialister at 1 year of age

Faecalibacterium, Bifdobacterium, Roseburia,

Immature gut microbiota, ↑ Veillonella and ↓

years

were associated with persistent atopic dermatitis at 2

↓ Clostridium, Akkermansia and ↑ Sterptococcus at

sensitization

365, and 730 days

16S rRNA

qPCR

qPCR

16S rRNA

WGS

16S rRNA,

First monthly; then 16S rRNA

4, 10, 30, 120,

1 month

Atopic diseases at 2 1 month

Asthma at 5 years

before 2 years

Atopic dermatitis

months associated with overweight; ↑ E/B ratio and

↑Enterobacteriaceae/Bacteroidaceae ratio at 3

Enrichment with Firmicutes at 3 and 4 months

C difficile colonization at 1 year with atopic

16S rRNA

16S rRNA

Features associated with outcome

years

3 and 12 months

3 months

age

Sample collection Method

and BMI at 1 and 3

Atopic sensitization

years

Overweight at 1

Outcome

Table 2. Birth cohort studies investigating the impact of the early gut microbiota on later health.

2.4

Interventions to modify the intestinal microbiome

2.4.1 Probiotics and prebiotics
To date, probiotics have been the most widely studied strategy for modulating the
gut microbiome of children for possible health benefits. However, the clinical
results for many probiotic strains are conflicting. Few studies have systematically
evaluated the mechanisms by which probiotics benefit the host (Suez, Zmora, Segal,
& Elinav, 2019).
Probiotics are defined as “live microorganisms which when administered in
adequate amounts confer a health benefit on the host” (Hill et al., 2014). The most
commonly used probiotics are strains from the genera Bifidobacterium and
Lactobacillus (Hill et al., 2014). It has been suggested that probiotics restore
unbalanced microbiomes, improve the intestinal barrier function, and reduce the
generation of proinflammatory cytokines (Isolauri, Rautava, & Salminen, 2012).
Cross-sectional studies have shown that probiotics are effective in the treatment of
infantile colic (Sung et al., 2018) and antibiotic-associated diarrhea (Mantegazza et
al., 2018). However, probiotic supplementation was not effective in the treatment
of gastroenteritis in a randomized double-blind trial that included 886 children
(Freedman et al., 2018). In another randomized double-blind trial including 971
children, probiotic supplementation with Lactobacillus rhamnosus GG was not
effective in the treatment of acute gastroenteritis (Schnadower et al., 2018).
A placebo-controlled randomized trial of 400 mother–infant pairs showed that
multispecies probiotic supplementation to the mother during pregnancy and to the
infant after delivery resulted in significant changes in the composition of the gut
microbiota in breastfed infants, including an increase in bifidobacteria and
lactobacilli compared to a placebo supplement. However, similar changes were not
observed in formula-fed infants (Korpela et al., 2018). In addition, a decrease in
Bifidobacterium and Bacteroides after C-section delivery seen in the control group
was not observed in the probiotic-supplemented group (Korpela et al., 2018), which
suggests that probiotics might be effective in restoring beneficial bacteria after Csection delivery.
In randomized controlled trials, administration of probiotics prenatally to
pregnant mothers and children in early infancy has been shown to reduce the risk
of atopic eczema (Abrahamsson et al., 2007; Kalliomäki et al., 2001; Kukkonen et
al., 2007). In a study by Rautava et al., maternal probiotic supplementation during
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pregnancy modulated the expression of toll-like receptor (TLR) -related genes in
both the placenta and meconium, suggesting that prenatal probiotic
supplementation shapes fetal innate immune programming (Rautava et al., 2012a).
Prebiotics are defined as substrates that are selectively utilized by host
microorganisms and confer a health benefit. Most prebiotics are nondigestible
polysaccharides, such as inulin, galactose, fructose, and lactulose (Gibson et al.,
2017). Prebiotic oligosaccharides promote the growth of bifidobacteria in the infant
gut microbiota, and formula enriched with oligosaccharides might reduce the risk
of eczema in infants (Rautava et al., 2012c).
2.4.2 Dietary interventions
Recently, a study group identified a microbiota-directed complementary food
(MDCF) prototype to improve the intestinal microbiome and nutritional status of
undernourished children. This MDCF changed the gut microbiome of
undernourished children to a composition similar to that of age-matched healthy
children (Gehrig et al., 2019). MDCF dietary supplementation also improved the
weight status of the undernourished children more than existing ready-to-use
supplementation food despite its lower caloric density (Chen et al., 2021).
2.4.3 Fecal microbiota transplantation
Fecal microbiota transplantation (FMT) is considered an effective practice for
restoring the gut microbiota. Currently, the only clinical indication for fecal
transplantation is recurrent Clostridium difficile infection, in which the response to
treatment is over 80% (Allegretti, Mullish, Kelly, & Fischer, 2019).
The role of FMT in the treatment of diseases such as hepatic encephalopathy,
primary sclerosing cholangitis, irritable bowel syndrome, and metabolic syndrome
has been studied. Studies on adults have shown that FMT might be effective in the
treatment of ulcerative colitis (Allegretti et al., 2019).
In a recent Finnish study, FMT from seven mothers to their C-section-delivered
newborn infants resulted in infant intestinal microbiotas that more resembled those
of vaginally delivered than C-section-delivered controls from the age of one week
onward. Furthermore, FMT normalized Bacteroides and Bifidobacterium
colonization after C-section delivery (Korpela et al., 2020a). The impact of early
fecal transplantation on the immune system or long-term health of newborn infants
is not yet known.
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2.5

Bacterial colonization of the infant gut

2.5.1 The first studies on intestinal colonization
Escherichia coli was the first gastrointestinal bacterium isolated, by using bacterial
culture. It was first detected from infant fecal samples by German pediatrician
Teodor Escherich in 1885. Escherich used Christian Gram’s then-new straining
technique and was among several investigators who developed anaerobic culture
methods. Escherich was later able to isolate 19 different bacteria in infant stool
samples (Shulman, Friedmann, & Sims, 2007). Shortly after that, various other
gastrointestinal bacteria were identified, including Bacteroides fragilis in 1898,
Bifidobacterium in 1899, and Eubacterium in 1908 by Henri Tissier, and Bacilli in
1900 (Rajilić-Stojanović & de Vos, 2014). In the 1980s, some culture-based studies
showed that the infant gut microbiota harbors more facultative bacteria than the
adult gut microbiota. These culture-based studies reported that the infant gut
microbiota, dominated by bifidobacteria, is modified by feeding mode (Benno,
Sawada, & Mitsuoka, 1984; Rotimi & Duerden, 1981; Stark & Lee, 1982).
In the early twentieth century, French pediatrician Henry Tissier proposed that
after developing in a sterile fetal environment, a newborn infant acquires its
microbiota from maternal vaginal and fecal microbes at birth (Tissier, 1900). Most
early studies of fetal microbiology have focused on infections and pathology.
2.5.2 Development of intestinal microbiome after birth
It has been suggested that the composition of the infant gut microbiota initially
harbors a low number of bacterial species and that the composition and temporal
patterns of the intestinal microbiome vary significantly between individuals
(Palmer, Bik, DiGiulio, Relman, & Brown, 2007). The early colonization of infant
gut depends on the mode of delivery and type of feeding (Bäckhed et al., 2015).
The first colonizers of the infant gut are usually facultative anaerobic bacteria—
mainly Firmicutes, such as Enterococcus, Streptococcus, and Staphylococcus, but
also Escherichia and Klebsiella from the Proteobacteria phylum (Chu et al., 2017;
Dogra et al., 2015). Shortly after, the infant gut microbiota is dominated by the
genus Bifidobacterium (B. breve and B. bifidum), especially in breastfed infants.
The genera Lactobacillus, Collinsella, Eubacterium, Lactococcus, and Veillonella
are also found in the infant gut microbiota within the first months after birth
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(Bäckhed et al., 2015; Chu et al., 2017; Dogra et al., 2015; Penders et al., 2006;
Stewart et al., 2018; Yatsunenko et al., 2012).
A major shift in gut microbiota composition takes place after the cessation of
breastfeeding, including an increase in obligate anaerobes Bacteroides and
Clostridia. Toward one year, the gut microbiota comprises more genera of Blautia,
Prevotella, Ruminococcus, Veillonella, and Anaerostipes. In early infancy, whereas
the alpha-diversity of the infant gut microbiota is low and increases substantially
toward one year of age, beta-diversity decreases, indicating a more complex and
less dissimilar microbiota. At one year of age, the microbiota more closely
resembles an adult intestinal microbiota, which is finally established at about 2–3
years of age (Bäckhed et al., 2015; Stewart et al., 2018; Stokholm et al., 2016;
Tanaka & Nakayama, 2017; Yatsunenko et al., 2012).
The metabolic activity of the gut microbiome changes significantly as the
infant grows. The number of metabolites increases immediately after the first days
of life, reflecting the increased metabolic activity of the gut (Del Chierico et al.,
2015). In early infancy, the gut microbiome consists of genes that are important for
degrading sugars derived from breast milk. As the infant grows, the gut
microbiome’s capacity to degrade dietary fibers and produce SCFAs increases. It
has also been reported that the intestinal microbiome of newborn infants has
enriched levels of genes involved in vitamin K2, folate (vitamin B9), pyridoxine
(vitamin B6), biotin (B7), and retinol biosynthesis, whereas genes for thiamine
(vitamin B1), pantothenate (vitamin B5), and cobalamin (vitamin B12) synthesis
are increased in the microbiome with age (Bäckhed et al., 2015; Chu et al., 2017;
Vatanen et al., 2018; Yatsunenko et al., 2012).
2.5.3 The importance of the early establishment of the intestinal
microbiome
The first steps of bacterial colonization are important for the establishment of a
healthy intestinal microbiome. The early host–microbe interaction is essential for
healthy immunological and intestinal development and metabolic programming
(Walker, 2013). It has been suggested that bacterial colonization of the infant gut
has a long-lasting influence on health, such as allergic and metabolic diseases
(Rautava et al., 2012c).
The important “window of opportunity” for adequate host–microbe crosstalk
and immune development driven by the microbiome takes place in early infancy
(Gensollen et al., 2016), a period when the intestinal microbiome maturates rapidly.
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Disturbing this process may result in increased immune reactivity later in life
(Hooper et al., 2012). This has been shown in animals in which disruption of the
neonatal intestinal microbiome via antibiotic treatment with vancomycin resulted
in increased susceptibility to allergic asthma (Russell et al., 2012). In humans,
aberrant bacterial colonization of the gut in infancy is associated with later atopic
eczema and asthma (Arrieta et al., 2015; Penders et al., 2007). Interestingly,
increasing evidence suggests that the window of opportunity could start as early as
the fetal period (Al Nabhani & Eberl, 2020; Romano-Keeler & Weitkamp, 2015).
2.5.4 Beneficial bacteria in the infant gut microbiome
Bifidobacteria are gram-positive, obligate anaerobes belonging to the phylum
Actinobacteria. Bifidobacteria represent the most abundant members of the gut
microbiome in breastfed infants (Stewart et al., 2018), and they are implicated in
several health-promoting events, such as the induction of Tregs (Atarashi & Honda,
2011a). Bacteroides fragilis, which belongs to the Bacteroidetes phylum,
reportedly enhances the suppressive capability of Tregs to promote the production
of anti-inflammatory cytokines (Atarashi & Honda, 2011a). Clostridium clusters
IV and XIVa from the Firmicutes phylum, including genera Clostridium,
Ruminonococcus, and Faecalibacterium, are important butyrate producers that
provide energy for gut epithelial cells (Rajilić-Stojanović & de Vos, 2014).
Faecalibacterium prausnitzii is one of the major butyrate producers in the
gastrointestinal tract (Sokol et al., 2008). F. prausnitzii decreases adipose tissue
inflammation (Munukka et al., 2017) and it has been suggested that it is a biomarker
for a healthy gut (Sokol et al., 2008).
The genus Lactobacillus, which belongs to the Firmicutes phylum, has been
implicated in the stimulation of the host immune system. Lactobacilli produce
lactic acid, and it has been suggested that they have beneficial effects on the host’s
health (Milani et al., 2017; Rajilić-Stojanović & de Vos, 2014). Lactobacillus
species are used as probiotics (Hill et al., 2014). Akkermansia muciniphilia, which
belongs to the Verrucomicrobia phylum, is present at low levels in the infant
intestinal microbiome (Milani et al., 2017). A. muciniphila is implicated in
improved inflammatory status and enhanced gut barrier function (Ottman et al.,
2017).
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2.6

Factors that shape the developing microbiome

The structure of the infant gut microbiome is affected by several factors throughout
maturation toward an adult-like, “mature” microbiome. The infant gut microbiome
is shaped by both host-related and environmental factors, starting in the perinatal
period (Figure 1). Understanding the developmental stages and possible factors that
affect the gut microbiome is crucial to developing therapeutic procedures that
support gut microbiome health.

Figure 1. Factors that reportedly affect the composition of the intestinal microbiome
during early infancy and childhood are suggested to be the critical window for the
establishment of the microbiome.

2.6.1 Mode of delivery
Infants are first exposed to bacteria at birth, and it has been suggested that the mode
of delivery contributes to the development of the infant gut microbiome. Infants
born vaginally are exposed to bacteria in the birth canal and receive bacteria
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resembling the maternal vaginal microbiota, such as Lactobacillus and Prevotella,
whereas children born via C-section receive bacteria resembling the skin
microbiota, such as Staphylococcus (Dominguez-Bello et al., 2010). Several
studies of large birth cohorts have reported that C-section-delivered infants have
delayed colonization by Bacteroides and lower numbers of Bifidobacterium in their
initial microbiota and that this difference remains until one year of age (Bäckhed et
al., 2015; Dominguez-Bello et al., 2010; Jakobsson et al., 2014; Penders et al., 2006;
Stewart et al., 2018). Birth via C-section has also been associated with colonization
by Clostridium, Enterococcus, Enterobacter, and Klebsiella species (Penders et al.,
2006; Shao et al., 2020; Stokholm et al., 2016).
Recently, a large cohort study from the United Kingdom that applied wholegenome shotgun metagenomic analyses demonstrated that mode of delivery had a
significant and persistent impact on the infant gut microbiome. The abundance of
the Bacteroides genus was high in the gut microbiome of vaginally delivered
infants and low in infants born via C-section. Bacteroides spp., Parabacteroides
spp., E. coli, and Bifidobacterium spp. were transmitted from mothers to babies
through vaginal birth, whereas children born via C-section harbored opportunistic
pathogens typically associated with hospital environments (Shao et al., 2020). The
impact of delivery mode on the infant gut microbiota gradually decreases as the
infant grows, but notably, some differences between the gut microbiotas of Csection and vaginally delivered infants can persist until one year of age (Bäckhed
et al., 2015; Stokholm et al., 2016).
A study investigating the role of delivery mode in the maturation of the infant
microbiota across multiple body sites showed that delivery via C-section was
associated with a microbiota community structure of mouth, nares, and skin, but
not meconium microbiota, i.e., the microbiota of the first stool after birth (Chu et
al., 2017). Studies investigating the impact of delivery mode on the meconium
microbiota reported no differences between those of vaginally and C-sectiondelivered infants (Grier et al., 2017; He et al., 2020; Mshvildadze et al., 2010).
Evidence of the impact of delivery mode on the infant gut microbiota is strong, but
it has also been hypothesized that confounding factors such as maternal obesity,
breastfeeding, and antibiotics might have a greater effect on the infant gut
microbiota than the delivery mode itself (Stinson et al., 2018).
Some epidemiological studies have reported that infants born via C-section
have an increased risk of celiac disease (Decker et al., 2010), asthma, and other
immune-mediated disorders (Sevelsted, Stokholm, Bønnelykke, & Bisgaard, 2015;
Thavagnanam, Fleming, Bromley, Shields, & Cardwell, 2008), which indicates that
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C-section may disturb colonization by bacteria that are essential to the immune
maturation of the neonate. By contrast, it has also been reported that C-section is
not associated with immune-mediated diseases, particularly celiac disease and
inflammatory bowel disease, after controlling for confounding factors (Frias
Gomes et al., 2021; Koletzko et al., 2018). Expanding the role of intestinal
colonization in this matter, Stokholm et al. reported that delivery via C-section was
associated with an increased risk of asthma later in childhood only if gut microbiota
changes associated with C-section delivery were still present at one year of age
(Stokholm et al., 2020). These findings indicate that C-section might disturb the
colonization of the infant gut, which could in turn result in an increased risk of
immune-mediated diseases if colonization is not restored.
2.6.2 Perinatal antibiotics
Another significant factor that shapes the infant intestinal microbiota at birth is
intrapartum antibiotic prophylaxis (IAP), which is most commonly given to the
mother in cases of vaginal colonization by Streptococcus agalactiae, group B
streptococcus (GBS), to prevent sepsis in infants. In total, 20–30% of women
receive IAP during vaginal delivery (Moore, Schrag, & Schuchat, 2003; Van Dyke
et al., 2009). Several studies have found that IAP is associated with significant
alterations in the overall microbiota community. The abundance of the Bacteroides
genus is low in vaginally delivered infants whose mothers received IAP (Nogacka
et al., 2017; Shao et al., 2020), and the effect is reportedly even stronger following
IAP with C-section delivery (Azad et al., 2016). Moreover, increased abundance of
Firmicutes and Proteobacteria, lower abundance of Actinobacteria, decreased
richness and diversity, and increased occurrence of β-lactamase coding genes have
been observed in infants during the first months of life following IAP (Azad et al.,
2016; Mazzola et al., 2016; Mshvildadze et al., 2010; Nogacka et al., 2017). At the
genus level, Bacteroides and Parabacteroides are reported to be lower and
Enterococcus higher at three months of age in infants exposed to IAP in both
vaginal and C-section deliveries (Azad et al., 2016).
Postnatal intravenous treatment of the infant, which is used to treat suspected
or diagnosed early-onset sepsis (Fjalstad et al., 2016), significantly alters the early
intestinal microbiota and reportedly leads to decreased numbers of Bacteroides and
Bifidobacterium and decreased microbial diversity (Madan et al., 2012; Nogacka
et al., 2018; Penders et al., 2006). It has been reported that IAP and the direct
administration of antibiotics to infants have equal effects on the intestinal
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microbiota (Arboleya et al., 2015). In a study of 149 vaginally delivered infants,
both IAP and neonatal intravenous antibiotic treatment caused differences in infant
gut colonization, including a lower abundance of Bacteroidetes and increased
Firmicutes, which persisted until six months of age regardless of the use of
probiotic Lactobacillus reuteri. In addition, antimicrobial resistance genes were
more abundant in the feces of infants exposed to perinatal antibiotics compared to
those of unexposed infants and antibiotic-exposed mothers (Tapiainen et al., 2019).
2.6.3 Vertical transmission of the microbiota from mother to infant
It has been suggested that the infant’s initial intestinal microbiota is vertically
transferred from the mother (Ferretti et al., 2018; Makino et al., 2013; Yassour et
al., 2018). The composition of the maternal microbiota changes during pregnancy,
including an increase in Proteobacteria and Actinobacteria and reduced richness
(Koren et al., 2012). Excessive weight gain and high pre-pregnancy weight are
associated with differences in the maternal gut microbiota (Stanislawski et al.,
2017), and women with a high pre-pregnancy BMI are reported to have higher
levels of Bacteroides and Staphylococcus in their gut microbiotas in the third
trimester compared to normal-weight women (Collado et al., 2008). Interestingly,
several pre- and perinatal factors before delivery, such as maternal gestational
diabetes (Hu et al., 2013; Wang et al., 2018), maternal eczema (Gosalbes et al.,
2013), maternal diet during pregnancy (Lundgren et al., 2018), use of antibiotics
during pregnancy (Wong et al., 2020), maternal obesity, gestational weight gain,
and high-fat diet (Chu et al., 2016; Collado et al., 2010; Singh et al., 2020) have
also been reported to influence the bacterial composition of the infant gut
microbiota suggesting vertical transmission of the intestinal microbiota from the
mother to the newborn infant. Notably, some of these associations depend on the
delivery mode (Lundgren et al., 2018; Singh et al., 2020).
Some studies have compared the composition of the initial meconium
microbiota with maternal samples, such as amniotic fluid, maternal feces, vaginal
fluid, and saliva. He et al. reported that OTUs found in the meconium microbiota
were also detected in multiple maternal samples, but the meconium microbiota
shared the highest level of OTUs with the amniotic fluid compared to other
maternal samples (He et al., 2020). In a study by Collado et al., the meconium
microbiota shared features with amniotic fluid and placenta samples, as 41/75
bacterial families detected from the meconium were also detected in both the
amniotic fluid and placenta. In addition, meconium samples shared features with
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colostrum (Collado et al., 2016). In an Australian study of 50 infants born via Csection, the majority of the bacterial sequences detected were the same in
meconium and amniotic fluid samples (Stinson et al., 2019c). These findings may
indicate that the initial intestinal microbiome could be acquired already in utero.
Dominguez-Bello et al. studied the impact of delivery mode on the microbiota
across multiple body sites of 10 healthy term infants born in Venezuela. Whereas
the maternal microbiota was distinct in each maternal body site, in infants, the
bacterial communities of the skin, nasopharynx, and gut were similar. Vaginally
delivered infants harbored microbiotas resembling their mother’s vaginal
microbiota, whereas C-section-delivered infants harbored microbiotas similar to
those detected on the surface of the mother’s skin (Dominguez-Bello et al., 2010).
Experimental evidence also supports the transmission of bacteria from mother to
the offspring’s meconium. In a study by Jiménez et al., pregnant mice received a
genetically labeled Enterococcus faecium strain orally during pregnancy. The
labeled bacteria were detected using PCR in meconium samples collected with
sterile procedures from the pups delivered via C-section but not from the controls
(Jiménez et al., 2008).
A longitudinal study of Finnish infants examined the structure and dynamics
of mother and infant gut microbiomes during pregnancy and the first three months
after birth, including the meconium microbiome, using metagenomic sequencing.
They found evidence of vertical transmission of several species belonging to the
Bifidobacterium and Bacteroides genera from mother to infant using strain-level
analysis and identified antibiotic resistance genes that were present in both mothers
and their infants (Yassour et al., 2018).
Experimental studies of rodents have shown that antibiotic treatment during
pregnancy changes the offspring’s microbiota structure (Munyaka, Eissa, Bernstein,
Khafipour, & Ghia, 2015; Tormo-Badia et al., 2014). It has been reported that
antenatal antibiotic treatment modulates the vaginal microbiota, particularly
increased colonization with Staphylococcus (Stokholm, Sevelsted, Bønnelykke, &
Bisgaard, 2014), which probably impacts the mother-to-infant transfer of bacteria.
Furthermore, in an experimental study, early-life subtherapeutic doses of
antibiotics administered to mice were associated with changes in gut microbiota
composition, including increased concentrations of Firmicutes compared to
Bacteroidetes and increased metabolic activity, which was seen in increased SCFA
concentrations in the feces (Cho et al., 2012).
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2.6.4 Feeding mode and diet
After birth, the feeding mode is an important factor that affects the development of
the infant gut microbiome (Stewart et al., 2018). Breast milk contains several
bacteria, including Bifidobacterium, particularly B. longum and B. lactis,
Lactobacillus, Streptococcus, and Staphylococcus, and it serves as an important
source of bacteria to the infant (Collado, Delgado, Maldonado, & Rodríguez, 2009;
Fehr et al., 2020; Grönlund et al., 2007; Hunt et al., 2011). Bacteria from the areolar
skin are also transferred from the mother to the infant during breastfeeding
(Pannaraj et al., 2017). The microbes present in breast milk are implicated in the
development of the infant immune system and protection against subsequent
asthma and allergies (Díaz-Ropero et al., 2007; Fernández et al., 2013).
In addition to direct transmission of bacteria and the provision of nutrients,
breast milk provides the infant with several components important for immune
modulation and the development of the intestinal microbiome, such as maternally
derived IgA, cytokines, transforming growth factors (TGF-β) that stimulate the
infant’s immune system, human milk oligosaccharides, and antimicrobial proteins
such as lysozyme and lactoferrin. Prebiotic human milk oligosaccharides pass
through the stomach and small intestines undigested and act as a primary source of
carbohydrates for bacteria in the colon, thus stimulating the growth and
proliferation of specific beneficial bacteria, such as Bifidobacterium, Bacteroides,
and Lactobacillus (Chassard et al., 2014; Walker & Iyengar, 2015).
Gut microbiota composition differs between exclusively breastfed and
formula-fed infants. Breastfed infants are reported to have higher levels of
Bifidobacterium species, such as B. bifidum and B. breve, higher levels of
Lactobacillus species and Staphylococcus epidemidis, and lower richness and
diversity of the microbiota compared to formula-fed infants (Bokulich et al., 2016;
Forbes et al., 2018; Grönlund et al., 2007; Stewart et al., 2018). Furthermore,
cessation of breastfeeding induces significant changes in the gut microbiota, such
as increased bacterial diversity and richness and increased levels of Firmicutes
(Fehr et al., 2020; Stewart et al., 2018). Breastfeeding duration is also associated
with gut microbiota composition at one year of age, as infants who were partially
breastfed until one year of age have been reported to have lower richness and
diversity and higher Bifidobacteriaceae and Veillonellaceae than those weaned
before six months of age (Forbes et al., 2018). Breastfeeding duration in infancy
has been reported to be associated with gut microbiota composition, even at 6–9
years of age (Zhong et al., 2019). In addition, breastfeeding might be important in
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restoring the microbiota after IAP and C-section delivery. Azad et al. reported that
infants who were exposed to IAP during emergency C-sections were deficient in
Bacteroidetes at one year of age only if they were not exclusively breastfed at three
months of age (Azad et al., 2016).
Infants who are exclusively formula-fed are more often colonized with
Proteobacteria species, Clostridiales, Lachnospiraceae (Bokulich et al., 2016;
Forbes et al., 2018; Ma et al., 2020), E. coli, and C. difficile (Bäckhed et al., 2015;
Penders et al., 2006, 2005) than breastfed infants. Infants receiving both breast milk
and formula have been reported to have intestinal microbial communities similar
to exclusively formula-fed infants and distinct from exclusively breastfed infants
at six weeks of age (Madan et al., 2016).
In high-income countries, the diet has shifted from a low-fat, plantpolysaccharide-rich diet to a high-fat, high-sugar, low-fiber diet, referred to as the
Western diet. Gut microbiota composition differs between children with diets
dominated by plant carbohydrates and those who consume a typical Western diet
(De Filippo et al., 2010). Moreover, different compositions of ingredients in the
complementary foods used for undernourished children have varying effects on the
gut microbiota. A study group identified 15 bacterial taxa describing microbiota
development in healthy children. They also identified MDCF containing chickpea
flour, soy flour, peanut flour, and banana that changed the gut microbiota
composition of undernourished children to one similar to that of healthy, agematched controls and improved health status (Gehrig et al., 2019; Raman et al.,
2019).
2.6.5 Antibiotics after birth
Several studies have investigated the role of antimicrobials on the intestinal
microbiota in infancy and on later health. Antibiotic exposure of infants has been
associated with subsequent obesity (Saari, Virta, Sankilampi, Dunkel, & Saxen,
2015), atopic eczema, asthma, celiac disease, and allergic rhinitis (Aversa et al.,
2021). The associations between antibiotic treatment and overweight and obesity
are most profound if the exposure occurs during early life (Saari et al., 2015). It has
been suggested that the intestinal microbiome intermediates these associations.
Several studies have shown that oral antibiotic treatments cause significant and
rapid changes in the intestinal microbiota (Jernberg, Löfmark, Edlund, & Jansson,
2010; Korpela et al., 2020b). A common consequence of the antibiotic course is
decreased diversity of the microbiota and increased antimicrobial resistance genes
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(Yassour et al., 2016). In infants, courses of amoxicillin reportedly lead to a rapid
decrease in bifidobacteria and several other taxa and decreased diversity and
richness. Diversity and richness are recovered shortly after the antibiotic course,
but the changes in various taxa are still present six months after the course has
ended (Korpela et al., 2020b). In a Finnish study that examined fecal samples from
142 children aged 2–7 years, the use of macrolides in childhood was associated
with both temporary and persistent changes in intestinal microbiota composition.
Macrolide use led to decreased Actinobacteria, including Bifidobacterium,
increased Bacteroidetes and Proteobacteria, and increased resistance to macrolides,
which were recovered within one year after the antibiotic course. Changes in the
genera Collinsella, Lactobacillus, and Anaerostipes were not recovered after two
years. Penicillin, however, did not cause significant changes in microbiota
composition (Korpela et al., 2016).
2.7

Traditional view of the sterile fetus and new perspectives

Conventionally, the fetal environment and meconium have been considered sterile
(Mackie, Sghir, & Gaskins, 1999). The initial microbial exposure and colonization
of the infant gut was considered to take place at birth, containing maternal vaginal
or skin microbiota, depending on the mode of delivery (Bäckhed et al., 2015;
Dominguez-Bello et al., 2010). However, during the last decade, several studies
using both 16S rRNA-based and culture-based methods have revealed the presence
of bacterial DNA and even viable bacteria in meconium (Table 3) (Collado et al.,
2016; He et al., 2020; Jiménez et al., 2008; Karlsson, Molin, Cilio, & Ahrné, 2011).
Despite the detection of bacterial DNA and even viable bacteria in meconium, the
exact timing of bacterial translocation to meconium is unclear.
2.7.1 The meconium microbiota
Several studies have detected bacteria in meconium samples from healthy neonates
using both culture- and NGS-based approaches. The meconium microbiota is
unique, has high inter-individual variation, and is clearly distinct from fecal
samples collected later in life (Collado et al., 2016; Hu et al., 2013; Jiménez et al.,
2008; Moles et al., 2013; Stinson et al., 2019c).
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Comamonadaceae, and Enterobacteriaceae

Proteobacteria (71% in meconium) and Firmicutes (20%) phyla;

Haemophilus, Enterobacter, Rothia, and Escherichia

Streptococcus, Enterococcus, Acinetobacter, Clostridium, Staphylococcus,

Escherichia, Methylobacterium, and Streptococcus

Bacillus and Escherichia/Shigella

Pelomonas, Escherichia/Shigella, Tepidimonas, and Propionibacterium

samples

Pelomonas puraques was dominant species in almost all meconium

Prevotella

Enterobacteriaceae, Bifidobacterium, Enterococcaceae, and Bacteroides-

E. fecalis, S. epidermidis, and E. coli

Predominant bacterial taxa

Table 3. Studies of the microbiota of first-pass meconium in term infants.

Many studies assessing the bacterial composition of first-pass meconium were
small in terms of study size and focused on preterm infants (Chernikova et al., 2016;
Mshvildadze et al., 2010; Stewart et al., 2012). Those studies, conducted using 16S
rRNA-based techniques, have reported the detection of bacterial DNA in first-pass
meconium samples. The composition of the microbiota was related to gestational
age and prenatal and intrapartum antibiotic use, and the bacterial composition of
meconium was associated with necrotizing enterocolitis and late-onset sepsis
(Arboleya et al., 2015; Madan et al., 2012; Mshvildadze et al., 2010; Stewart et al.,
2012).
Studies on healthy term infants using NGS-based techniques have reported that
about 60–100% of meconium samples contain bacterial DNA and are dominated
by genera such as Lactobacillus, Enterococcus, Bifidobacterium, Streptococcus,
Staphylococcus, and Enterococcus/Shigella (Table 3). However, there is significant
variation in the detected bacterial taxa of meconium in different reports, and the
ideal bacterial composition of the meconium microbiota is not known (Ardissone
et al., 2014; Gosalbes et al., 2013; Hansen et al., 2015; Karlsson et al., 2011;
Makino et al., 2013; Wampach et al., 2017). The bacterial composition of first-pass
meconium has been reported to differ according to maternal diabetes status (Hu et
al., 2013), mode of delivery (Ardissone et al., 2014; Wampach et al., 2017),
gestational age (Ardissone et al., 2014), maternal eczema (Gosalbes et al., 2013)
and perinatal antibiotics (Arboleya et al., 2015; Wong et al., 2020). By contrast,
some studies of both term and preterm infants have reported that mode of delivery
is not associated with the microbiota composition of first-pass meconium (Grier et
al., 2017; He et al., 2020; Hu et al., 2013; Mshvildadze et al., 2010), but the impact
of delivery mode on infant gut bacterial composition in a large cohorts, where fecal
samples were collected at a later age, is well defined (Penders et al., 2006; Shao et
al., 2020; Stokholm et al., 2016). Many large cohort studies investigating the factors
that affect the composition of the neonatal gut microbiota and its effect on
children’s later health have not used first-pass meconium in their analyses (Penders
et al., 2006; Shao et al., 2020; Stokholm et al., 2016).
Few studies have compared the compositions of the meconium microbiotas of
term and preterm infants. Ardissone et al. studied infants of different gestational
ages and reported that 67% of meconium samples contained bacterial DNA.
Gestational age had the most significant influence on the microbiota structure, but
mode of delivery was also associated with the microbial community structure of
meconium (Ardissone et al., 2014). In a study by Arboleya et al., prematurity was
associated with lower levels of total bacteria, reduced numbers of Bacteroidaceae,
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and a higher abundance of Lactobacillaceae in meconium. The high percentage of
lactobacilli was suggested to result from reduced amounts of total bacteria in
meconium samples from preterm infants (Arboleya et al., 2015). In a study by Hu
et al., gestational age had no significant effect on meconium microbial composition
(Hu et al., 2013)
Besides NGS-based techniques, bacteria have also been successfully detected
in meconium samples using conventional cultivation. Jiménez et al. cultured
bacteria from the meconium samples from 21 healthy term newborns. E. fecalis, S.
epidermidis, and E. coli were the predominant species in the meconium microbiotas
(Jiménez et al., 2008). In a later study by Moles et al., meconium samples from 14
premature infants were assessed using both culture-based and molecular based
methods. The cultivation of meconium samples led to bacterial growth in 11/14 of
the meconium samples. The meconium microbiotas of preterm infants were distinct
from fecal samples collected later during the first three weeks of life, with
Staphylococcus, Streptococcus, Enterococcus, and Lactobacillus being the
predominant genera in the meconium microbiotas (Moles et al., 2013).
Interestingly, a recent study investigated human fetal meconium samples using
scanning electron microscopy and 16S rRNA sequencing and compared them to
environmental controls. Scanning electron microscopy showed that in three out of
four samples, there were discrete isolated pockets of meconium with clusters of
tightly packed cellular structures that were morphologically and proportionally
consistent with bacterial cocci. These structures were observed only in meconium
and not in subepithelial regions. 16S rRNA analysis revealed low but variable
bacteria in fetal meconium distinct from contamination controls from extraction
kits, procedural swabs, and control samples from fetal kidneys. There were 18 taxa
enriched in fecal meconium, predominantly Micrococcaceae and Lactobacillus.
Furthermore, T cell composition was distinct in fetal intestines dominated by
Micrococcaceae (Rackaityte et al., 2020).
2.7.2 Presence of bacteria in the placenta, amniotic fluid, and fetal
tissues
The presence of bacteria in the amniotic cavity is traditionally recognized in cases
of intrauterine infection, premature rupture of the membranes, and preterm delivery
(DiGiulio et al., 2010; Goldenberg, Hauth, & Andrews, 2000). Interestingly,
bacterial DNA and even live bacteria have been detected in the placenta, amniotic
fluid, and umbilical cord blood in healthy term pregnancies (Aagaard et al., 2014;
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Collado et al., 2016; Satokari, Grönroos, Laitinen, Salminen, & Isolauri, 2009).
Recently, a large study of 1,198 mid-trimester amniotic fluid samples from a
Swedish cohort revealed that approximately one-fifth of the samples contained
detectable amounts of bacterial DNA using PCR and that early detection of
bacterial DNA was not associated with spontaneous preterm delivery (Stinson et
al., 2020). These findings indicate that the presence of bacterial DNA in the
amniotic cavity does not always cause infection or preterm delivery.
Jiménez et al. were able to isolate bacteria from the umbilical cord blood in
9/20 samples from healthy C-section-delivered infants using cultivation-based
methods (Jiménez et al., 2005). Collado et al. were also able to culture bacteria
from amniotic fluid and placenta samples in healthy term pregnancies in which
delivery occurred via non-emergency C-section. The microbiotas in the placentas
and amniotic fluid were low in richness and diversity, and Proteobacteria was the
most prevalent phylum (Collado et al., 2016). Satokari et al. were able to detect the
bacterial DNA of Bifidobacterium and Lactobacillus rhamnosus in 33/34 and 31/34
placentas using PCR (but not cultivation) after term C-section and vaginal
deliveries. A study that employed whole metagenomic shotgun sequencing showed
that the placenta harbors a low-abundance microbiome resembling the oral
microbiomes of non-gravida individuals and distinct from vaginal and gut
microbiomes (Aagaard et al., 2014).
Rautava et al. studied the effect of maternal probiotic supplementation on TLRrelated gene expression in the placenta and meconium in a randomized controlled
trial. They detected bacterial DNA in all 29 placentas and 6/14 amniotic fluid
samples from term C-section deliveries, and lactobacilli were present in all the
placenta samples. In addition, the presence of bacterial DNA in the placenta and
amniotic fluid was associated with increased expression of TLR-related genes in
the meconium of the infants. Moreover, maternal probiotic supplementation
modulates the expression of TLR-related genes in the placenta and meconium
(Rautava et al., 2012a).
A novel study investigated the microbiotas of fetal tissue samples from 11 to
20 weeks of gestation. They detected bacterial DNA in all the fetal tissue samples
(18 lung, 3 intestine, and 10 placenta samples) using 16S analysis conducted
independently in two different laboratories. The fetal lung and placental
microbiotas showed similar features (Al Alam et al., 2020).
In conclusion, these findings suggest that exposure to bacterial DNA and even
live bacteria may already start in utero and initiate the development of the innate
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immune system of the fetus and the establishment of a normal host–commensal
relationship.
2.7.3 Microbial contact in utero
Besides the detection of bacterial DNA in meconium, the placenta, and amniotic
fluid, several other findings from recent studies challenge the dogma of sterile and
immunologically naive fetuses and suggest that bacterial–intestinal crosstalk starts
before birth. In an elegant study, genetically labeled Enterococcus was isolated
from a healthy female’s breastmilk and orally administered to pregnant mice
(Jiménez et al., 2005). After term C-section, the study group detected that labeled
strain from the meconium of pups of inoculated mothers but not from controls,
suggesting prenatal transfer of commensal bacteria from mother to offspring
(Jiménez et al., 2005).
Increasing evidence supports the role of the maternal microbiome and living
environment during pregnancy in the allergic diseases of children (Vuillermin et al.,
2017), suggesting that immunological programming could start during the pre- and
perinatal period. In an Australian study of 58 infants with clinically proven food
allergies and 258 controls, maternal carriage of Prevotella copri during pregnancy
was associated with a decreased risk of IgE-mediated food allergies in their
children at one year of age (Vuillermin et al., 2020).
Epidemiological studies have clarified the role of the maternal environment
during pregnancy in a child’s later health. Prenatal factors such as maternal use of
antibiotics, probiotics, gestational weight gain, and diabetes are also reported to
have long-term effects on infant health (Dunlop et al., 2015; Rautava et al., 2012c;
Stokholm et al., 2014). Maternal probiotic use during pregnancy and breastfeeding
was reported to reduce the risk of atopic eczema in infants in a Finnish randomized
controlled trial of 208 infants whose mothers had allergic diseases and atopic
sensitization (Rautava et al., 2012b). Exposure to antibiotics prenatally was
reported to increase the risk of overweight and asthma in childhood in two large
registry-based studies (Mor et al., 2015; Stokholm et al., 2014).
In a prospective study of 1,063 infants from five European countries, maternal
exposure to farm animals during pregnancy was associated with a decreased risk
of atopic eczema in children during the first two years of life. In addition, elevated
expression of TLR5 and TLR9 in cord blood was associated with a decreased
incidence of atopic eczema (Roduit et al., 2011). Further supporting the importance
of perinatal environment to fetal immunity, maternal farm exposure during
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pregnancy is associated with an increased number and function of cord blood
regulatory T cells (Schaub et al., 2009).
Experimental studies have shown that, during pregnancy, the maternal microbiome
can directly influence the development of the fetal and neonatal immune system
(Apostol, Jensen, & Beaudin, 2020). The maternal gut microbiome modulated by
antibiotic treatment during pregnancy and nursing affects the gut microbiome and
adaptive immune system of offspring (Nyangahu et al., 2018). In an experimental
mouse model, maternal intranasal exposure to non-pathogenic Acinetobacter
lwoffii F78 resulted in the suppression of TLR gene expression in the placenta and
a decreased risk of asthma in the offspring (Conrad et al., 2009). In addition,
transient colonization of pregnant GF mice by E. coli resulted in increased numbers
of innate immune cells in the offspring postnatally (De Agüero et al., 2016). In
humans, it has been reported that maternal cells can cross the placenta and reside
in fetal lymph nodes, inducing the development of fetal Tregs and tolerance to
maternal alloantigens that persist into childhood (Mold et al., 2008).
During pregnancy, maternal prenatal factors and the maternal microbiome may
also indirectly affect infants’ later health, for example, via breastfeeding. Maternal
mononuclear blood cells are reported to carry bacterial DNA more frequently
during pregnancy, and one study has suggested that intestinally derived bacterial
components can be transported to the lactating breast and via breast milk to the
infant (Perez et al., 2007).
2.7.4 Critical review of the “in utero colonization” hypothesis
Several studies have reported the detection of bacterial DNA in meconium,
umbilical cord blood, and placental samples, but they were seldom able to
discriminate between viable bacterial cells, dead bacteria, and cell-free bacterial
DNA. In addition, when working with low-biomass samples, such as first-pass
meconium or placentas, contamination from extraction kits and other laboratory
reagents may lead to unexpected or biased results (Glassing, Dowd, Galandiuk,
Davis, & Chiodini, 2016). The term “kitome” was coined to characterize this
phenomenon. Testing commercial kits for contamination is important because 16S
rRNA amplification and shotgun metagenomics are sensitive to low levels of
bacterial DNA contamination (Goodrich et al., 2014; Salter et al., 2014). PCR
master mixes have been reported to contain low-level contamination (Glassing et
al., 2016). Recently, decontamination (i.e., the removal of contaminating DNA) of
PCR reagents using double-strand DNase has been shown to improve the
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sensitivity and accuracy of low-biomass microbiome analysis (Stinson et al.,
2019a).
The presence of cultivable bacteria indicates that the bacteria detected are
viable and actively growing. Uncultivable bacteria, however, can be bacteria for
which the laboratory conditions necessary for growth are not yet identified, nonviable bacteria, or bacteria that have previously been cultivated but whose cells are
alive but non-dividing (Dewi Puspita, Kamagata, Tanaka, Asano, & Nakatsu, 2012).
Viable but non-culturable (VBNC) bacterial cells are intact, viable, metabolically
active cells that have lost their ability to grow on routine media. They often have
reduced cell size, differ in cellular morphology, and have a lower metabolic rate. If
some bacteria are in VBNC state, this may lead to underestimation of total viable
bacterial cells in a sample (Li, Mendis, Trigui, Oliver, & Faucher, 2014).
Although several studies have reported the detection of bacterial DNA from
meconium, placenta, and umbilical cord blood samples, there are also contrary
findings that support the “sterile womb” hypothesis. Theis et al. were unable to
identify microorganisms from placentas delivered at term using culture and were
unable to distinguish the bacterial profiles of the placentas from technical controls
using quantitative real-time PCR and 16S rRNA gene sequencing. Using
metagenomic surveys, the bacteria obtained from the placentas were considered to
be environmental contamination (Theis et al., 2019). In another recent study by de
Goffau et al., there were no distinguishable signals between placental samples from
537 women, including both complicated and uncomplicated pregnancies and
contaminant controls (de Goffau et al., 2019). A study by Rehbinder et al. found
that the amniotic fluid of 24 mothers in uncomplicated term pregnancies was sterile
(Rehbinder et al., 2018). Lim et al. also found no obvious difference between
amniotic fluid from normal pregnancies and negative controls (Lim, Rodriguez, &
Holtz, 2018). The “in utero colonization” hypothesis remains controversial (PerezMuñoz et al., 2017).
Studies of the meconium microbiome have carefully reviewed the possible
sources of the bacteria detected in meconium, and several studies have also
compared the detected species to those found in maternal niches (Collado et al.,
2016; Ferretti et al., 2018; He et al., 2020; Makino et al., 2013). The possibility of
contamination from laboratory reagents and environmental sources has been
acknowledged by following careful, sterile procedures and controlling for
contamination (Collado et al., 2016; Gosalbes et al., 2013; Stinson, Keelan, &
Payne, 2019b). Bacteria have also been detected in meconium samples using
culture-based methods (Jiménez et al., 2008; Makino et al., 2013; Moles et al.,
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2013). Collectively, several studies have detected bacterial DNA and even live
bacteria in first-pass meconium, but the existence of an actual intrauterine
microbiome and the point at which infant gut colonization starts remains
unresolved. However, the fetus is immunologically active, and perinatal events play
a significant role in children’s later health.

49

50

3

Aims of the study

The purpose of this study is to assess the factors that affect the bacterial
composition of the first stool after birth (first-pass meconium) and its impact on
children’s later health.
The main aims of the study are as follows:
1.
2.
3.

4.

5.

Characterize the composition of microbiota in the first stool after birth
Determine the maternal and perinatal factors that affect the composition of
first-pass meconium microbiota
Investigate whether the bacterial DNA present in the first stool is associated
with infantile colic and other gastrointestinal problems during the first year of
life
Investigate whether the composition of microbiota in the first stool and
intestinal microbiota at one year of age are associated with a child’s overweight
or obesity and growth during the first three years of age
Investigate whether the composition of microbiota in the first stool is
associated with atopic and allergic diseases at four years of age
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4

Materials and methods

4.1

Study population and data collection

4.1.1 Study population
This is a prospective population-based cohort study of 212 infants born at Central
Finland Central Hospital in Jyväskylä, Finland, who were followed until they
reached four years of age. This hospital is the only one that provides obstetric care
in Central Finland to a population of 270,000 people, with about 3,000 annual births.
In total, 212 near-term and term infants born between February 3rd, 2014 and March
13th, 2014 were recruited. All the mothers who delivered during that period were
invited to participate in the study. All the parents received information letters, and
those who participated in the study gave their written informed consent. The study
plan was accepted by the Ethics Committee of the Central Finland Hospital District
(decision number 1E/2014).
4.1.2 Data collection
Maternal medical information and delivery details
The parents received a questionnaire about their maternal medical history,
including information about underlying maternal medical conditions and
medications, consumption of probiotics and antibiotics during pregnancy,
gestational diabetes, asthma, allergies, and special diets. In addition, information
about the families, including maternal educational level, number of siblings,
presence of furry pets at home, and whether they lived on a farm, were collected.
The midwives completed a questionnaire about birth details, such as the duration
of the pregnancy, mode of delivery, reasons for possible C-section, antibiotic
treatment during delivery, the time from rupture of the membranes to delivery, and
the color of the amniotic fluid. Information about neonatal care was also collected,
including whether the infant received intravenous antibiotic treatment,
phototherapy for jaundice, or supplement nutrition and whether the infant was
treated in a neonatal ward.
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Meconium and fecal samples
The midwives collected the first spontaneously evacuated meconium sample from
the diaper of each infant and put it into two sample tubes. The time of meconium
collection from birth was also recorded. All the meconium samples were
immediately cooled and kept at 4–8°C for a maximum of 24 h. The samples were
then frozen at below -22°C and transported to the University of Oulu, Finland, for
microbiota analysis.
The families collected a follow-up fecal sample at home when the children
reached one year of age. The families received two sample tubes and detailed
instructions for the collection of the follow-up stool sample. The families were
instructed to keep the sample in a refrigerator for less than 24 h before mailing the
samples to the University of Oulu, Finland, for analysis. Before processing, the
samples were stored at -22°C.
Clinical information at one year of age
The families received a follow-up questionnaire when the children reached one year
of age. In this questionnaire, the families were specifically asked whether their
child had infantile colic in early infancy, symptoms of diarrhea or constipation, or
had been diagnosed with reflux disease that required treatment by a physician. In
addition, detailed information about nutrition in early infancy, including the
duration of partial and exclusive breastfeeding, the age of introduction to solid
foods, use of formula, and restrictions in the diet were collected. The families also
reported whether the infant received vitamin D, probiotic supplementation,
antibiotic courses, or had been diagnosed with any infectious diseases or underlying
diseases during the first year of life.
Growth data
Data on growth were obtained from child health clinics. The children’s growth was
monitored at several points throughout childhood according to the protocol of the
Finnish Institute for Health and Welfare. Information on growth was recorded at
one, two, and three years of age for further analysis. Nurses at the child health
clinics measured the children’s weight and length/height at scheduled visits. The
children were measured in a lying position with a length board until two years of
age, whereupon they were measured in a standing position without shoes or socks.
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The children’s weights were recorded without clothing on a digital baby scale until
two years of age and then on a personal scale while wearing light clothing. All
measurements were made using standard techniques, according to the
recommendations issued by the Finnish Institute for Health and Welfare. The scales
and length boards were checked and calibrated regularly.
Data on atopic and allergic disorders
When the children reached four years of age, all the families were contacted via a
letter that included a short questionnaire about the children’s asthma, allergies, and
atopic symptoms. They then received a link to an extended web-based survey based
on the International Study of Asthma and Allergies in Childhood (ISAAC)
questionnaire (Asher et al., 1995; Nwaru et al., 2011). The questionnaire included
questions about asthma diagnoses and food and cow’s milk allergies. It was
specifically asked whether the child had been diagnosed with a cow’s milk allergy
by a physician and whether the allergy led to skin symptoms, intestinal symptoms,
or both. More detailed information about each family’s background (atopic eczema,
asthma, and allergic rhinitis of the mother, father, and siblings) was also recorded.
At this point, we also asked whether the parents were smokers. The families who
did not complete the web-based survey were contacted by telephone.
4.1.3 Definitions of outcomes
Infantile colic and other gastrointestinal disorders
Infantile colic was defined as crying for three hours a day for three days a week,
lasting for more than three weeks, in accordance with current diagnostic criteria
(Hyman et al., 2006). Reflux was defined as a reflux disease that required treatment
and was diagnosed by a physician. Diarrhea and constipation were parent-reported
symptoms.
Overweight and obesity
To estimate the children’s overweight/obesity and growth in length/height, the
current Finnish age- and gender-specific growth standards were used to transform
the measurements of length/height into z-scores and weight measurements into
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weight-for-length percentages at one year of age and BMI-for-age (ISO-BMI) at
two and three years of age (Saari et al., 2011). The children were categorized into
two weight classes. At one year of age, children with a weight-for-length >10%
were considered overweight or obese, and at two and three years of age, children
with an ISO-BMI over 25 kg/m2 were considered overweight or obese according
to national guidelines.
Atopic and allergic disorders
Cow’s milk allergies, wheezing, asthma, and atopic eczema were determined
according to parents’ responses to the web-based survey, which was based on the
ISAAC allergy questionnaire. Cow’s milk allergies were determined according to
parents’ responses to the question, “Has your child ever had cow’s milk allergy
diagnosed by a physician?” If the question was answered affirmatively, we asked
if the child had skin symptoms, gastrointestinal symptoms, or both. Wheezing was
determined according to the parents’ responses to the question, “Has your child
ever had wheezing or whistling in the chest?” The age at which the wheezing
occurred and whether it was present during an infection was also recorded. We also
recorded whether the children had received any treatment for the wheezing. Asthma
was determined according to parents’ responses to the question, “Has a physician
diagnosed your child with asthma?” Atopic eczema was determined according to
parents’ responses to the questions “Has your child ever had any itchy eczema?”
and “Has a physician diagnosed your child with atopic eczema?”
4.2

Microbiota and bioinformatic analyses

DNA was extracted from the first-pass samples according to the manufacturer’s
(Qiagen) protocol using the QIAsymphony DSP DNA Mini Kit. Primers F519 (5′
-CAGCMGCCGCGGTAATWC-3′) and R926 (5′- CCGTCAATTCCTTTRA
GTTT-3′) were used to amplify a portion of the 16S small-subunit ribosomal gene.
Primer F519 contained an Ion Torrent pyrosequencing adapter sequence A (Thermo
Fisher Scientific, MA, USA), a 9-bp unique barcode sequence, and one nucleotide
linker. Primer R926 contained an Ion Torrent adapter trP1 sequence. PCR reactions
were performed in three replicates, and each contained 1 × Phusion GC buffer: 0.4
μM of the forward and reverse primers, 200 μM dNTPs, 0.5 U of Phusion enzyme
(Finnzymes, Finland), and as the template, 10 ng of genomic community DNA,
together with molecular-grade water in a total reaction volume of 25 μl. The PCR
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amplification started with an initial denaturation at 98°C for 3 min, and after that,
the cycling conditions were 35 cycles at 98°C for 10 s, 64°C for 30 s, and 72°C for
20 s. Subsequently, the pooled triplicate reactions were purified using an AMPure
XP PCR clean-up kit (Agencourt Bioscience, CA). DNA concentration was
measured on a Bioanalyzer DNA chip (Agilent Technologies, CA). Each individual
sample was pooled in an equivalent amount. The sample was size selected on 1.5%
agarose gel using the BluePippin automated electrophoresis system (Sage Science,
MA), then purified twice with an AMPure XP kit. The final DNA concentration
was measured on a Bioanalyzed DNA chip and the sequencing sample was diluted
to 15 pM and sequenced on a 316 v2 chip, using an Ion Torrent 400bp chemistry
(Thermo Fisher Scientific). The stool samples collected at one year of age were
processed using the same protocols as those used for the meconium samples.
To characterize the bacterial composition of the meconium and fecal samples,
the hypervariable regions of V4–V5 of the 16S rRNA gene were sequenced using
Ion Torrent. The Ion Torrent sequences were processed and analyzed with QIIME
1.9.0 (Caporaso et al., 2011). The sequences were binned with the QIIME
split_libraries.py tool according to sample-specific barcodes. Next, the barcode and
primer sequences were trimmed and filtered for quality using the default parameters.
Thereafter, chimeric sequences were removed with the Usearch quality filtering
tool in QIIME with the rRNA16S.gold.fasta reference database (Edgar, Haas,
Clemente, Quince, & Knight, 2011). After filtering out low-quality and chimeric
readings, the final data set consisted of 4.94 million readings from 197 samples,
with a median of 24,423 readings per sample. The rest of the samples contained
fewer than 1,000 readings and were removed to avoid false-positive findings. The
obtained sequences were clustered into OTUs by using a similarity threshold of 97%
in a RDP Naïve Bayesian Classifier with a score filtering threshold of 0.5. The
OTUs indicate taxonomic units based on differences between bacterial DNA
sequence data, and the total number of OTUs acts as an estimate of the total number
of bacterial species in the sample. The phylogenetic trees were operated from
NAST-trimmed aligned sequences in FastTree2 (Price, Dehal, & Arkin, 2010).
QIIME was used to perform the rarefaction, relative abundance, and core
microbiota analyses. The visualization of taxonomic composition of microbiota
was conducted with Krona. The principal coordinates analysis (PCoA) was also
produced with QIIME 1.9.0 and QIIME 2.0, based on the calculations of the
phylogenetic distances between the samples using weighted UniFrac metrics.
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Quality control analysis
Contamination from DNA extraction kits and other laboratory reagents is a
confounding issue during DNA extraction in low-biomass samples (Salter et al.,
2014) such as meconium. Some meconium samples showed an abnormally high
proportion of Rhodanobacter genus. To control this finding, bacterial DNA was
extracted in duplicate from 15 samples using two different extraction kits, the
QIAsymphony DSP DNA Mini Kit and the QIAamp Fast DNA Stool Mini Kit
(Qiagen). Bacterial DNA was also extracted from two empty sample tubes, two
diapers, water, and the DNA extraction buffer, and the DNA was quantified using
Nanodrop spectrophotometers. The diapers and sample tubes did not contain any
bacterial DNA, but the DNA extraction kit and the QIAsymphony DSP Mini Kit
contained bacterial DNA belonging to the Rhodanobacter genus, which does not
belong to human intestinal microbiota but has been isolated from environmental
samples such as soil and groundwater. Thus, Rhodanobacter was considered a
contaminant and was removed from the data set in the bioinformatics analysis.
4.3

Statistical analyses

The raw microbiota data were further processed to perform quantitative statistical
analyses with SPSS software. The relative abundances of phyla and genera were
calculated as sum variables; for instance, all relative abundances of all lactobacilli
were combined in one variable, representing the genus Lactobacillus. Samples with
fewer than 1,000 readings were coded as zero for all relative abundance values.
To analyze the factors that affect the composition of first-pass meconium, the
mean relative abundances of the Firmicutes phylum and the genera Lactobacillus,
Bifidobacterium, and Faecalibacterium were chosen for specific comparisons
because these genera have earlier been associated with good health in infants and
children (Pärtty, Kalliomäki, Endo, Salminen, & Isolauri, 2012; Francesco Savino
et al., 2005; Sokol et al., 2008). In addition, the most abundant genus,
Staphylococcus, was included in the analysis. As the statistical comparisons were
based on pre-existing hypotheses, a p value of 0.05 was chosen as the level of
statistical significance. The multivariate analyses were planned to adjust for
possible confounders. The relative abundances of pre-selected phyla and genera,
the numbers of OTUs, and the Shannon diversity index were compared with respect
to antimicrobial exposure and the mode of delivery.
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To compare differences in the characteristics and later diseases between
newborns with fewer and more than 1,000 readings in their meconium samples,
Pearson’s Chi-squared test was used for the binomial variables, and Student’s Ttest was used for the gestational age.
For the univariate analyses of relative abundances, the Mann–Whitney U test
was used. Bonferroni correction was used for the correction of multiple testing. A
multivariate general linear model was used to analyze the factors that affect the
bacterial composition of the first-pass meconium. Linear regression analysis
adjusted for delivery mode was used to analyze the association between relative
abundances of bacterial phyla and genera and later weight and growth in
length/height. In Study III, factor analysis with varimax rotation was used to
identify correlation patterns within selected bacterial phyla and genera. To examine
the associations with subsequent ISO-BMI and weight with microbiota, regression
scores of factors with eigenvalues >1 and duration of breastfeeding were employed
in multiple regression analyses.
In Studies II and III, a machine learning approach was used for the analyses.
Weighted random forest classifiers were trained on the relative abundances to
classify meconium and one-year fecal samples into those representing infantile
colic and those without colic (II) or those with overweight and normal weight (III).
All bacterial genera and species found in significant amounts in the meconium and
fecal samples were used for the analysis. The models were built and validated with
a repeated nested cross-validation approach in Scikit learn (Pedregosa et al.,
2011).The area under the receiver operating characteristic curve (ROC AUC) was
used to evaluate the model. The ROC curve describes the ability of the algorithm
to discriminate between children with colic and those without (II) and children with
normal and those with overweight (III). The nested cross-validation was repeated
20 times in Study II and 40 times in Study III, and the resulting ROC curves were
averaged. In each iteration, the approach was tested against random chance with a
permutation_test_score implemented in Scikit learn (Pedregosa et al., 2011).
Resulting p values were combined using Fisher’s method, and the visualizations
were obtained with the Matplotlib package (Hunter, 2007). To represent the random
chance baseline in these visualizations, dummy classifiers from Scikit learn were
obtained.
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5

Results

5.1

Characteristics of the study population

In total, 312 children were born during the study period. Families of 218 infants
decided to participate in the study and gave their informed consent. Meconium
samples were obtained from 212 infants. At one year of age, a follow-up fecal
sample was obtained from 96 children, and the one-year follow-up questionnaire
was completed by 160 families. The information about growth was collected from
child health clinics and was available for 186 children at one year of age, 144 at
two years of age, and 91 at three years of age. In total, 177 families responded to
the questionnaire about allergic disease at four years of age (Figure 2).

Figure 2. Flowchart of the study.

All the infants were born term or near term; their gestational age ranged from 35 to
42 weeks (mean 39.6 weeks [SD 1.4]), and only four infants were born before 37
weeks. Birth weights ranged from 2,220 g to 4,960 g (mean 3,553 g). In total, 172
(81%) of the infants were born via vaginal delivery, and 40 (19%) were born via Csection, of which 24 (60%) were elective. In total, 61 (29%) of the mothers received
antibiotic treatment during delivery, and the administered antibiotics were
cefuroxime (n = 31), penicillin (n = 28), and piperacillin-tazobactam (n = 2) (Table
4).
The mean duration of exclusive breastfeeding was 3.8 months (SD 2.2), and
the mean duration of any breastfeeding was 9.1 months (SD 3.8). In total, 150 (95%)
infants received vitamin D supplementation according to national
recommendations. The mean age for the introduction to solid foods was 4.8 months
(SD 1.0).
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Table 4. Pre- and perinatal characteristics of the study population (N = 212).
Characteristics of the study population

n

%

Gender
Boy

114

54

Girl

98

46

Mode of delivery
Vaginal

172

81

C-section

40

29
29

Antibiotics during delivery

61

Infant antibiotics

4

2

Antibiotics during pregnancy

37

18

Probiotics during pregnancy

61

29

Gestational diabetes

34

16

None

72

34

One

67

32

Two or more

70

33

Furry pets at home

104

49

Number of sibling

5.2

Composition of intestinal microbiota

5.2.1 Meconium microbiota
The dominant phylum in meconium microbiota was Firmicutes (relative abundance
44%), followed by Proteobacteria (28%), Bacteroides (15%), Cyanobacteria
(2.3%), and Actinobacteria (0.9%) (Figure 3). The dominant bacterial genera in
meconium microbiota were Staphylococcus spp. (15%), Bacteroides spp. (12%),
Streptococcus spp. (5.4%), and Lactobacillus spp. (4.1%) (Figure 4). Some of the
genera found in meconium microbiota are previously reported early colonizers of
the infant gut, whereas genera such as Bradyrhizobium, Stenotrophomonas, and
Ralstonia are more typical for terrestrial environments and thus potential
contaminants. The most abundant species identified in meconium were Bacteroides
fragilis (2.8%), Streptococcus agalactiae (2.7%), Lactobacillus iners (1.2%),
Streptococcus angiosus (1.1%), Bacteroides uniformis (1.1%), and
Faecalibacterium prausnitzii (0.87%). The DNA did not amplify sufficiently; i.e.,
the number of readings was low in 19 samples.
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Figure 3. The composition of the first-pass meconium of 212 term infants. Circles
indicate different taxonomic ranks, and columns indicate major distinct taxa with
relative abundances >1%.
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Figure 4. Genera with a mean relative abundance >1% in meconium microbiota.

5.2.2 The composition of gut microbiota at one year of age
At one year of age, intestinal microbiota was characterized by an increased number
of OTUs, higher relative abundance of the Bacteroidetes phylum (relative
abundance 60%), and lower abundance of the Proteobacteria phylum (relative
abundance 0.59%) compared to meconium microbiota, but the relative abundance
of the Firmicutes phylum remained relatively stable (39%). The dominant genera
in the intestinal microbiota at one year of age were Bacteroides spp. (47%),
Prevotella spp. (7.9%), Ruminococcus spp. (6.6%), Veillonella spp. (5.2%),
Clostridium spp. (1.8%), Oscillospira spp. (1.3%), and Blautia spp. (1.1%),
respectively. From the detected species, the most abundant was Bacteroides fragilis
(9.9%), followed by Bacteroides uniformis (5.5%), Bacteroides ovatus (5.1%), and
Prevotella copri (4.7%). The relative abundances of Akkermansia muciniphila and
Faecalibacterium prausnitzii were 0.23% and 0.08%, respectively.
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5.3

Factors that affect meconium microbiota composition (Study I)

The number of OTUs or the relative abundance of Staphylococcus spp. in the
microbiota were not associated with the sampling time of the meconium samples
(Figure 5). Univariate analysis revealed that the relative abundance of
Staphylococcus spp. was smaller in infants born via C-section compared to children
born vaginally. The consumption of lactobacilli-containing probiotics during
pregnancy was associated with a slightly increased relative abundance of genus
Lactobacillus spp. in meconium microbiota. The presence of furry pets at home
was associated with a higher relative abundance of phylum Bacteroidetes and genus
Faecalibacterium and a lower relative abundance of genus Staphylococcus
compared to those infants with no furry pets at home (Table 5). In addition, the
proportion of the meconium samples with fewer than 1,000 readings was
significantly higher in the case of maternal consumption of antimicrobials during
pregnancy (19% vs. 7%, p = 0.03).
A general multivariate regression model revealed that delivery mode and
intrapartum antibiotics were not associated with the number of OTUs or relative
abundances of phyla Firmicutes and Bacteroidetes or genera Staphylococcus,
Lactobacillus, Bifidobacterium, and Faecalibacterium. Maternal consumption of
antibiotics was also not associated with the microbial diversity of first-pass
meconium. However, the biodiversity or maternal living environment during
pregnancy, measured by presence of furry pets at home, was positively associated
with the number of OTUs (β = 36 [95% CI 2.0 to 69], p = 0.038), Shannon diversity
index (β = 0.53 [95% CI 0.09 to 0.98], p = 0.019), abundance of Bacteroidetes (β
= 0.07 [95% CI 0.02 to 0.12], p = 0.019) and Faecalibacterium (β = 0.007 [95% CI
0.001 to 0.01], p = 0.02), and negatively associated with abundance of Firmicutes
(β = -0.09 [95% CI -0.18 to -0.004], p = 0.04) and Staphylococcus (β = -0.09 [95%
CI -0.16 to -0.02], p = 0.009).
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Figure 5. The number of OTUs and relative abundance of Staphylococcus spp. by
sampling time and mode of delivery.
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Table 5. Association between perinatal factors and meconium microbiota composition.
Perinatal factor and features of microbiota

Factors and number of subjects

Delivery mode

Vaginal (n = 172)

OTUs, mean (SD)

177 (122)

188 (139)

0.64

Firmicutes, mean %2 (SD)

46 (33)

36 (30)

0.12
0.27

Bacteroidetes, mean % (SD)

14 (21)

17 (24)

Staphylococcus spp., mean % (SD)

16 (28)

9 (19)

0.02*

Lactobacillus spp., mean % (SD)

4.6 (15)

1.7 (2.9)

0.80

Bifidobacterium spp., mean % (SD)

0.002 (0.02)

0.006 (0.03)

0.18

Faecalibacterium spp., mean % (SD)

1.2 (2.3)

1.6 (2.5)

0.43

Yes (n = 61)

No (n = 151)

Antimicrobials during delivery
OTUs, mean (SD)

183 (129)

178 (124)

0.62

Firmicutes, mean % (SD)

39 (30)

46 (33)

0.22

Bacteroidetes, mean % (SD)

16 (23)

14 (20)

0.45

Staphylococcus spp., mean % (SD)

8.5 (17)

18 (29)

0.06

Lactobacillus spp., mean % (SD)

5.9 (18)

3.3 (12)

0.40

Bifidobacterium spp., mean % (SD)

0.007 (0.03)

0.001 (0.02)

0.025*

Faecalibacterium spp., mean % (SD)

1.3 (2.3)

1.3 (2.3)

0.89

Yes (n = 61)

No (n = 151)

Maternal consumption of probiotics
OTUs, mean (SD)

155 (118)

189 (127)

0.11

Firmicutes, mean % (SD)

37 (33)

47 (32)

0.027*

Bacteroidetes, mean % (SD)

12 (19)

16 (22)

0.069

Staphylococcus spp., mean % (SD)

12 (23)

16 (28)

0.50

Lactobacillus spp., mean % (SD)

4.5 (14)

3.9 (14)

0.04*

Bifidobacterium spp., mean % (SD)

0.004 (0.02)

0.002 (0.02)

0.54

Faecalibacterium spp., mean % (SD)

0.07 (1.6)

1.5 (2.5)

0.06

Yes (n = 104)

No (n = 108)

Furry pets at home

1

p value1

C-section (n = 40)

OTUs, mean (SD)

198 (128)

161 (120)

0.05

Firmicutes, mean % (SD)

40 (29)

48 (35)

0.14

Bacteroidetes, mean % (SD)

19 (23)

11 (18)

0.006**

Staphylococcus spp., mean % (SD)

10 (20)

19 (31)

0.046*

Lactobacillus spp., mean % (SD)

3.3 (12)

4.8 (15)

0.38

Bifidobacterium spp., mean % (SD)

0.004 (0.02)

0.002 (0.02)

0.54

Faecalibacterium spp., mean % (SD)

1.7 (2.6)

0.9 (2.0)

0.044*

Mann-Whitney U-test, 2Mean relative abundance, *p <0.05, **p <0.01
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5.4

Association between intestinal microbiota and infantile colic
and other gastrointestinal disorders (Study II)

5.4.1 Infantile colic
In total, 19 (12%) of the infants developed infantile colic. The meconium
microbiota of infants who had later infantile colic contained a lower relative
abundance of the Firmicutes phylum and Lactobacillus genus compared to infants
without later colic (Table 6, Figure 6). The number of OTUs, Shannon diversity
index, and relative abundances of other phyla and genera in meconium microbiota
did not differ between infants with colic and those without (Figure 7). At one year
of age, the intestinal microbiota did not differ between infants who had colic and
those who did not (Table 6, Figure 6). In addition, no clustering was observed in
the PCoA of the first-pass meconium microbiota between infants with colic and
those without (Figure 8).
Table 6. Associations between infantile colic and intestinal microbiota at birth and one
year of age.
Phyla and genera

Microbiota at 1 year2

Meconium microbiota
Infantile colic

No colic

(n = 19)

(n = 139)

p value1

Infantile colic

No colic

(n = 14)

(n = 82)

p value

Actinobacteria, %3 (SD)

0.7 (1.7)

0.7 (1.6)

0.18

0.1 (0.1)

0.2 (0.6)

0.33

Bacteroidetes, % (SD)

8.2 (18)

16 (22)

0.14

57 (33)

60 (31)

0.57

Firmicutes, % (SD)

27 (30)

46 (32)

0.008*

42 (33)

39 (31)

0.65

Proteobacteria, % (SD)

42 (42)

27 (32)

0.53

1.5 (3.4)

0.4 (0.9)

0.36

Bacteroides spp., % (SD)

6.9 (17)

13.5 (20)

0.08

39 (26)

48 (35)

0.24

0.0 (0.02)

0.46

0.02 (0.03)

0.03 (1.1)

0.64
0.48

Bifidobacterium spp., % (SD) NA4
Clostridium spp., % (SD)

0.0 (0.02)

1.3 (10)

0.67

2.3 (4.1)

1.7 (3.7)

Faecalibacterium spp., %

0.9 (2.1)

1.4 (2.4)

0.24

0.05 (0.14)

0.09 (0.32) 0.78

0.54 (1.1)

4.6 (15)

0.04*

1.3 (3.0)

0.2 (0.9)

0.18

14 (26)

0.49

0.0 (0)

0.0 (0.01)

0.56

(SD)
Lactobacillus spp., % (SD)

Staphylococcus spp., % (SD) 10 (17)
1

Mann-Whitney U-test. 2Fecal samples were obtained from 96 infants at one year of age; thus the

number of infants with and without colic is smaller. 3Mean relative abundance. 4NA = not applicable. *p
<0.05.
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Figure 6. Relative abundances of Firmicutes and Lactobacillus spp. in meconium and
one-year microbiota in infants with colic and those without.
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Figure 7. The most important bacterial genera and infantile colic.

Figure 8. Composition of meconium microbiota according to weighted (A) and
unweighted (B) principal coordinates analysis (PCoA). Red squares = colic; blue dots =
no colic.

A random forest classifier was trained on the relative abundances of meconium and
one-year bacterial taxa to distinguish between colic and non-colic samples. The
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microbiota in first-pass meconium predicted subsequent infantile colic with an
AUC of 0.66 (SD 0.04) compared to random chance (p value 1.59x10-6) (Figure 9).
The most important taxa for the classifier were early colonizers of the infant gut,
including genera Dialister, Bacteroides, Streptococcus, Lactobacillus,
Staphylococcus, Faecalibacterium, and Enterococcus, and genera more typical in
terrestrial environments, including Bradyrhizobium, Stenotrophomonas, and
Ralstonia. The microbiota at one year of age also classified earlier infantile colic
with an AUC of 0.77 (SD 0.04) compared to random chance (p value 5.65x10-5)
(Figure 9). At one year of age, the most important genera for the classifier were
Bacteroides, Prevotella, Ruminococcus, Clostridium, Lactobacillus, Oscillospira,
and Blautia.

Figure 9. Prediction performance of the random forest classifier for infantile colic
compared with healthy infants.

5.4.2 Other gastrointestinal disorders
The prevalence of gastroesophageal reflux disease diagnosed by a physician and
requiring treatment was 11 (7%). Parent-reported symptoms of constipation and
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diarrhea were recorded in 27 (17%) and 11 (7%) of the infants. The meconium
sample was not available for one of the children with a follow-up questionnaire.
There were no differences in the relative abundances of the main phyla and
genera, the number of OTUs, or bacterial diversity indices of the meconium
microbiota between children who were treated for gastroesophageal reflux disease
(n = 10) and those who remained healthy (n = 147). The composition of the
meconium microbiome was not associated with later constipation (n = 26) or
parent-reported diarrhea (n = 11). In the intestinal microbiota at one year of age,
children with reported diarrhea had a greater relative abundance of genus
Lactobacillus than those without diarrhea (1.1% [SD 2.4] vs. 0.28% [SD 1.3], p =
0.001). There was no difference in the use of probiotics between children with
diarrhea and those without. Microbiota composition at one year of age did not differ
in relation to gastroesophageal reflux disease or constipation.
5.5

Intestinal microbiota and growth (Study III)

Overweight
The prevalence of overweight was 17% (n = 31) at one year of age, 18% (n = 26)
at two years of age, and 19% (n = 17) at three years of age (Table 7). Moreover,
approximately half of the infants with overweight at two and three years of age
were overweight at one year of age.
Table 7. Prevalence of overweight and obesity.
Weight status at different ages

n

%

Normal weight

154

83

Overweight

31

17

Growth at 1 year of age (n = 186)a

Growth at 2 years of age (n = 144)

n

%

Normal weight

118

82

Overweight

26

18

Growth at 3 years of age (n = 91)a

a

n

%

Normal weight

73

81

Overweight

17

19

Weight was not recorded for one child, and length was not record for one child at one year of age and

one at three years of age.
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Children with overweight at three years of age had a higher proportion of the
Bacteroidetes phylum in their meconium microbiota compared to normal-weight
children (29% [SD 22] vs. 15% [SD 22], p = 0.013) (Table 8). Correspondingly,
the proportion of the Proteobacteria phylum was lower in the meconium microbiota
of children who were overweight at three years of age compared to normal-weight
children, but the difference was not statistically significant. There was no difference
in the Firmicutes phylum in meconium microbiota with respect to later overweight.
Children with overweight at two years of age had a lower proportion of
Proteobacteria in meconium microbiota compared to children with normal weight
(18% [SD 30] vs. 32% [SD 35], p = 0.04).
In addition to the Bacteroidetes phylum, the proportions of the Bacteroides
genus (25% [SD 21] vs. 12% [SD 21], p = 0.01) and Bacteroides fragilis species
(6.8% [SD 12] vs. 3.4% [SD 11], p = 0.047) at birth were higher in children with
subsequent overweight at three years of age. In addition, the relative abundance of
Enterococcus was lower in the meconium microbiota of children with overweight
than in normal-weight children at three years of age (0.08% [SD 0.30] vs. 4.8%
[SD 19], p = 0.008). The relative abundances of observed genera and species in
meconium microbiota were not associated with subsequent overweight at one and
two years of age (Table 8).
Furthermore, statistical factor analysis was used to investigate the association
between correlated microbiota features in meconium microbiota and subsequent
weight. In linear regression analysis adjusted for the duration of breastfeeding, a
factor with a low relative abundance of Actinobacteria in meconium microbiota
was associated with a higher weight (in kilograms) at three years of age (β = 0.26,
95% CI [0.03 to 0.90], p = 0.04). A factor with high abundance of Lactobacillus in
meconium microbiota was associated with lower weight at three years of age (β =
-0.20, 95% CI [-0.58 to 0.05], p = 0.10), but the association was not statistically
significant. None of the clusters was associated with subsequent ISO-BMI.
Interestingly, no major differences were seen in the proportions of major phyla
in intestinal microbiota at one year of age between children who were later
overweight at one, two, or three years of age and those with normal weight. The
relative abundance of the Lactobacillus genus was slightly smaller in children who
were overweight at one year of age (0.11% [SD 0.16] vs. 0.33% [SD 1.5], p = 0.04),
but no differences in other genera were observed.
Using a machine learning approach, meconium microbiota predicted
overweight at three years of age with AUC 0.70 [SD 0.05], p value <0.001 (Figure
10A). However, intestinal microbiota at one year of age did not predict subsequent
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overweight (AUC 0.58, [SD 0.07], p value >0.05; Figure 10B). The most important
bacterial features for the random forest classifier in meconium microbiota were the
genera Bacteroides, Staphylococcus, Lactobacillus, Streptococcus, Blautia,
Enterococcus,
Staphylococcus,
Lactobacillus,
Streptococcus,
Blautia,
Enterococcus, Tepidimonas and Ralstonia, and families Comamonadaceae,
Rikenellaceae, Bradyrhizobiaceae, and Xanthomonodaceae.

Figure 10. Prediction performance of the random forest classifier for overweight at three
years of age compared with infants with normal weight. A) Meconium microbiota; B)
one-year stool microbiota.

74

75

0.99 (2.0)
0.99 (1.8)
5.9 (19)

1.4 (2.4)
1.3 (2.1)
4.2 (14)

Faecalibacterium spp., %
(SD)
Lachnospira spp., % (SD)

Lactobacillus spp., % (SD)

2.8 (7.9)

Bacteroides fragilis, % (SD)

1

2.4 (4.1)

5.7 (11)

Streptococcus spp., % (SD)
0.96

0.22

0.39

0.38

0.55

0.51

0.40

0.45

0.20

0.76

0.10

0.54

0.37

0.02

0.30

0.99

p value1

2.9 (8.8)

4.8 (9.2)

11 (23)

5.1 (16)

1.2 (2.1)

1.3 (2.4)

4.1 (18)

1.4 (10.7)

0.00 (0.02)

12 (20)

32 (35)

41 (33)

15 (22)

0.70 (1.7)

178 (123)

4.3 (9.8)

4.0 (13)

18 (31)

1.4 (2.0)

1.7 (2.3)

1.6 (2.5)

6.2 (22)

NA

0.01 (0.02)

15 (20)

18 (30)

47 (36)

18 (22)

0.49 (1.2)

185 (143)

5.6 (1.7)

Overweight
n = 26

Weight status at 2 years
Normal
weight
n = 118
5.5 (1.6)

Mann-Whitney U-test. 2Operational taxonomic units. 3Mean relative abundance. 4Not applicable.

3.6 (9.0)

12 (23)

Staphylococcus spp., % (SD) 15 (26)

4.7 (17)

0.0 (0.02)

0.01 (0.02)

1.2 (9.5)

0.00 (0.02)

Bifidobacterium spp., %SD

12 (19)

4.6 (19)

12 (20)

Bacteroides spp., % (SD)

21 (28)

40 (34)

15 (22)

0.26 (0.59)

Enterococcus spp., % (SD)

31 (35)

Proteobacteria, % (SD)

5.4 (1.8)
160 (135)

Clostridium spp., % (SD)

15 (21)
44 (32)

Actinobacteria, %3 (SD)

Firmicutes, % (SD)

0.91 (2.4)

OTUS2 (SD)

Bacteroidetes, % (SD)

185 (123)

Shannon (SD)

Overweight
n = 31

Weight status at 1 year
Normal
weight
n = 154
5.6 (1.6)

Bacterial diversity indices,
phyla, genera and species

0.47

0.21

0.82

0.97

0.13

0.52

0.26

0.37

0.08

0.39

0.04

0.45

0.55

0.59

0.98

0.89

p value

3.4 (11)

5.5 (9.7)

11 (22)

6.0 (17)

1.3 (2.3)

1.3 (2.3)

4.8 (19)

0.01 (0.06)

0.00 (0.02)

12 (21)

35 (35)

43 (30)

15 (22)

0.68 (1.6)

190 (113)

Normal
weight
n = 73
5.5 (1.5)

6.8 (12)

4.7 (11)

13 (26)

2.3 (2.5)

2.1 (2.3)

2.4 (2.8)

0.08 (0.30)

0.047

0.18

0.58

0.61

0.17

0.14

0.008

0.58

0.19
NA

0.01
NA4

0.07

0.86

0.013

0.45

0.21

0.17

p value

25 (21)

19 (27)

44 (30)

29 (22)

0.74 (2.0)

240 (136)

6.2 (1.4)

Overweight
n = 17

Weight status at 3 years

Table 8. Composition of meconium microbiota and association with weight status at one, two, and three years of age

Growth in length/height
In a linear regression analysis adjusted for delivery mode, a higher proportion of
Enterococcus (β = 0.89, 95% CI [0.05 to 1.7], p = 0.038) and a lower proportion of
Staphylococcus (β = -0.68, 95% CI [-1.3 to -0.7], p = 0.029) in the meconium
microbiome were associated with a higher length-for-age at one year of age. A
lower proportion of Staphylococcus in the meconium microbiome was also
associated with a higher length/height at two years of age (β = -0.75, 95% CI [-1.4
to -0.07], p = 0.03). The intestinal microbiome at one year of age was not associated
with growth in length/height. Using a random forest classifier, the meconium
microbiome did not predict growth in length at one year of age (AUC 0.48 [SD
0.04], p = 0.99).
Breastfeeding and intestinal microbiota at one year of age
The fecal samples at one year of age and information on the children’s diets were
available for 94 children. The infants who were exclusively breastfed until four
months of age (n = 63) had a higher relative abundance of Lactobacillus spp. in
their intestinal microbiota at one year of age compared to those who were not, but
the difference was not statistically significant (0.47% [SD 1.8]) vs. 0.11% [SD
0.29]), p = 0.83). There was no difference in the relative abundance of
Bifidobacterium spp. with respect to breastfeeding status at four months of age
(0.02% [SD 0.04] vs. 0.05% [SD 0.17], p = 0.49).
5.6

Meconium microbiota and allergic diseases (Study IV)

Follow-up data on allergic diseases were available for 177 families who
participated in the study. Altogether, 134 families filled out a detailed web-based
questionnaire, and 43 families responded to a letter survey or were interviewed on
the telephone. Of these 177 families, 140 filled out the questionnaire at one year of
age, including information about the children’s diets and the duration of
breastfeeding.
In total, 14 (8%) children had been diagnosed with a cow’s milk allergy.
However, this number included both skin and gastrointestinal symptoms. The mean
number of bacterial sequences read in the meconium sample, i.e., the number of
reads, was lower in the first-pass meconium of children with a cow’s milk allergy
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(5,522 reads [SD 9,997] vs. 15,060 reads [SD 15,271], p = 0.004, 95% CI [-15,676,
-3,404]). In total, 18 (10%) of the first-pass meconium samples from children with
follow-up data available (n = 177) did not amplify sufficiently, suggesting a low
amount of bacterial DNA in the sample. Children with a cow’s milk allergy showed
more meconium samples with poor or no amplification of bacterial DNA than those
without a cow’s milk allergy (4/14, 29% vs. 14/162, 8.6%, p = 0.02, 95% CI [2.2%
to 46%]). There were also differences in the relative abundance of bacterial taxa in
meconium microbiota with respect to a later cow’s milk allergy. The proportion of
Firmicutes was lower in children with a later cow’s milk allergy, even after
controlling for false discovery rate (Table 9). The Staphylococcus genus (within
Firmicutes) was also lower in infants with a subsequent cow’s milk allergy, but this
difference was not significant after false discovery rate correction (Table 9). The
bacterial diversity indices and the number of OTUs did not differ in the meconium
microbiota between children with a cow’s milk allergies and those without.
Furthermore, the PCoA showed no clustering in the meconium microbiota of
children with and without a cow’s milk allergy (Figure 11A).
Children with later wheezing (n = 26) had a lower number of sequences read
in the first-pass meconium microbiota compared to those without (n = 108) (9,154
reads [SD 12,688] vs. 16,190 reads [SD 15,715], respectively. p = 0.02, 95% CI [12,899, -1173]). However, there was no difference in the proportion of samples that
exhibited insufficient amplification in PCR with respect to later wheezing. There
were no differences in the proportion of the main phyla or genera, and there was no
clustering in the PCoA of the meconium microbiota (Figure 11B) of children with
and without wheezing.
Atopic eczema was the most common atopic/allergic disorder in the study
population (n = 50). The features of meconium microbiota were not associated with
atopic eczema. The number of children with asthma (n = 4) was small in this study;
therefore, no comparisons were made with respect to asthma.
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Table 9. Meconium microbiota of children with and without a cow’s milk allergy.
Diversity indices, phyla, genera and Cow’s milk allergy,

No cow’s milk allergy, Crude p

species

n = 162

n = 14

value2

Bacterial diversity indices
Shannon diversity index (SD)

5.9 (1.4)

5.5 (1.6)

0.42

OTUs1 (SD)

153 (137)

182 (126)

0.45

Chao1 (SD)

329 (206)

325 (222)

0.74

Phyla
Firmicutes, mean3 % (SD)

23 (28)

43 (32)

0.012*

Proteobacteria, mean % (SD)

38 (42)

29 (33)

0.77

Bacteroidetes, mean % (SD)

9.9 (20)

15 (22)

0.25

Actinobacteria, mean % (SD)

0.63 (1.8)

0.80 (2.5)

0.52

Genera and species
Bacteroides spp., mean % (SD)

8.6 (17)

13 (20)

0.29

Staphylococcus spp., mean % (SD)

2.4 (5.4)

14 (25)

0.035

Streptococcus spp., mean % (SD)

3.3 (4.8)

5.0 (9.7)

0.60

Enterococcus spp., mean % (SD)

0.08 (0.20)

5.1 (20)

0.28

Lactobacillus spp., mean % (SD)

7.4 (24)

3.5 (11)

0.46

Faecalibacterium spp., mean % (SD)

0.90 (2.2)

1.3 (2.3)

0.68

Clostridium spp., mean % (SD)

N/A

1.1 (9.3)

0.39

Prevotella spp., mean % (SD)

0.03 (0.08)

0.15 (0.72)

0.56

Veillonella spp., mean % (SD)

0.06 (0.16)

0.10 (0.23)

0.45

Bifidobacteria spp., mean % (SD)

N/A

0.003 (0.02)

1.0

Bacteroides fragilis, mean % (SD)

1.6 (3.2)

3.1 (8.6)

0.41

Escherichia coli, mean % (SD)
N/A
0.31 (3.9)
1.0
1
OTU: operational taxonomic unit. 2 Bonferroni-correction was used to compensate for multiple testing. The
new p-value cut-off was calculated separately for bacterial diversity indices, phyla and for genera and
species. After correction, the cut-off for statistically significant p-values within bacterial diversity indices was
0.017; within phyla 0.0125 and within genera and species 0.004. 3Mean relative abundance
*indicates statistically significant p values after false discovery rate correction.
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Figure 11. Principal coordinate analysis (PcoA) of meconium microbiota and A) cow’s
milk allergy (upper), p = 0.31 and B) wheezing (lower), p = 0.55.
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6

Discussion

6.1

The composition of first-pass meconium

Studies have reported that meconium is not sterile, as bacterial DNA has been
detected in 60–100% of meconium samples (Hansen et al., 2015; Jiménez et al.,
2008; Mshvildadze et al., 2010). In this study, 193 (91%) of the meconium samples
contained bacterial DNA; i.e., the samples amplified sufficiently. The present study
proposes that most first-pass meconium contains bacterial DNA. Compared to
earlier studies investigating meconium microbiota composition, this was one of the
largest in terms of study size (He et al., 2020; Stinson et al., 2019c; Yang et al.,
2020).
The most abundant phyla in meconium microbiota was Firmicutes, followed
by Proteobacteria, which is in accordance with the earlier reports (Collado et al.,
2016; Del Chierico et al., 2015; Moles et al., 2013). The dominant bacterial genera
in meconium microbiota were Staphylococcus, Bacteroides, Streptococcus, and
Lactobacillus. These genera have previously been reported to dominate the
meconium microbiota of premature infants (Karlsson et al., 2011; Madan et al.,
2012; Moles et al., 2013). The Staphylococcus genus was the most abundant,
particularly in vaginally delivered infants, possibly reflecting the first steps of
postnatal skin and other colonization, which is reported to start earlier in infants
born via vaginal delivery.
Earlier studies of term infants have reported that meconium microbiota is
dominated by Bifidobacterium (Makino et al., 2013; Wampach et al., 2017). In this
study, the relative abundance of Bifidobacterium in meconium microbiota was low.
Studies investigating the temporal dynamics of intestinal colonization have
reported that colonization with bifidobacteria starts shortly after birth but that these
bacteria are not the first dominant taxa in intestinal microbiota (Arboleya et al.,
2015; Bäckhed et al., 2015; Dogra et al., 2015; Tanaka & Nakayama, 2017).
Breastfeeding reportedly promotes the growth of bifidobacteria (Bokulich et al.,
2016; Stewart et al., 2018). In this study, the meconium samples were collected
shortly after birth, so breastfeeding likely had not yet started to promote the growth
of bifidobacteria.
In this study, first-pass meconium samples were collected within 48 hours after
birth. However, detection of bacterial DNA from first-pass meconium does not
indicate that bacterial colonization of the infant gut starts before birth, and the point
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at which intestinal colonization starts remains still unclear. Interestingly, in addition
to meconium microbiota, some studies have reported the detection of bacteria from
placenta and amniotic fluid (Aagaard et al., 2014; Satokari et al., 2009), which
suggests that bacterial colonization could already start in utero. Moreover, some
studies have investigated fetal intestines and detected low amounts of bacterial
DNA in the fetal gut (Al Alam et al., 2020; Rackaityte et al., 2020). However, in a
recent study, fetal meconium was collected by rectal swab during elective breech
C-section from 20 infants and compared to first-pass meconium samples, infant
stool samples, and procedural controls. In this setting, the fetal meconium samples
did not contain bacterial DNA, unlike the first-pass meconium samples. The
microbiota of the first-pass meconium shared more genera with infant stool
samples than fetal meconium samples (Kennedy et al., 2021), which suggests that
the meconium microbiota starts to form at birth.
6.2

Factors that affect meconium microbiota composition

Immediate perinatal factors, delivery mode, and IAP are reportedly associated with
significant alterations in the overall microbiome community (Azad et al., 2016;
Dominguez-Bello et al., 2016; A. Nogacka et al., 2017; Shao et al., 2020; Stokholm
et al., 2016; Tapiainen et al., 2019). In this study, univariate analysis showed that
meconium microbiota composition was associated with delivery mode, pregnancy,
and IAP. However, multivariate analysis revealed that only the presence of furry
pets at home was associated with meconium microbiota composition. This finding
is in line with earlier studies that have reported the association of the gut
microbiome and exposure to furry pets in young infants (Azad et al., 2013; Nermes
et al., 2015). Interestingly, maternal exposure to farm animals during pregnancy is
reportedly associated with a decreased risk of atopic eczema in children (Roduit et
al., 2011). Thus, the microbial diversity hypothesis, which implies that a diverse
microbiome is essential to the development of normal immune responses and the
prevention of subsequent atopic and allergic diseases (Ege, 2017), could be
extended to the perinatal period.
Earlier studies have reported that the composition of the meconium microbiota
is associated with several maternal perinatal factors, such as gestational diabetes
(Wang et al., 2018), maternal obesity, gestation weight gain, and a high-fat diet
during pregnancy (Chu et al., 2016; Collado et al., 2010; Singh et al., 2020). The
microbiota of the infant is at least partly vertically transmitted from the mother
(Ferretti et al., 2018; Yassour et al., 2018), which could explain the observed
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associations. In this study, maternal antibiotic consumption during pregnancy
significantly increased the proportion of meconium samples that were not amplified
in the analysis. However, maternal fecal samples were not collected in this study,
and thus it was not revealed whether changes in the maternal microbiota during
pregnancy due to antibiotic courses and other factors could explain the association
between maternal perinatal factors and the infant gut microbiota.
6.3

The intestinal microbiota and health

To date, only few studies have investigated the role of the meconium microbiota in
children’s health. Gosalbes et al. reported that the composition of the meconium
microbiota is associated with respiratory problems in a study of 20 infants
(Gosalbes et al., 2013). In a study of 25 infants with asthma and 29 controls by
Durack et al., the meconium microbiotas of infants with a high risk for asthma were
enriched with Enterobacteriaceae and Bacteroidaceae and depleted of
Akkermansia, Faecalibacterium, and Rothia (Durack et al., 2018). Petersen et al.
studied the association between the meconium metabolome and allergic
sensitization in a prospective cohort study with 63 infants with atopy and 37 healthy
controls. The intestinal metabolome was less diverse in children with later atopy
(Petersen et al., 2021).
In this study of 212 consecutive newborns, the bacterial composition of firstpass meconium was associated with later infantile colic and obesity in the children.
Many of these findings are in accordance with earlier studies in which fecal samples
were collected during the first weeks and months of life, but not immediately after
birth (De Weerth, Fuentes, Puylaert, & De Vos, 2013; Scheepers et al., 2015; Vael,
Verhulst, Nelen, Goossens, & Desager, 2011).
Infantile colic
Infantile colic, characterized by prolonged crying for unknown reasons, affects 10–
25% of the infants. Symptoms of infantile colic peak at 5–6 weeks of age (Hyman
et al., 2006; Wolke, Bilgin, & Samara, 2017). Etiology of colic is suggested to be
multifactorial, including aberrant gut microbiota composition (Mai et al., 2018).
These reported changes include decreased Bifidobacterium and Lactobacillus in the
gut microbiota of infants with colic (De Weerth et al., 2013; Pärtty et al., 2012).
In this study, infants with subsequent infantile colic had a lower relative
abundance of the Lactobacillus genus and the Firmicutes phylum in their first-pass
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meconium microbiotas. Earlier, in a study on 12 infants with colic and 12 agematched controls, the abundance of Lactobacillus and Bifidobacterium in the
intestinal microbiome at two weeks of age was lower in infants with colic compared
to those without (De Weerth et al., 2013). Furthermore, supplementation with
Lactobacillus reuteri DSM 17937 has been reported to reduce crying time in
breastfed infants with colic (Sung et al., 2018). These findings suggest that an
unbalanced intestinal microbiota composition, in particular reduced lactobacilli,
may lead to infantile colic. Lactobacilli are reported to be important in the
development of local and systemic immune responses (Francesco Savino et al.,
2011; Vlasova et al., 2013). In addition, infantile colic is associated with increased
fecal calprotectin levels and low-grade systemic inflammation (Pärtty et al., 2017;
Rhoads et al., 2009). As the depletion of Lactobacillus was observed in first-pass
meconium, and since the composition of the meconium microbiota is affected by
maternal perinatal factors, the pathogenesis of infantile colic could already start
before birth.
Overweight and growth in length
In a recent report, 24% of 2–6 year old boys and 15% of girls were overweight or
obese in Finland (Jääskeläinen, Mäki, Mölläri, & Mäntymaa, 2020). In the present
study, the prevalence of overweight at three years of age was 19%.
In this study, meconium microbiota composition predicted the risk of being
overweight at three years of age, whereas intestinal microbiota at one year of age
was not associated with later overweight. Children with later overweight/obesity
had an increased abundance of Bacteroides, especially B. fragilis, in their intestinal
microbiota after birth. This finding is concordant with some earlier studies that have
reported an association between high levels of Bacteroides, especially B. fragilis,
and BMI (Ignacio et al., 2016; Korpela et al., 2017; Scheepers et al., 2015; Vael et
al., 2011). However, those studies did not compare intestinal microbiota of normalweight and overweight children, and BMI was observed as a linear variable. In a
study of 138 infants, increased B. fragilis and decreased Staphylococcus at three
weeks to one year of age were associated with higher BMI at one to three years of
age, but they did not discriminate between normal-weight and overweight children
(Vael et al., 2011). In a study of 162 infants, including 28 overweight children, the
relative abundance of Bacteroidetes in the gut microbiota at three months of age
was positively associated with the child’s BMI at five to six years of age but only
in children with minimal lifetime antibiotic exposure (Korpela et al., 2017). In a
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KOALA birth cohort study of 909 infants, intestinal colonization by B. fragilis at
one month of age in the conventional group was associated with a higher BMI zscore among children with low fiber intake (Scheepers et al., 2015). By contrast, in
animal studies, obese mice have been reported to show reduced abundance of
Bacteroidetes and higher abundance of Firmicutes in their gut microbiotas
compared to lean animals (Ley et al., 2005; Turnbaugh et al., 2006). Earlier
evidence from experimental studies with mice suggests that early-life microbiota
composition plays an important role in the metabolic programming of infants (Cho
et al., 2012; Cox et al., 2014). These findings suggest that a high abundance of
Bacteroidetes in the early gut microbiota may predispose children to later
overweight.
Kalliomäki et al. were the first to show an association between intestinal
microbiota composition and development of overweight in children in a seven-year
follow-up study of 25 overweight and obese children and 24 normal-weight
children who were selected from a birth cohort of 159 children. When comparing
the intestinal microbiota of these groups, it was observed that decreased
bifidobacteria and increased Staphylococcus aureus at six and 12 months of age
were associated with overweight at seven years of age (Kalliomäki et al., 2008). In
the present study, the relative abundance of Bifidobacterium and Staphylococcus
was not associated with later overweight. However, the present study only
evaluated the association of the intestinal microbiome at birth and one year of age
with later overweight, whereas the relative abundance of Bifidobacterium is
reported to increase after the first weeks of life (Dogra et al., 2015; Stewart et al.,
2018).
In the present study, a higher proportion of Staphylococcus in first-pass
meconium was associated with lower height at one and two years of age. As
Staphylococcus is among the first bacteria that colonize the infant gut (Salminen et
al., 2016), its low abundance could reflect a slower colonization process of the
infant gut. There are no earlier reports about the association between the
composition of intestinal microbiota and growth in length/height.
Diet is likely to affect both the composition of the intestinal microbiota and
overweight. Thus, in a cross-sectional setting, the causal role of the intestinal
microbiota in the development of overweight is hard to explain. In this study, the
diet had not yet started to affect the composition of the meconium microbiota.
However, the composition of the meconium microbiota may reflect maternal
prenatal factors, including maternal overweight, which could in turn be associated
with the risk of overweight in children. Pre-pregnancy BMI and mothers’ weight
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gain during pregnancy were not recorded in this cohort; therefore, the maternal
effect on early microbiota and children’s later weight gain was not evaluated.
Atopic and allergic disorders
The association between the gut microbiota and allergic disorders has previously
been investigated in several cohort studies (Bisgaard et al., 2011; Penders et al.,
2007; Stokholm et al., 2018; Vu et al., 2021). However, unlike this study, none of
these cohorts used the meconium microbiota for their analyses. The follow-up often
started during the first weeks and months of age but not immediately after birth.
This study showed that infants with a later cow’s milk allergy, wheezing, or
any atopic manifestation appeared to have a limited amount of bacterial DNA in
the first stool after birth. In addition, children with a cow’s milk allergy had a lower
abundance of Firmicutes in their first-pass meconium compared to children who
remained healthy. However, parents reported whether their children had been
diagnosed with a cow’s milk allergy by a physician and whether the children had
gastrointestinal or skin symptoms, but the diagnoses were not confirmed, which
was a limitation of this study. In an earlier observational study of 226 children with
a cow’s milk protein allergy reported that the children whose milk allergy was
resolved by eight years of age had Firmicutes enriched in their intestinal
microbiome at 3–16 months of age (Bunyavanich et al., 2016).
In the present study, the bacterial composition of intestinal microbiota after
birth was not associated with any other atopic and allergic disorders. Earlier birth
cohort studies have reported various associations between the composition of
intestinal microbiota and allergic disorders. However, in these studies, intestinal
microbiota composition was assessed at a later age, starting from one month of age.
A COPSAC birth cohort study followed 690 children from birth to childhood and
showed that an immature gut microbiome, increased Veillonella, and decreased
Faecalibacterium, Bifdobacterium, Roseburia, Ruminococcus, and Dialister at one
year of age were associated with an increased risk of asthma at five years of age in
children born to asthmatic mothers (Stokholm et al., 2018). Another report from
the COPSAC birth cohort, including 411 children with a high risk of allergic
diseases showed that lower diversity in the gut microbiome at one month and one
year of age were associated with later allergic sensitization (Bisgaard et al., 2011).
In a KOALA birth cohort study of 957 infants, the presence of Escherichia coli and
Clostridium difficile in the gut microbiota at one month of age were associated with
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atopic eczema at two years of age (Penders et al., 2007). These studies were
population-based cohort studies, as was the present study.
6.4

Strengths and limitations of the study

This study had many strengths. The main strength of the study was the excellent
study design. This study was a population-based cohort study. The study population
was unselected, and all the term infants were enrolled in the study, including
families from both urban and rural areas. Thus, these study results can be
generalized to all Finnish infants. The participation rate was high, as 70% of the
families decided to participate in the study. However, reasons for refusing were not
requested.
The study design was prospective, extending from first-pass meconium to
clinical follow-ups until four years of age. In addition, fecal samples at one year of
age were collected. In a prospective setting, the reverse causation problems of a
case-control study design are avoided. This study was one of the largest in terms of
population that assessed meconium microbiota. Before the study, the required study
size was estimated based on first clinical microbiome studies, which showed
differences in the microbiota between infants with colic and those who remained
healthy (De Weerth et al., 2013). Earlier studies that assessed meconium microbiota
composition were smaller in terms of study size (Hansen et al., 2015; He et al.,
2020; Yang et al., 2020) and focused on preterm infants (Chernikova et al., 2016;
Mshvildadze et al., 2010; Stewart et al., 2012).
One of the strengths of the study was that growth information was obtained
from child health clinics where the children’s growth was monitored at several
times throughout childhood by using standardized techniques according to the
protocol of the Finnish Institute for Health and Welfare. More than 99% of Finnish
infants attend these regular visits to child health clinics according to the statistics
of the National Institute for health and Welfare in Finland (National Institute for
Health and Welfare, 2013). Information about atopic and allergic diseases was
collected via a systematic web questionnaire based on the ISAAC questionnaire
(Asher et al., 1995). In addition, the families were asked if the child had been
diagnosed with a cow’s milk allergy, asthma, or atopic eczema by a physician. The
response rates to the follow-up questionnaires at one year and four years of age
were high. In addition, the growth data were available for most of the children.
Meconium is considered a low-biomass sample that is prone to contamination.
A strength of this study was that a quality control was performed, as bacterial DNA
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was extracted from empty sample tubes, diapers, and the DNA extraction buffer.
The diapers and sample tubes did not contain any bacterial DNA, but the DNA
extraction kit contained bacterial DNA belonging to the Rhodanobacter genus, and
this finding was controlled in the bioinformatics analysis.
There were also some limitations in the study. The method used for microbiota
analysis in this study, 16S rRNA amplicon sequencing, is in general a fast and
efficacious method to analyze the composition of intestinal microbiota and is also
suitable for large studies. 16S rRNA amplicon sequencing provides information on
the taxonomic structure of intestinal microbiota; however, a weakness of the
method is the lack of strain-level assessment and information on the functional
capacity of the microbiota. In addition, 16S rRNA sequencing is limited by
inaccurate species-level classification (Iyer, 2016). Changing the data-processing
pipeline from QIIME to QIIME2 would have improved the accuracy of the
microbiota analyses (Bolyen et al., 2019). Another weakness was that the method
did not differentiate the number of viable bacteria in the sample.
One limitation was that the determination of infantile colic was based on a
questionnaire, as it was not feasible for all 212 families to keep a crying journal.
As the first follow-up questionnaire was sent to the families when the children were
one year of age, and infantile colic typically peaks at 5–6 weeks of age (Wolke et
al., 2017), recall bias may have affected the results. The incidence of infantile colic
in this study was 12%, which is lower than in an earlier meta-analysis by Wolke et
al. (2017), potentially reflecting that only the most severe infantile colic cases were
recorded.
There are limitations regarding data obtained from parental questionnaires. For
instance, the questionnaire for allergic diseases was carried out when the children
were four years of age and almost half of children recover from cow’s milk allergies
before two years of age (Food Allergy (Children) Current Care Guidelines, 2019).
Thus, recall bias regarding the diagnosis may have affected the results. Another
limitation was that because of the unselected study population, the number of
children with specific diseases was not large enough to control for several
confounding factors, which was a limitation of this study.
Finally, the maternal microbiome was not analyzed in this study. To further
study the maternal impact on meconium microbiota and children’s later health, it
would be ideal to enroll pregnant mothers in a prospective cohort study, follow
them through pregnancy and birth, and collect fecal samples from both the mother
and infant.
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6.5

Future perspectives

To date, this is one of the first studies to investigate the role of the gut microbiota
composition of the first stool on later health. This work revealed that meconium
microbiota composition was affected by maternal perinatal factors and further
associated with subsequent infantile colic and overweight. The findings of this
work suggest that investigating the first stool after birth provides an interesting
insight on the role of early intestinal microbiota in health of children.
According to the present thesis, earlier reported associations between gut
colonization and chronic diseases already appear to be present at birth. These
findings emphasize the importance of investigating maternal, prenatal, and
perinatal factors when considering the role of the intestinal microbiome in the later
health of children. It should be noted, however, that the intestinal microbiome does
not solely cause or prevent chronic diseases and, rather, is part of a pathway
involving several genetic and environmental risk factors.
In the future, to investigate the establishment of the early intestinal microbiome
and its impact on future health, metagenomic studies of large cohorts are required.
Ideally, future cohort studies should start already during pregnancy and continue
throughout the fetal period up to childhood. In addition, recording maternal
prenatal factors and collecting maternal fecal samples would provide information
about the source of infant gut colonization. During pregnancy, maternal effects on
infant gut microbiome colonization could serve as a potential target for
interventions, such as modulating the maternal microbiome to influence the longterm health of newborn infants.
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7

Conclusions

The conclusions of the present thesis are as follows:
1.

2.

3.
4.
5.

Bacterial DNA was found in 91% of the meconium samples. The most
abundant genera in the meconium microbiota were Staphylococcus,
Bacteroides, Streptococcus, and Lactobacillus, respectively.
Biodiversity of the maternal living environment and maternal antibiotics
during pregnancy were associated with the composition of the first-pass
meconium microbiota.
The gut microbiota composition present in the first stool was associated with
infantile colic during the first year of life.
The composition of the microbiota in the first stool was associated with
children’ overweight or obesity and growth during the first three years of life.
Infants with a later cow’s milk allergy, wheezing, or any atopic manifestation
appeared to have a limited amount of bacterial DNA in the first stool after birth.
However, the bacterial composition of the first-pass meconium microbiota was
not associated with later wheezing or atopic eczema.
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