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Introduction 
Humans have on average 4x1013 bacteria harboring their body with niches varying from 
skin to gastrointestinal tract. The ratio of bacteria to human cells is estimated to be 
approximately 1:1 with the majority of the bacteria residing in the gastrointestinal tract 
(Sender et al., 2016). The gut microbiota is in a mutualistic relationship with the host, 
and it is essential for digestive processes such as fermentation of carbohydrates, 
participating in the development of the immune system, and providing resistance to 
pathogens. The composition of the gut microbiota is dynamic over time, and it develops 
during the first years of infant’s life, with colonization beginning immediately after birth 
and the development lasting approximately three years. 

Several factors influence the development of the gut microbiota. From these factors, 
mode of delivery, feeding regimen, antibiotic treatment and preterm birth have been 
studied most extensively. Nevertheless, many studies have found contradictory results, 
and thus the knowledge about the effect these factors have on the development  
of the gut microbiota is still inconclusive. Also, relatively little is known about the  
mother-to-infant transmission of microbes, which has been hypothesized to be a 
significant source of bacteria for infant’s microbial communities, especially in the case of 
vaginal birth. Studies that are focusing on vertical transmission of bacteria, especially 
using large-scale molecular methods, have only lately been carried out.  

A better understanding of the development of the gut microbiota is essential to fully 
comprehend the functions this community has in the host and the disorders that have 
been associated with disruptions of the development of the gut microbiota. Several of 
these disorders develop in infancy, such as necrotizing enterocolitis and neonatal sepsis, 
but have also been suggested to develop later in life, such as diabetes, obesity, and 
allergies.  

In current thesis, the establishment and development of infant gut microbiota were 
studied during the first months of life by analyzing the similarities between the microbial 
communities of full term infants and their mothers; and characterizing the development 
pattern of the gut microbiota in extremely preterm infants. The aim was to expand the 
knowledge about the effect that different maternal microbial communities and 
extremely preterm birth have on the development of the gut microbiota. 
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1 Literature overview 

1.1 Normal human microbiota in adults 
In humans, each body surface colonized with microbes harbors a distinct microbial 
community that differs in composition from other body habitats. For instance, adult oral 
and gut microbiota are very diverse communities whereas vaginal microbiota has low 
and skin microbiota intermediate microbial diversity (The Human Microbiome Project 
Consortium, 2012). In addition, specific dominant microbes are characteristic to each of 
these habitats – lactobacilli usually dominate the vaginal microbiota; members from 
genera Staphylococcus, Propionibacterium and Corynebacterium the skin and nasal 
microbiota; streptococci the oral microbiota; and variety of members from genus 
Bacteroides and phylum Firmicutes dominate the gut microbiota (The Human Microbiome 
Project Consortium, 2012). 

Generally, the microbial communities colonizing different body sites in adults are 
relatively stable over time but differ between individuals (The Human Microbiome Project 
Consortium, 2012, Lloyd-Price et al., 2017). Nevertheless, members from different taxa 
may follow different patterns of variation. For instance, the abundance of members from 
phylum Bacteroidetes, more specifically genus Bacteroides, tends to vary in the gut 
microbiota between individuals, while the abundance of members from phylum Firmicutes 
is more temporally dynamic within individuals (Lloyd-Price et al., 2017). Variation pattern 
may also differ between body habitats. Microbial community colonizing the saliva, while 
having high microbial diversity, is similar between different individuals but skin microbiota 
with intermediate microbial diversity differs significantly between individuals (The Human 
Microbiome Project Consortium, 2012, Lloyd-Price et al., 2017).  

Several factors may influence the variation of microbial communities colonizing 
different body habitats, but they are not well understood yet (The Human Microbiome 
Project Consortium, 2012) and may have a cumulative indistinguishable effect. One of 
the environmental factors that have been shown to have a strong correlation with the 
microbial community colonizing the vagina is vaginal pH. Higher vaginal pH is often 
associated with increased diversity and reduced levels of genus Lactobacillus in the 
vaginal environment (The Human Microbiome Project Consortium, 2012). Additionally, 
differing community composition of vaginal, nasal, skin, gastrointestinal and oral 
microbiota has been associated with person’s ethnicity, and shifts in skin microbiota with 
person’s age (The Human Microbiome Project Consortium, 2012).  

Besides different environmental factors, host’s genetics also plays a role in this variation 
as the inter-individual differences of communities (skin, nasal, oral and vaginal cavity, and 
the gut) have been shown to correlate with genetic variation of the host (Blekhman et al., 
2015). Host’s genetics has a taxon-specific effect on the gut microbiota with some 
members of the families Christensenellaceae, Bifidobacteriaceae, Ruminococcaceae and 
Lachnospiraceae having a strong heritability score (indicative of the proportion of variance 
in abundance attributable to genetic effects as opposed to common environment), while 
members from phylum Bacteroidetes are mostly environmentally determined (Goodrich  
et al., 2014, Goodrich et al., 2016). Members of highly heritable taxa have higher levels of 
stability than those belonging to environmentally determined taxa (Goodrich et al., 2016). 
However, the heritability of the microbes tends to be slightly lower than the heritability of 
other complex traits measured in the same population (e.g. systolic blood pressure, 
diseases of the digestive system etc.) (Goodrich et al., 2016). 
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1.2 Functions of the normal gut microbiota 
The gut microbiota has a mutualistic relationship with the host forming a symbiosis that 
is sometimes collectively called as a superorganism (Sleator, 2010). The stability of this 
symbiotic relationship is dependent on the competitive interactions between members 
of the microbial community (Coyte et al., 2015), and selective mechanisms of the host, 
such as the growth-promoting secretions produced by epithelial cells (Schluter & Foster, 
2012) and compartmentalizing species within gut communities (Coyte et al., 2015).  

Microbes colonizing the gastrointestinal tract are involved in the production of 
metabolites that have different biological functions in the host, such as modulating 
intestinal permeability, immune system and nutrient adsorption, and providing an 
energy source to epithelial cells (Li et al., 2008, Nicholson et al., 2012). Members of the 
gut microbiota also produce vitamins biotin (B8), cobalamin (B12), folate (B9), niacin 
(B3), pantothenate (B5), pyridoxine (B7), riboflavin (B2), and thiamin (B1) (Magnusdottir 
et al., 2015). A critical group of intestinal microbial products are short chain fatty acids, 
such as butyrate and propionate, that are the end-product of saccharolytic fermentation 
of non-digestible carbohydrates (Nicholson et al., 2012). Butyrate is suggested to be a 
considerable source of energy for colonic epithelial cells (Roediger, 1982), and harbor 
extensive immunomodulatory properties by alternating immune responses of intestinal 
macrophages and blocking the generation of dendritic cells via the inhibition of histone 
deacetylases (Singh et al., 2010, Chang et al., 2014). Butyrate has also been shown to 
promote the differentiation of regulatory T cells in the colon (Furusawa et al., 2013).  
All these mechanisms most likely contribute to the maintenance of tolerance to 
commensals in the gut.  

Both butyrate and propionate have been shown to affect glucose and energy 
homeostasis of the host by activating intestinal gluconeogenesis (the process of glucose 
synthesis from non-carbohydrates) (De Vadder et al., 2014). Butyrate activates 
gluconeogenesis in a direct manner through a cAMP-dependent mechanism and 
propionate through initiating a gut-brain neural circuit that induces the gluconeogenesis 
(De Vadder et al., 2014). Butyrate-producing bacteria are widely distributed within 
Clostridium cluster XIVa (such as Eubacterium rectale and Roseburia cecicola) (Barcenilla 
et al., 2000), but they also include Faecalibacterium prausnitzii, among others from 
Clostridium cluster IV (Louis et al., 2010, Louis & Flint, 2017). Propionate-producing 
bacteria belong to phylum Bacteroidetes and phylum Firmicutes, more specifically to 
subclass Negativicutes and Clostridium cluster XIVa (members of the family 
Lachnospiraceae, such as Coprococcus catus, Ruminococcus obeum and Roseburia 
inulinivorans) (Reichardt et al., 2014). 

In addition to immunomodulation, the gut microbiota modulates the intestinal 
permeability by affecting the mucus layer, which acts as a barrier between bacteria and 
intestinal epithelium. For instance, the permeability of the inner mucus layer is 
transmissible in germ-free mice when exposing them to fecal contents originating from 
conventional mice (Jakobsson et al., 2015). Some Bifidobacterium strains improve 
intestinal barrier functions by protecting the epithelial barrier against TNFα-induced 
injury and promoting the restoration of epithelial tight junction barrier (Hsieh et al., 
2015). Also, a recent study by Chelakkot et al., (2018) has suggested that the gut 
permeability may be regulated by Akkermansia municiphila through the secretion of 
extracellular vesicles that enhance the tight junction function (Chelakkot et al., 2018).  

The gut microbiota also affects the glycosylation and transcription of mucins, which are 
heavily glycosylated proteins and primary component of the mucus layer (Comelli et al., 
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2007, Arike et al., 2017). The concentration of glycosyltransferases is decreased in the 
intestinal epithelial cells and glycans tend to be shorter in the mucus layer of  
germ-free mice than in conventional mice (Arike et al., 2017). Also, mucin expression is 
up-regulated in germ-free mice indicating to a possibility that increased mucin synthesis 
acts as a defense mechanism to compensate for the lack of endogenous microbiota 
acting as a first-line defense against luminal aggression (Comelli et al., 2007). 

1.3 The development of the gut microbiota 
It has been common knowledge over the years that the development of the normal gut 
microbiota begins straight after birth with maternal vaginal and fecal microbiota being 
the critical source of colonizing microbes. After the initial colonization process, the infant 
gut microbiota changes throughout the first three years of life (Yatsunenko et al., 2012). 
These changes are accompanied with the decrease in inter-individual variation of the 
community composition (Jakobsson et al., 2014) as the gut microbiota is more diverse 
between infants than between adults (Palmer et al., 2007, Yatsunenko et al., 2012).  
The infant gut microbiota prevailingly harbors representatives from four phyla, 
Actinobacteria (mainly genus Bifidobacterium), Firmicutes (streptococci, staphylococci, 
clostridia etc.), Proteobacteria (family Enterobacteriaceae) and Bacteroidetes (genus 
Bacteroides) (Koenig et al., 2011, Turroni et al., 2012, Azad et al., 2013, Abrahamsson  
et al., 2014). Bifidobacteria dominate the infant gut microbiota throughout the first year 
of life (Yatsunenko et al., 2012, Turroni et al., 2012), but abundant members also include 
staphylococci and gammaproteobacteria (e.g., Enterobacteriaceae) (Palmer et al., 2007, 
Eggesbø et al., 2011). The latter are facultative anaerobes present in the gut microbiota 
at the very early age and they are hypothesized to play a role in the consumption of 
oxygen in the infant’s gut, thereby creating an anaerobic environment so that the 
members from obligately anaerobic taxa, such as bifidobacteria, can become the 
dominant representatives of the niche (Adlerberth & Wold, 2009). In line with this 
hypothesis, the levels of both staphylococci and gammaproteobacteria decrease 
substantially during the first months of life (Eggesbø et al., 2011, Abrahamsson et al., 2014).  

After the first year of life, the composition of infant gut microbiota gradually becomes 
more adult-like with the dominance of members from phylum Firmicutes, namely 
clostridia (Palmer et al., 2007) and the levels of bifidobacteria declining proportionally 
with the increasing age (Yatsunenko et al., 2012, Bergström et al., 2014, Yassour et al., 
2016). Nevertheless, members of different taxa follow distinct patterns of maturation. 
For instance, the levels of members from Clostridium cluster XIVa and Proteobacteria 
increase to adult-like levels already in 1–2 years old children, but members of some of 
the taxa, such as phylum Actinobacteria and class Bacilli (e.g. streptococci and 
lactobacilli), are stably more abundant in children as old as 5 years than in adults.  
Thus, the maturation of the gut microbiota may not be entirely over even at five years of 
age (Cheng et al., 2016). 

Another genus regularly detected in infant gut microbiota is Bacteroides. Members of 
this genus are only observed dominating in a subset of infants and can be identified at a 
very early age of a few days to months (Palmer et al., 2007, Yassour et al., 2016). 
Bacteroides is one of the most abundant genus colonizing adult gut microbiota, but the 
abundance also varies significantly between individuals (Arumugam et al., 2011).  
The reason for members of this genus to thrive in the early gut microbiota of some of the 
infants is unknown. The ecological interactions between members of different bacterial 
taxa (e.g. competition and commensalism among microbes), which influences the 
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abundance of members from phyla Proteobacteria (e.g. Enterobacteriaceae) and 
Firmicutes (e.g. clostridia), are most probably not having an effect on the levels of 
members from genus Bacteroides from phylum Bacteroidetes as shown by Trosvik et al., 
(2010). 

1.3.1 Factors influencing the development of the gut microbiota 

1.3.1.1 Mode of delivery 
It is hypothesized that the important source of initial colonizers of the infant gut 
microbiota is mothers’ vaginal and perineal microbiota and these colonizers are acquired 
during a vaginal birth (Adlerberth & Wold, 2009). Cesarean section (C-section) rates 
(percentage of surgical deliveries from the total number of live births) have been growing 
worldwide during the past few decades reaching 23% in Europe in recent years (Betrán 
et al., 2016). Thus, the development of the gut microbiota of a substantial number of 
infants may be affected by this type of delivery, during what the contact with the vaginal 
and perineal environment is lacking. In line with this hypothesis, several studies have 
observed differences in the composition of the gut microbiota between vaginally 
delivered and C-section infants. The gut microbiota of vaginally delivered infants has 
been shown to have a higher resemblance to their own mothers’ gut microbiota than to 
other mothers, which is not the case for the gut microbiota of C-section infants 
(Jakobsson et al., 2014, Bäckhed et al., 2015). The microbial diversity of the gut 
microbiota (Jakobsson et al., 2014, Bokulich et al., 2016) and variety of phylum 
Bacteroidetes (Jakobsson et al., 2014) are lower in C-section infants than in vaginally born 
infants. Studies have also observed the lower abundance of members of genus 
Bacteroides in the gut microbiota of C-section infants (Azad et al., 2013, Jakobsson et al., 
2014, Bäckhed et al., 2015, Yassour et al., 2016).  

Although many studies have observed differences between the composition of the gut 
microbiota of C-section and vaginally delivered infants, others have failed to see these 
differences. For instance, a large-scale study by Chu et al., (2017) which applied  
whole-genome shotgun sequencing, was unable to observe differences between these 
two groups (Chu et al., 2017). Some studies have also found lower levels of bifidobacteria 
in the gut microbiota of C-section infants (Penders et al., 2006, Biasucci et al., 2010, 
Bäckhed et al., 2015), while others have failed to confirm these results (Jakobsson et al., 
2014, Yassour et al., 2016).  In addition, Yassour et al., (2016) observed low levels of 
members from genus Bacteroides coupled with lower microbial diversity in the gut 
microbiota of subset of vaginally born infants indicating that low microbial diversity may 
be associated with lower levels of members from genus Bacteroides in the infant gut 
microbiota regardless of mode of delivery (Yassour et al., 2016). Thus, further studies 
using high-throughput methods and larger cohorts are needed to fully understand the 
possible effect different delivery modes have on the development of the gut microbiota. 

1.3.1.2 Feeding regimen 
Breast milk is the natural first food for infants that also protects them from disease while 
the infant’s immune system matures. The protection is provided through immunological 
factors present in the breast milk which include, among others, macrophages and 
lymphocytes, cytokines (mainly TGF-β family), chemokines, and antibodies (primarily 
secretory IgA (SIgA)) (Ballard & Morrow, 2013). In addition to immunological protection 
of infants, the components of the breast milk, such as SIgA, also affect the development 
of the infant gut microbiota. Animal studies have shown that the number of taxa which 
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members change in abundance from weaning to adulthood is considerably higher in 
offspring from mice, who do not receive passive SIgA with breast milk, than in offspring 
of mice who do, and this difference increases with age, which indicates that SIgA may 
affect the development of more homogeneous gut microbiota (Rogier et al., 2014).  
Also, breast milk is thought to be a source for prebiotics called human milk 
oligosaccharides (HMOs; a family of structurally diverse unconjugated glycans) that 
encourage the growth of certain strains of beneficial bacteria in infant gut microbiota. 
Bifidobacterium infantis and also two members from genus Bacteroides (Bacteroides 
fragilis and Bacteroides vulgatus) have been shown to be able to metabolize free glycans 
from breast milk, unlike other species inhabiting the gut microbiota (such as clostridia, 
eubacteria, enterococci and Escherichia coli, but also other species of genus 
Bifidobacterium) (Ward et al., 2007, Marcobal et al., 2010). Being able to metabolize free 
glycans from breast milk may give these species a competitive advantage in the gut 
microbiota of breastfed infants.  

Although breast milk has beneficial properties for infant’s health (including to the 
development of the gut microbiota as described above) and more than 80% of the infants 
receive breast milk at least to some extent in their early lives, less than half of these 
infants are exclusively breastfed (Victora et al., 2016). Thus, many newborns are only 
shortly exposed to the positive effects of breastfeeding. The duration of breastfeeding 
has been correlated with higher abundance of members from genus Bifidobacterium in 
the gut microbiota of breastfed infants (Yassour et al., 2016) with formula-fed infants 
having lower levels of bifidobacteria in their gut microbiota (Harmsen et al., 2000, Fallani 
et al., 2010, Bezirtzoglou et al., 2011). It has to be noted that this has only been observed 
when infants have been fed a with a formula that does not contain pre- or probiotic 
supplement (Harmsen et al., 2000, Fallani et al., 2010, Bezirtzoglou et al., 2011). When 
infants receive formula that does contains oligosaccharides and/or probiotics, the gut 
microbiota is not markedly different from breastfed infants (Rinne et al., 2005, Kaassens 
et al., 2009) and usually high levels of members from genus Bifidobacterium can be 
observed (Rinne et al., 2005, Penders et al., 2006). Nevertheless, the gut microbiota of 
breastfed infants is more stable over time than in formula-fed infants receiving a formula 
containing oligosaccharides and/or probiotics (Kaassens et al., 2009).  

Following the effect that breastfeeding has on the development of the gut microbiota, 
introduction to solid foods also impacts the development of the gut microbiota.  
Based on the World Health Organization recommendations, infants should be  
introduced to weaning when the need for energy and nutrients exceeds what can be 
provided through breastfeeding and/or formula, usually at around six months of age  
(Pan American Health Organization/ World Health Organization (PAHO/WHO), 2001). 
After the initiation of weaning, the composition of the gut microbiota starts to change 
rapidly and transitions to an “adult-like” community profile (Palmer et al., 2007,  
Koenig et al., 2011, Bäckhed et al., 2015), which is characterized by a significant decrease 
in the proportion of bifidobacteria and enterobacteria; and an increase in members of 
clostridia (Fallani et al., 2011). 

1.3.1.3 Antibiotic treatment 
Antibiotics are administered to infants to cure bacterial infections that occur either 
during a hospital stay or in an outpatient setting. In hospitals, antibiotics are often 
administered also as a prophylactic measure to avoid bacterial infections, such as early 
onset sepsis (EOS). Prophylactic treatment is initiated when there are risk factors present 
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for disease, such as mother’s colonization with Streptococcus agalactiae (B-group), 
membranes ruptured more than 18 h before delivery, mother’s fever and abnormal 
amniotic fluid (World Health Organization, 2013). Sepsis is the primary clinical indication 
for antibiotic treatment in a pediatric setting as for around 66% of antibiotic prescriptions 
made for neonates in hospitals are for treatment of sepsis or suspected sepsis (indicates 
to prophylactic treatment) (Porta et al., 2012). The incidence of sepsis is substantially 
higher among preterm than in full term infants (Schrag et al., 2016). Thus, the exposure 
to antibiotics in a hospital setting can be considered higher for these infants. Usually, 
ampicillin or penicillin and gentamicin are used both for prophylaxis and treatment,  
as these antibiotics are the recommended first-line medicines for these purposes in 
infants (World Health Organization, 2013). In the outpatient setting, around 40% of 
infants receive antibiotic treatment at least once during their first year of life for upper 
respiratory tract infections, otitis media acuta, gastroenteritis and vomiting (Stam et al., 
2012). 

In full term infants, antibiotic treatment during the first years of life has been 
associated with decreased microbial diversity (Fouhy et al., 2012, Bokulich et al., 2016, 
Yassour et al., 2016), delayed microbiota maturation (Bokulich et al., 2016) and lower 
stability of the gut microbiota (Yassour et al., 2016). Antibiotic treatment results in 
deficits in members from order Clostridiales, such as genus Ruminococcus (Bokulich  
et al., 2016), and genus Bifidobacterium (Tanaka et al., 2009, Fouhy et al., 2012), whereas 
there is an overgrowth of members from family Enterobacteriaceae (Tanaka et al., 2009, 
Fouhy et al., 2012) and Enterococcus (Tanaka et al., 2009). Among preterm infants, 
antibiotic usage has been linked to increased abundance of members from 
gammaproteobacteria (e.g. family Enterobacteriaceae) (LaRosa et al., 2014) and genus 
Enterococcus (Zwittink et al., 2018), and decreased abundance of members from class 
Clostridia (LaRosa et al., 2014) as well as genus Bifidobacterium (Zwittink et al., 2018).  
It has to be noted that preterm infants participating in these studies have had a relatively 
mature gestational age (>26 weeks) and thus, all these observations resemble the effect 
of antibiotic treatment observed in full term infants.  

Many infants, both full term and preterm, have also been exposed to intrapartum 
antimicrobial prophylactic treatment (IAP), which has been shown to affect the 
development of the gut microbiota. IAP (ampicillin or penicillin) is administered during 
labor to pregnant women, who are colonized with group B Streptococcus and have an 
elevated risk for the transmission of this microbe because this colonization is considered 
as a predictive factor for EOS in infants (World Health Organization, 2015). Approximately 
10–35% of pregnant women are colonized with this microbe and about 40–60% of group 
B Streptococcus carriage by mothers leads to the colonization of an infant. In 1 to 2% of 
the cases, the colonization leads to the disease (Di Renzo et al., 2014).  

The gastrointestinal tract of infants exposed to IAP has been shown to harbor lower 
levels of members from genus Bifidobacterium during the first week of life when 
compared to infants whose mothers have not received this treatment (Corvaglia et al., 
2016, Mazzola et al., 2016). IAP also seems to result in qualitative shift within the genus 
Bifidobacterium as the gut microbiota of infants exposed to IAP harbor  
B. pseudocatenulatum, B. pseudolongum, and B. longum with higher and B. breve,  
B. bifidum, and B. dentium with lower frequency than infants whose mothers have not 
received IAP (Aloisio et al., 2014). In preterm infants, however, the effect of IAP on the 
development of the gut microbiota can be observed later in life (at 30 days of age) than 
in full term infants (Arboleya et al., 2015). IAP may have a prolonged influence of the gut 
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microbiota in preterm infants as the initial effect can be overshadowed by several 
coinciding factors present especially during the first weeks of life in preterm infants (such 
as less mature gestational age, lower birth weight, neonatal intensive care unit stay and 
parenteral feeding). 

1.3.2 The effect of preterm birth on the development of infant gut microbiota 
Preterm birth is defined as a delivery before 37 completed weeks of gestation (March of 
Dimes et al., 2012). In developed countries, approximately 9% of infants born alive are 
born preterm (Blencowe et al., 2012). Extremely preterm birth is defined as the delivery 
before 28 (approx. 5% from all preterm births); very preterm birth as the delivery before 
28 – <32 (approx. 10% from all preterm births); and late preterm birth as the delivery 
before 32 – <37 completed weeks of gestation (approx. 85% from all preterm births) 
(March of Dimes et al., 2012). These infants (especially extremely low birth weight 
infants) are often staying in the neonatal intensive care unit (isolated from their parents 
and the environment) accompanied with parenteral feeding and antibiotic treatment to 
improve preterm birth outcomes as suggested by World Health Organization (March of 
Dimes et al., 2012). All these factors may affect the development of the gut microbiota.   

Early composition of the gut microbiota in preterm infants has been studied relatively 
extensively over the years (Table 1). One of the reasons for this is that the complications 
of preterm birth are one of the leading causes of neonatal death in Europe (Liu et al., 
2012) and some of the complications, such as necrotizing enterocolitis (NEC) and late 
onset sepsis (LOS), have been related to the development of the gut microbiota (Stewart 
et al., 2012). Although the exact mechanisms behind the correlation between NEC and 
LOS and the development of the gut microbiota in preterm infants is not yet clear, 
previous studies have observed different community structure of the gut microbiota in 
infants suffering NEC and LOS when compared to healthy infants (Stewart et al., 2012). 
Lower diversity and increased levels of members from genus Escherichia (family 
Enterobacteriaceae) have been observed to precede NEC (Wang et al., 2009, Mai et al., 
2011, Stewart et al., 2013). Differences in the composition of the gut microbiota can be 
observed as much as three weeks before the diagnosis (Morrow et al., 2013, Claud et al., 
2013). Additionally, a recent study analyzing the gut microbiota of pre- and full term 
infants using a large-scale deep shotgun metagenomic sequencing identified 
uropathogenic Escherichia coli as a possible NEC pathogen and a risk factor for death 
(Ward et al., 2016). In LOS patients, several studies have observed bacteria cultured from 
blood being also abundant in the gut microbiota (Soeorg et al., 2013, Stewart et al., 
2017b). 
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Table 1. A selection of studies published from 2011 to 2017 analyzing the composition of gut 
microbiota of preterm infants using molecular methods. 

Study Method No. of infants, 
BW (g) and GA1 

(w) 

Sample 
collection 

Key findings 

Jacquot 
et al., 
2011 

TTGE2 29 
760–1060 g 
27–29 w 

Between 3–56 
days or NICU7 
discharge (after 
every three 
days) 

Diversity increased with time, and 
it was lower in infants with GA1 < 
28. High prevalence of 
staphylococci during the first 3-4 
weeks. Low incidence of 
bifidobacteria. 

Moles 
et al., 
2013 

Culture 
RAPD3 
DGGE4 
HITChip5 

14 
600–2190 g 
24–32 w 

Weekly, 
starting from 
birth until 
NICU7 discharge  

Initial dominance of staphylococci 
replaced by enterococci and 
Enterobacteriaceae. 
Bifidobacterium and Bacteroides 
were detected at low frequency. 

LaTuga 
et al., 
2011 

16S seq. 
(V6–8) 
Shotgun 
seq. 

11 
490–980 g 
24–27 w 

One or several 
samples 
collected during 
the first month 

Enterobacteriaceae, Pseudomonas, 
Staphylococcus, and Enterococcus 
were the most abundant taxa. Lack 
of lactobacilli and bifidobacteria, 
despite breastfeeding. 

Madan 
et al., 
2012 

16S seq. 
(V6) 

6 
870–1080 g 
24–27 w 

Weekly, 
starting from 
birth until 
discharge 

Infants who developed sepsis had 
higher abundance of 
Staphylococcus and lowered 
microbial diversity. 

Barrett 
et al., 
2013 

16S seq. 
(V4) 

10 
25–33 w 

On 2nd and 4th 
week 

Enterobacteriaceae dominated in 
most of the infants.  
Low abundance of Bifidobacterium 
and Lactobacillus.  

LaRosa 
et al., 
2014 

16S seq. 
(V3–5) 

58 
Median (IQR):  
960 g (800, 1220)  
27.1 w (25.6, 25.3) 

All stool 
samples from 
birth until 
NICU7 discharge 

The pace of the colonization 
process was associated with GA1, 
being the slowest for infants born 
most prematurely. Bacilli and 
gammaproteobacteria (e.g. 
Enterobacteriaceae) dominated 
with bacilli (e.g. staphylococci) 
being observed in the earliest 
samples.  

Gibson 
et al., 
2016 

Shotgun 
seq. 
16S seq. 
(V4) 

84 
Median (IQR):  
865 g (718, 1141)   
27 w (25, 29) 

Longitudinally, 
during the 
hospitalization 

Klebsiella, Escherichia, and 
Enterobacter gradually replace 
Enterococcus and Staphylococcus. 

Arboley
a et al., 
2017 

qPCR 
SCFA 
analysis6 

63 
1085–1580 g 
28–33 w 

On 2nd, 10th and 
30th day after 
birth 

The levels of Staphylococcus and 
Enterococcus were negatively 
associated with weight gain. 

1 GA – gestational age 
2 TTGE – temperature gradient gel electrophoresis 
3 RAPD – random amplification of polymorphic DNA 
4 DGGE – denaturing gradient gel electrophoresis 
5 HITChip – human intestinal tract chip 
6 SCFA analysis – short fatty acid analysis 
7 NICU – neonatal intensive care unit 
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1.4 The composition of mothers’ vaginal microbiota and pregnancy 
outcomes 
The normal vaginal microbiota of majority of women is dominated by one or more 
species of Lactobacillus, although substantial number of women (approximately 27%) 
harbor heterogeneous vaginal microbiota that is characterized by higher diversity and 
high levels of anaerobic bacteria, such as members from genera Prevotella, Dialister, 
Atopobium, and Gardnerella (Ravel et al., 2011). Most women harbor a single prevailing 
vaginal community type, and the fluctuations between these community types tend to 
be transient (Gajer et al., 2012). The stability of vaginal microbiota is dependent on the 
composition, as the community types dominated by lactobacilli (in particular L. crispatus 
and L. gasseri) tend to be more stable over time when compared to the heterogeneous 
community (Gajer et al., 2012). The exception is a community type dominated by L. iners, 
which is also more stochastic than other community types dominated by lactobacilli 
(Gajer et al., 2012). Detection of Lactobacillus-poor heterogeneous vaginal microbiota 
(characterized by the presence of microbes such as Gardnerella vaginalis and  
Atopobium vaginae) has previously been related to vaginal microbiota that is considered 
to be shifted towards a diseased state, more specifically towards bacterial vaginosis  
(Donders, 2007, Zozaya-Hinchliffe et al., 2010). However, studies have also shown that,  
for instance, Gardnerella vaginalis could be detected in approximately 50% of the vaginal 
microbial communities belonging to healthy women (Mikamo et al., 2000, Fredricks  
et al., 2005) and that Atopobium vaginae is also prevalent in healthy vaginal environment 
(Ravel et al., 2011).    

During pregnancy, heterogeneous vaginal microbial community type is rarely 
observed among pregnant women when compared to non-pregnant counterparts 
(Romero et al., 2014a, MacIntyre et al., 2015). The results of previous studies using 
microscopic assessment of the vaginal microbiota (e.g. Gram-stain evaluation) have 
shown that during pregnancy, heterogeneous vaginal microbiota, either accompanied 
with symptoms of bacterial vaginosis (such as excess amount of white, grey, or green 
malodorous discharge) or without, is associated with higher risk of preterm delivery 
(Leitich & Kiss, 2007, Donders et al., 2009). However, the results of recent studies analyzing 
the relationship between specific vaginal microbial composition and preterm delivery by 
using molecular methods for community profiling have so far been inconclusive. Some 
studies have shown that either persistent presence of Lactobacillus-poor heterogeneous 
vaginal microbiota, higher prevalence of Lactobacillus iners, or higher microbial richness 
and diversity can be associated with preterm birth (Petricevic et al., 2014, DiGiulio et al., 
2015, Freitas et al., 2018). Others have not observed differences with normal 
pregnancies (Romero et al., 2014b, MacIntyre et al., 2015, Avershina et al., 2017). 
Moreover, heterogeneous vaginal microbial community type is overrepresented among 
women onset of labor (Avershina et al., 2017) and also postpartum (MacIntyre et al., 
2015, DiGiulio et al., 2015) regardless of pregnancy outcome. Thus, although bacterial 
vaginosis and high bacterial diversity (especially during the first trimester) are considered 
as a risk factor for preterm birth (Leitich et al., 2003, Haque et al., 2017), further studies 
are needed to confirm the association between specific vaginal microbial community 
composition and higher risk for preterm delivery. 
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1.5 Vertical transmission of microbes from the mother’s normal 
microbiota of different body sites to the infant’s gut microbiota 
Microbial communities of the mother are considered to be an important source of 
bacteria during the development of infant gut microbiota. Individual mother-infant pairs 
have been shown to share bacterial strains with a 22-fold higher rate than sharing strains 
with other, unrelated mothers. This applies to maternal communities colonizing the 
intestine, oral cavity, skin, vagina, and breast milk (Ferretti et al., 2018). All these 
maternal communities contribute to the development of infant gut microbiota, but when 
comparing the number of shared operational taxonomic units (OTU) or strains, mothers’ 
gut microbiota is by far the largest donor (Bokulich et al., 2016, Ferretti et al., 2018) and 
the least important route of transmission appears to be mothers’ oral cavity (Ferretti  
et al., 2018). Strains transmitted from mother’s gut to infant gut microbiota belong to 
Escherichia coli, and members from classes Actinobacteria (e.g. bifidobacteria), and 
Bacteroidia (e.g. Bacteroides) (Bäckhed et al., 2015, Ferretti et al., 2018, Korpela et al., 
2018b). Transmitted strains tend to have a better fitness in infant gut microbiota when 
compared to strains not transmitted from the mother (Bäckhed et al., 2015, Ferretti  
et al., 2018, Korpela et al., 2018b). 

Mother-to-infant vertical transmission of microbes is dependent on the mode of 
delivery. Immediately after birth, vaginally born infants acquire bacterial communities in 
their gut microbiota that resemble their mothers’ vaginal microbiota whereas,  
in C-section infants, the gut microbiota is enriched in skin microbiota (Dominguez-Bello 
et al., 2010). Moreover, if C-section infants are exposed to maternal vaginal fluids at 
birth, their gut microbiota will become enriched in vaginal bacteria during the first  
30 days of life (Dominguez-Bello et al., 2016). Also, 72% of the early colonizers of the 
vaginally born infants’ gut microbiota have been shown to match species found in the 
stool of his or her mother, whereas in C-section infants this proportion is only 41% 
(Bäckhed et al., 2015).  

Breast milk has also been shown to be a possible source of commensal bacteria for 
the infant gut (Fernandez et al., 2013). Breast milk harbors bacteria that belong to genera 
Staphylococcus, Streptococcus, Propionibacterium (Hunt et al., 2011, Jost et al., 2014, 
Urbaniak et al., 2016), and also Bifidobacterium (Gueimonde et al., 2007, Jost et al., 
2014). Although the origin of bacteria, especially bifidobacteria in the breast milk is still 
unknown, breastfeeding may play a role in mother-to-infant transfer of members of this 
genus. A study by Makino et al., (2011) has shown that although the main reservoir for 
Bifidobacterium longum subsp. longum is mothers’ gut microbiota, two strains of this 
bacterium were shared between infants’ gut and breast milk microbiota while they were 
not observed in mothers’ gut microbiota. Ferretti et al., (2018) also observed 
Bifidobacterium longum and Bifidobacterium bifidum strains in breast milk and 
corresponding infant gut microbiota. 
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2 The aim of the thesis 
This thesis aims to study the composition of vaginal microbiota in reproductive-age 
women and to analyze the development of infant gut microbiota by identifying the 
similarities between the microbial communities of full term infants and their mothers 
taking into account different maternal microbial communities and characterizing the 
development pattern of the gut microbiota in extremely preterm infants. More precisely, 
the thesis has the following objectives: 

• to describe the variation of vaginal micro- and mycobiome in women of 
reproductive age to expand the knowledge of the maternal microbial 
community with what a newborn infant has a direct contact during vaginal 
delivery; 

• to determine the effect of preterm birth in combination with extremely low 
birth weight on the development of the gut microbiota and how this 
developmental process differs from full term infants; 

• to determine the influence of different maternal microbial communities – 
intestinal, vaginal, oral, breast milk, and mammary areola – on the development 
of infant’s gut and also oral microbiota in full term infants by analyzing the 
similarities between these communities. 
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3 Materials and methods 

3.1 Study cohort and sampling 
The study cohort in a publication I consisted of 494 healthy pre-menopausal women,  
in publication II of 50 preterm infants with extremely low birth weight (ELBW), and 
publication III of 7 mothers with their full term infants (including two pairs of twins) 
(Table 2). 

Table 2. The number of participants, samples and time points analyzed in the publications of this 
thesis. “Pub” indicates to publication number. 

Subjects (no.) Samples No. of 
samples Collection time points Pub 

Healthy women 
(n=494) Vaginal brush 494 Single time point, collected during the 

routine gynecologist visit I 

Preterm infants 
(n=50) Stool 118 

Three time points: 
* 4-8 days after delivery 
* 1 month after delivery 
* 2 months after delivery 

II 

Mothers 
(n=7) 

Vaginal swab 21 Three time points: 
* Before delivery 
* 6-8 weeks after delivery 
* 6 months after delivery 

III 

Rectum swab 21 
Mouthwash 21 
Breast milk 18 

Three time points: 
* 48-72 h after delivery 
* 6-8 weeks after delivery 
*6 months after delivery 

Mammary 
areola swab 18 

Full term infants 
(n=9) 

Stool 27 
Oral swab 27 

 
In the publication Ι, healthy pre-menopausal Caucasian women aged 15–44 years were 
recruited to the study during a routine gynecological check-up visit from June to October 
2010. Exclusion criteria included pregnancy, menstruation, or any signs or symptoms of 
urogenital disorders. The presence of urogenital infections was excluded by inspection 
and in speculo examination before a sample was taken from the vaginal fornix and cervix. 
Amsel criteria or Gram staining were not explicitly applied for the exclusion of bacterial 
vaginosis. However, the vaginal pH was measured during sampling. Participants were 
asked to complete a questionnaire on their medical history (such as incidence of sexually 
transmitted infections, vulvovaginal candidiasis and bacterial vaginosis, medication 
usage (incl. antibiotics and contraceptives) and regularity of menstrual cycle) and lifestyle 
habits, which specifically addressed their sexual behavior and feminine hygiene.  
The opinion of a gynecologist regarding the physical appearance of the vaginal 
environment (e.g. redness, characterization of vaginal discharge etc.) was included with 
the questionnaire. 

In the publication ΙΙ, infants with extremely low birth weight <1200 g were recruited 
from August 2006 to November 2007. The average gestational age of the participating 
infants was 26.64 weeks, and 22 out of 50 participating infants were born via caesarian 
section. The study was conducted in the neonatal intensive care units (NICUs), where 
infants stayed on average for 25.7 days. The patients were all receiving antibiotic 
treatment with ampicillin (n=25) or penicillin (n=25) combined with gentamycin and  
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37 receiving broad-spectrum antibiotic treatment (beta-lactam antibiotics with 
inhibitors, cephalosporins and carbapenems). Twelve infants received total parenteral 
feeding during the first week of life. Seventeen infants were breastfed while 21 were fed 
with formula. Twenty-four infants suffered from sepsis (infection was caused by 
Staphylococcus epidermidis in eight, Klebsiella pneumoniae and Staphylococcus 
haemolyticus each in four, methicillin-resistant Staphylococcus aureus and Enterococcus 
each in two, and Enterobacter, Acinetobacter, Streptococcus agalactiae and Serratia 
each in one case) and seven from necrotizing enterocolitis (NEC). Twelve mothers of the 
preterm infants received antenatal antibiotics, and 23 received intrapartum antibiotic 
prophylaxis (IAP). Eighteen mothers were suffering from chorioamnionitis and 12 had 
premature rupture of membranes more than 18 h prior delivery. The diagnosis of 
chorioamnionitis was confirmed based on clinical criteria: fever and/or high C reactive 
protein levels, odorous amniotic fluid, and placental inflammation. 

In publication III, pregnant women were enrolled during the first period of 
spontaneous onset of labor or up to 24 h before elective cesarean section with intact 
amniotic membranes between May 2012 and September 2013. All the recruited women 
had uncomplicated term pregnancies, they did not have any infectious diseases that 
required antibiotic treatment, and they had no history of diabetes or hypertensive 
disorders during the second half of pregnancy. The mean age of the women was  
33.1± 4.5 years. Five women out of seven gave birth via cesarean section and received 
prophylactic cefuroxime treatment before the incision in the skin. None of the women 
received IAP. All infants were full term (average gestational age, 38.9 weeks) and had 
normal birth weights (average weight, 3379.3 g). To determine the diagnosis for bacterial 
vaginosis, bacterioscopic smears were made from separate vaginal swab samples.  
The samples were Gram stained and scored according to the Nugent method:  
0–3 (normal), 4–6 (intermediate), and 7–10 (bacterial vaginosis). 

3.2 Methods used for bacterial community profiling 
Briefly, the experimental side of bacterial community profiling was carried out by 
extracting the DNA from the samples, amplifying approximately 300 bp of the 16S rRNA 
gene, purifying the amplicons from PCR reagents and sequencing the amplicons  
(Table 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 



24 

Table 3. Methods used in the publications of this thesis. “Pub” indicates to publication number. 

Pub DNA extraction 16S rRNA 
region 

PCR amplicon purification Sequencing 
method 

I BioSprint 96 DNA 
Blood Kit1 V1-V22 

Pooling and extracting of 
amplicons from 1.5% agarose 
gel with QIAquick Gel 
Extraction kit (Qiagen) 

Pyrosequencing 
(454 Life 
Sciences) 

II QiaAmp Stool DNA 
Mini Kit V1-V4 Agencourt AMPure XP  

(Beckman Coulter) 

Pyrosequencing 
(454 Life 
Sciences) 

III MoBio PowerFecal 
DNA Isolation Kit4 V1-V2 Agencourt AMPure XP Illumina MiSeq 

system 
1 BioSprint 96 DNA Blood Kit protocol preceded an initial homogenization step using ceramic 
beads and TissueLyser II (Qiagen). 
2 Two sequential PCR reactions were carried out to extend the primers to full length. The primers, 
consisting of 454-specific sequencing adapters, amplicon-specific primer sequences and the eight 
bp unique barcode tags, were bisected to avoid the extensive length and high melting 
temperatures, which could have led to inhibition of PCR reaction. This study design was changed 
in later projects (Publications II and III) as two sequential PCR reactions as well as the 50-fold 
dilution of amplicons carried out between the reactions increases the risk of contamination and 
significant inhibition of PCR reactions was not observed. 
3 The MoBio PowerFecal DNA Isolation Kit’s (Mo Bio) protocol was modified for the swab, 
mouthwash and breast milk samples by adding steps for extraction of bacteria.  
 
Data obtained from the sequencing experiments (except for the experiments described 
in the next section) were analyzed using MOTHUR software. In all three projects, 
operational taxonomic units (OTUs) were generated with a 97% identity threshold 
defined by the average neighbor hierarchical clustering algorithm and taxonomic 
assignments were performed against the SILVA bacterial database using the Naive 
Bayesian classifier. The parameters and MOTHUR algorithms used in the data analysis 
are specified in Table 4. 

Table 4. Data analysis carried out in the in the publications of this thesis. “Pub” indicates to 
publication number, “NB cutoff” indicates to Naïve Bayesian classifier confidence cutoff value. 

Pub Trimming and 
denoising 

Removal of 
chimeric 
sequences 

NB 
cutoff Additional denoising 

I quality score > 25  
length > 170 bp 

UChime 

75% 
OTUs with < 5 sequences and present in 
only 1 sample with a rel. abundance of 
≤1% were removed 

II PyroNoise  
length > 150 bp 

90% 
OTUs with < 5 sequences were removed 

III quality score > 25  
length > 225 bp 

OTUs with < 2 sequences and/or present 
in < 2 samples were removed 

 
Additional taxonomic assignments were carried out using the BLASTN against the NCBI 
nt database in a publication I and NCBI 16S ribosomal RNA gene sequences database in 
publication III. 
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3.3 Additional methods 
In the publication Ι, the fungal component of the vaginal microbiota was assessed in 251 
participating women. The analysis was based on sequencing and data analysis of the 
internal transcribed spacer-1 (ITS-1) region of the eukaryotic ribosomal DNA. The fungal 
sequences were first clustered with cd-hit-est software with 97% cluster identity.  
cd-hit-est results were compared against the UNITE fungal database using a BLAST search 
with 97% identity and an e-value below 10-20. 

As the primer 27F, which was used to amplify the 16S rRNA gene sequences in 
publications II and III, contains two mismatches against the bifidobacterial 16S rRNA gene 
sequences (Frank et al., 2008), real-time PCR experiments were carried out in both 
projects to quantify members from genus Bifidobacterium.  

In publication III, denaturing gradient gel electrophoresis (DGGE) and sequencing 
analysis with LI-COR DNA Sequencer 4000L (Licor) were carried out to analyze the species 
composition of genus Bifidobacterium colonizing different body sites of the mothers and 
their infants. 

3.4 Statistical analysis 
Statistical analysis was performed with the R software using the following statistical 
methods: 
• The sequence counts were normalized in all of the projects using a package 

“clusterSim”. 
• To describe the general bacterial diversity, a Shannon diversity index was calculated 

using package “vegan”. The calculation was based on natural logarithm.  
• To analyze the similarity between the samples, Cosine similarity index and Jaccard 

distance values were calculated using packages “lsa” and “vegan”, respectively, or a 
clustering analysis was carried out building a similarity tree based on a hierarchical 
Yue-Clayton theta value using a command “tree.shared” in the MOTHUR software. 

• A linear regression analysis was used to analyze the correlation between a scalar 
dependent variable (such as relative abundance values of the OTUs) and the 
predictor variables. Mixed effect modeling was also used to analyze this type of 
correlation using package “lme4”. 

• A logistic regression analysis was used to analyze the correlation between a binary 
dependent variable (such as the prevalence values of OTUs) and the predictor 
variables. 

• Categorical values were compared with the Fisher exact test. 
• Continuous variables were compared with the Welch Two-sample T-test or the 

Wilcoxon rank-sum test.  
All analyses were performed with the Holm-Bonferroni correction (using the package 

“multcomp”), and the overall level of a significant difference was set at 5% in all of the 
projects. 
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4 Results and discussion 

4.1 The variation of vaginal microbiota of women of reproductive age 
(Publication I and III, unpublished data) 
In our study described in detail in Publication I, we aimed to profile the composition of 
normal vaginal microbiota in 494 asymptomatic reproductive-age (15–44 y) women in a 
single time point analysis using 16S rRNA gene sequencing. Only samples with higher 
than 400 trimmed sequences were included to further analysis with a total of 432 
samples being analyzed further.  

4.1.1 The variation of vaginal bacterial community 
Overall, 99% of the women were colonized with lactobacilli, and the mean relative 
abundance of this genus was approximately 0.7, which is consistent with the general 
knowledge that normal vaginal microbiota is dominated by lactobacilli. Nevertheless, 
members of genera suggestive of a bacterial vaginosis-like microbiota (such as members 
from genera Gardnerella and Atopobium) were also relatively abundant. Although there 
was an inter-individual variability of vaginal bacterial communities observed in our study, 
altogether 307 analyzed vaginal samples (71.1%) clustered into five major groups based 
on the similarities in relative abundance values of the OTUs (Figure 1).  

 
Figure 1. Two-dimensional (2D) plot is describing the principal component analysis (PCA) of OTU 
composition among analyzed samples. The plot represents a 2D projection of a multidimensional 
analysis where the relative abundance of each specific OTU defines a dimension. The plot 
visualizes the clustering and variability of studied vaginal bacterial communities. The variance 
described by the respective PCA components (Axis-1 and Axis-2) is written in brackets.  
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Each group harbored more than 15 samples. The remaining samples (n = 125; 28.9%)  
did not cluster in any of the five groups and were characterized by non-related 
heterogeneous bacterial communities (hereafter the non-classifiable heterogeneous  
0-group). OTUs belonging to members of lactobacilli dominated four out of five groups. 
In group IV, the predominant bacterium was a member of the genus Gardnerella (Table 5). 

Table 5. Mean (±SD) values of selected parameters of the vaginal environment within bacterial 
community groups. Dominating OTUs are listed as top 3 with the mean relative abundance at 
least 3%. Linear regression models were used to test the differences between the groups (I-V) and 
0-group: *** P<0.001; **P=0.01-0.001; * P=0.01-0.05. 

Community 
groups 

Group 
size 

Vaginal 
pH 

Shannon 
diversity 

index 

Dominating OTUs in the bacterial 
community (relative abundance/ 

prevalence) 

I 145 4.58 
(±0.9)*** 0.8 (±0.6)*** 

Lactobacillus iners_1 (79.1% / 100%) 
Gardnerella_ 1 (3.4% / 52.4%) 
Lactobacillus crispatus_1 (3.0% / 59.3%) 

II 21 4.54 
(±0.6)* 1.4 (±0.5)** 

Lactobacillus iners_1 (47.7% / 100%) 
Lactobacillus crispatus_1 (34.4% / 100%) 
Lactobacillus jensenii (4.0% / 81.0%) 

III 108 4.19 
(±0.5)*** 0.7 (±0.4)*** Lactobacillus crispatus_1 (83.7% / 100%) 

Lactobacillus iners_1 (5.6% / 80.6%) 

IV 17 4.88 
(±0.6) 1.1 (±0.4)*** 

Gardnerella_1 (68.5% / 100%) 
Lactobacillus jensenii (6.7%/ 35.3%) 
Lactobacillus gasseri (5.7%/ 47.1%) 

V 16 4.64 
(±0.7) 1.4 (±0.4)* 

Lactobacillus crispatus_1 (43.1% / 100%) 
Gardnerella_1 (35.1%/ 100%) 
Lactobacillus iners_1 (3.2% / 56.3%) 

0 125 5.02 
(±0.9) 1.8 (±0.6)  

In the 0-group, none of the OTUs had relative abundance over 0.2, but the prevalence of 
the following OTUs was relatively high in this group: Atopobium vaginae (52.4%), 
Sneathia sanguinegens (30.1%), and members of genera Gardnerella (74.1%), Prevotella 
(69.2%), Ureaplasma (33.6%), and Clostridium (16.8%).  

Others have described similar clusters of vaginal community types (Zhou et al., 2007, 
Zhou et al., 2010, Ravel et al., 2011). Typically, there are 5–8 vaginal community types 
that are differing based on their composition and also by dominating taxa. L. crispatus 
and L. iners are the most dominant species among women being dominant or one of the 
dominating species in at least one of the community types. (Table 5, Zhou et al., 2007, 
Zhou et al., 2010, Ravel et al., 2011). Also, approximately 27–29% of women harbor 
heterogeneous vaginal microbiota that is characterized by low levels of lactobacilli  
(Table 5, Ravel et al., 2011). Since the studies above (including ours), many newer studies 
often analyze the effect of differing vaginal microbiota, for instance to pregnancy 
outcomes, focusing on those community types (e.g. Romero et al., 2014a, Avershina  
et al., 2017, Freitas et al., 2018). 

Linear regression analysis showed that the Shannon diversity index increased with an 
increase in vaginal pH (p = 0.003) and with the presence of malodorous vaginal discharge 
(p < 0.001). Highest diversity and generally high vaginal pH were observed in women with 
heterogeneous vaginal microbiota (Table 5), which may be an indication that this 
community state can still imply to subclinical or upcoming disease as high pH values and 
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malodorous discharge are both symptoms of bacterial vaginosis (Amsel et al., 1983). 
Moreover, studies such as by Srinivasan et al., (2012) have shown that patients with 
bacterial vaginosis have higher bacterial diversity and richness than individuals without. 
Unfortunately, we did not determine the diagnosis for bacterial vaginosis based on 
Nugent nor Amsel criteria among women participating in our study. Thus, it is not known 
how many women would have been diagnosed with bacterial vaginosis based on widely 
used diagnostic criteria.  

Nevertheless, heterogeneous vaginal microbiota itself cannot be considered as an 
indication for unhealthy vaginal microbiota as this type of community profile is relatively 
prevalent among women who do not have symptoms of bacterial vaginosis.  

Moreover, studies have shown that during labor the bacteria associated with 
heterogeneous community type are significantly overrepresented when compared to 
36th gestation week (Avershina et al., 2017).  Heterogeneous vaginal community type is 
also overrepresented among women during the postpartum period (MacIntyre et al., 
2015, DiGiulio et al., 2015), which we also observed in our study in publication III, where 
only two out of seven women had high levels of lactobacilli colonizing vaginal microbiota 
onset of labor (Figure 2). In the postpartum period, vaginal microbial communities with 
high levels of lactobacilli were more common among these women than the onset of 
labor (Figure 2), but the results of Nugent scoring indicated that only two mothers had 
normal Nugent scores and two women (IDs 104 and 105) were diagnosed with bacterial 
vaginosis during that time. In turn, during the onset of labor, four out of seven women 
had normal Nugent scores, and none of the women had a score higher than 7 (indicative 
of bacterial vaginosis).  

Although the sample size is too small to make definite conclusions, the vaginal 
community profile and Nugent scores together support the results of the 
aforementioned previous studies. These studies have hypothesized that the disruption 
of vaginal microbiota during pregnancy and postpartum period may be related to prenatal 
hormonal changes as the declining estrogen levels may reduce the estrogen-driven 
Lactobacillus spp. dominance (MacIntyre et al., 2015, Avershina et al., 2017).  

 

 
Figure 2. The composition of vaginal microbiota of women onset of labor and during the 
postpartum period analyzed in the study described in publication III. Each column under 
specific ID represents each time point: before delivery, 6-8 weeks and six months after 
delivery. * indicates to ID’s that tended to have higher bacterial diversity (on average 
[SD] 2.3 [1.5]) than other women (on average [SD] 0.64 [0.56]) especially at time points 
where lactobacilli were scarce in their vaginal microbiota although the difference was 
not statistically significant. 
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4.1.2 The variation of vaginal fungal community 
In addition to bacterial communities, we also analyzed fungal communities in 216 
samples. The most prevalent and abundant fungal genus in analyzed samples was 
Candida. OTUs belonging to this genus were detected in 69.9% of samples and the mean 
relative abundance was 0.37. The prevalence is considerably higher than the prevalence 
of 20% found in asymptomatic healthy women in earlier studies (Sobel, 2000). The most 
prevalent and abundant OTU from genus Candida was C. albicans as 82% of the fungal 
OTUs identified as Candida spp. belonged to C. albicans Linear regression analysis 
incorporating different factors of medical history and lifestyle habits did not reveal any 
correlation between these factors and the relative abundance of Candida spp. Also, the 
relative abundance values of lactobacilli and Gardnerella were not correlated with the 
prevalence of C. albicans.  

Our results indicate that colonization with C. albicans is widespread among healthy 
women indicating that the colonization with this species may not always lead to 
pathology. Nevertheless, asymptomatic colonization during pregnancy, especially the 
second trimester of pregnancy, has been associated with a higher risk of preterm birth 
(Farr et al., 2015, Holzer et al., 2017). The study by Roberts et al., (2015) has observed a 
significant reduction in spontaneous preterm births in clotrimazole treated women when 
compared to untreated women. 

4.2 The effect of preterm birth in combination with extremely low birth 
weight on the development of the gut microbiota (Publication II and III) 
To analyze the effect of preterm birth on the development of the gut microbiota, we 
profiled gut microbial communities of 50 preterm infants with extremely low birth 
weight (< 1200 g) (ELBW infants) during the first two months of life using 16S rRNA gene 
sequencing. Only samples with higher than 500 trimmed sequences were included to 
analysis with a total of 101 samples being analyzed: 30 samples collected at the age of 
one week, 42 at one month and 29 at two months.  

4.2.1 Development of the gut microbiota in preterm infants 
Microbial diversity of the gut microbiota observed in ELBW infants increased significantly 
throughout the study period (mean [SD] Shannon diversity index was 0.38 [0.4] at one 
week, 0.71 [0.54] at one month, and 0.92 [0.44] at two months of age; all p-values  
were < 0.01). The gradual increase in diversity has been described both in preterm and 
full term infants (Schwiertz et al., 2003, Stewart et al., 2012, Abrahamsson et al., 2014, 
Jakobsson et al., 2014) indicating a normal process of diversification of the gut microbiota 
in early age. Nevertheless, the onset of the increase in microbial diversity is usually 
observed later in full term than in preterm infants (at 3-12 months of age) (Abrahamsson 
et al., 2014, Jakobsson et al., 2014). The earlier start of diversification in preterm infants 
may be related to lower microbial diversity observed up to 30 days of age when 
compared to full term infants (Arboleya et al., 2012a, Arboleya et al., 2012b).  

We did not observe a correlation between most of the clinical factors and the 
parameters of the gut microbiota in ELBW infants. For instance, we did not observe a 
significant association between the composition of the gut microbiota in ELBW infants 
and the administration of either penicillin or ampicillin with gentamicin or the duration 
of broad-spectrum antibiotic treatment. The reason may be that in preterm infants, 
antibiotic treatment (e.g. early empiric antibiotic treatment with ampicillin and 
gentamicin) is often correlated with other factors such as lower birth weight and less 
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mature gestational age (Kuppala et al., 2011, Greenwood et al., 2014). Also, preterm 
infants are often administered a combination of different antibiotics that result in varying 
effects on the gut microbiota. For instance, Gibson et al., (2016) observed an association 
between meropenem, cefotaxime and ticarcillin-clavulanate administration and reduced 
species richness while vancomycin and gentamicin, the antibiotics most commonly 
administered to preterm infants, had a non-uniform effect on species richness of the gut 
microbiota in preterm infants (Gibson et al., 2016). We also did not observe significant 
differences between infants fed with breast milk versus formula and infants born via  
C-section versus born vaginally, which has been noted by others as well, who have 
analyzed the composition of the gut microbiota in preterm infants (LaRosa et al., 2014, 
Stewart et al., 2017a). The reason for not observing any differences between varying 
antibiotic usage, delivery modes and feeding regimen may be a cumulative or 
overshadowing effect of many of the coinciding factors, such as lower birth weight and 
less mature gestational age, but also NICU stays and other factors related to this care.  

We were only able to observe a negative correlation between Shannon diversity  
index and the starting day of total enteral feeding (receiving breastmilk or formula)  
(p-value < 0.01), which may be due to a shorter period of nutrition deficiency in the gut 
resulting from the parenteral feeding. Shannon diversity index was also significantly 
higher among ELBW infants born to mothers suffering from chorioamnionitis  
(intra-amniotic infection that is a frequent causative factor for preterm birth) than in 
infants born to healthy mothers (mean Shannon diversity index value was [SD] 0.82 [0.59] 
vs 0.59 [0.45]; p-value < 0.01). The possible factors contributing to more diverse gut 
microbiota in these infants may be, among other things, the exposure to inflammation. 

From three different time points, significant compositional changes in the gut 
microbiota of ELBW infants were observed between the first week and first month of life. 
Briefly, staphylococci dominated the gut microbiota of ELBW infants during the first week 
of life, but the mean [SD] relative abundance of this family had decreased significantly 
from 0.33 [0.43] to 5.1x10-4 [0.15] by the end of the first month of life (p-value < 0.001). 
At the same time, the relative abundance of members from families Enterobacteriaceae 
and Veillionellaceae increased significantly (mean [SD] relative abundance increased 
from 0.25 [0.42] to 0.66 [0.38] and from 0.003 [0.009] to 0.09 [0.19], respectively;  
p-values < 0.01). From the end of the first month to the second month of life, members 
from family Enterobacteriaceae dominated the gut microbiota of ELBW infants (Table 6). 
The rapid changes observed during the first month of life may be related to delayed 
development of the gut microbiota in preterm infants. The hypothesis is supported by 
previous studies that have observed different composition of the gut microbiota in  
pre- and full term infants shortly after birth, but in later time points, the gut microbiota 
observed in preterm infants is suggestive to a developmental trajectory leading from 
immature to mature microbial community state observed in full term infants (Claud et 
al., 2013). Korpela et al., (2018a) also observed progress in the gut microbiota of  
preterm infants from Staphylococcus-Enterococcus dominated composition to 
Enterobacteriaceae and finally Bifdobacterium dominated microbiota resembling the 
composition in full term infants and this progress correlated with the increase in 
postmenstrual age. Extremely premature infants (GA <28 weeks) tended to lag with this 
progress when compared to moderately or very premature infants (GA 28 – <32 weeks), 
which indicates that the delay in development of the gut microbiota is dependent  
on the maturity, indicated by postmenstrual age (Korpela et al., 2018a).  
Chernikova et al. (2018) have observed similar results describing the negative correlation 
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between earlier gestational age and microbial diversity, suggesting that greater 
gestational immaturity at birth is related to a less diverse gut microbiome. 
 

Table 6. Dominating taxa in the gut microbiota of preterm infants grouped by phylum. “Prev” 
indicates prevalence (%) and “Rel abund” to mean (SD) relative abundance.  

Phylum Lowest matching 
taxonomic level 

1. week of age 
(n=30) 

1. month of age 
(n=42) 

2. months of 
age (n=29) 

Prev Rel 
abund Prev Rel 

abund Prev Rel 
abund 

Proteobacteria Enterobacteriaceae 67 0.19 
(0.38) 

95 0.38 
(0.41) 

93 0.28 
(0.33) 

Escherichia.Shigella 17 0.02 
(0.1) 

40 0.16 
(0.3) 

59 0.13 
(0.2) 

Serratia 17 0.03 
(0.18) 

19 0.04 
(0.15) 

31 0.04 
(0.13) 

Firmicutes Enterococcus 50 0.11 
(0.29) 

81 0.1 
(0.25) 

62 0.02 
(0.03) 

Staphylococcus 70 0.33 
(0.43) 

55 0.03 
(0.15) 

52 0.01 
(0.03) 

Veillonella 23 0.002 
(0.009) 

50 0.06 
(0.16) 

76 0.14 
(0.22)         

Clostridium 23 0.007 
(0.04) 

31 0.06 
(0.17) 

31 0.11 
(0.29) 

Leuconostoc 30 0.08 
(0.23) 

19 0 24 0 

 

Table 7. Dominating taxa in the gut microbiota of full term infants from publication III grouped by 
phylum. “Prev” indicates prevalence (%) and “Rel abund” to mean (SD) relative abundance.  

Phylum Lowest matching 
taxonomic level 

48-72h after 
birth (n=9) 

6-8 weeks after 
birth (n=9) 

Six months after 
birth (n=9) 

Prev Rel 
abund Prev Rel 

abund Prev Rel 
abund 

Proteobacteria Enterobacteriaceae 100 0.4 
(0.32) 

100 0.35 
(0.22) 

78 0.35 
(0.4) 

Firmicutes Streptococcus 100 0.02 
(0.03) 

100 0.04 
(0.11) 

100 0.16 
(0.3) 

Veillonella 67 0.04 
(0.06) 

100 0.09 
(0.12) 

44 0.04 
(0.07) 

Enterococcus 56 0.02 
(0.04) 

67 0.002 
(0.007) 

56 0.1 
(0.28)   

Clostridium 22 0.03 
(0.08) 

44 0.06 
(0.18) 

44 6.16e-4 
(0.001) 

Bacteroidetes Bacteroides 56 0.06 
(0.18) 

56 0.06 
(0.15) 

56 0.02 
(0.04) 

 Parabacteroides 56 0.07 
(0.19) 

44 0.005 
(0.01) 

56 1.7e-4 
(2.2e-4) 

Actinobacteria Rothia 78 0.06 
(0.19) 

56 1.9e-4 
(2.1e-4) 

67 0.03 
(0.1) 
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4.2.2 Differences between the development of the gut microbiota in pre- and full 
term infants 
When compared to the results observed in publication III analyzing the composition of 
the gut microbiota in full term infants (Table 7 and Figure 3), the gut microbiota of ELBW 
infants seems to differ in two aspects. First, low abundance or absence of members from 
genera Bifidobacterium and Bacteroides appears to be characteristic specifically to 
preterm and not to full term infants (Table 7 and Figure 3; e.g. Butel et al., 2007, LaTuga 
et al., 2011, Arboleya et al., 2015, Forsgren et al., 2017). Bifidobacteria are essential 
members of the gut microbiota that are involved in carbohydrate metabolism especially 
in the breakdown of carbohydrates such as lactose and human milk oligosaccharides 
(HMO), which represent the majority of sugars present in the diet of a breastfed infant. 
The pan-genome of genus Bifidobacterium encompasses one of the largest predicted 
glycobiomes among known gut commensals (Milani et al., 2016). However, in the 
absence of bifidobacteria metabolic processing of carbohydrates (excl. HMOs) and 
energy metabolism are predominantly covered by other taxa, such as members from 
genus Enterococcus (Zwittink et al., 2017). The prevalence of some of the bifidobacterial 
species has an antagonistic correlation with the presence of enterobacteria as well as 
enterococci (Nagpal et al., 2017). Although this needs to be studied further, lack of 
bifidobacteria in the gut microbiota of ELBW infants may also contribute to a higher 
incidence of infections in preterm infants, such as necrotizing enterocolitis (NEC), which 
has been shown to be associated with increased levels of genus Escherichia (Wang et al., 
2009, Mai et al., 2011, Stewart et al., 2013).  

 

 
Figure 3. Log 10 of 16S rRNA gene copies of genus Bifidobacterium per mg of stool observed in 
full term and preterm infants. Three different boxes represent three different time points. For 
publication II, the first columns represent one week, second column one month and third column 
two months after birth. For publication III, the first columns represent 48-72h, second column 6-8 
weeks (approx. two months) and third column six months after birth. It has to be noted that in 
publication II and III the quantification of gene copy number was carried out differently (described 
in the supplementary information of both publications). 
 
Second, the dominance of members of family Staphylococcaceae in the gut microbiota 
at an early age seems to be characteristic to the most initial samples collected from 
preterm infants, which is later replaced by the dominance of members from family 
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Enterobacteriaceae (e.g. Aujoulat et al., 2014, Gibson et al., 2016). Full term infants are 
colonized with high levels of members from Enterobacteriaceae from an early age, 
whereas staphylococci are more minor constituents of the community (Palmer et al., 
2007). The high abundance of staphylococci in the gut microbiota of ELBW infants during 
the first weeks of life may be the reason why there is an increased risk of acquiring 
coagulase-negative staphylococcal infections in preterm neonates. For instance, a study 
by Soeorg et al., (2013) has observed the genetical similarity between staphylococcal 
strains belonging to species S. haemolyticus, S. epidermidis and S. hominis causing  
late-onset sepsis (LOS) and the strains of these species found in the gastrointestinal tract 
of the infected infants. In our study 24 infants suffered from sepsis with 14 cases caused 
by staphylococci (mainly S. epidermidis and S. haemolyticus and S.aureus). 

4.3 The influence of different maternal microbial communities on the 
development of infant gut and oral microbiota (Publication III, 
unpublished data) 
In order to describe the impact of maternal microbial communities to the development 
of infant gut and oral microbiota during the first six months of infant’s life, we analyzed 
the composition of bacterial communities in seven mothers and their nine infants  
using 16S rRNA gene sequencing. Analyzed maternal microbial communities included 
normal microbiota of mother’s stomach, vagina, breast milk, oral cavity, and mammary 
areola. In total, 148 samples were analyzed after trimming and denoising the data.  
These samples were collected from mothers’ gut (n=21), vagina (n=20), breast milk 
(n=17), oral cavity (n=20) and mammary areola (n=18) at four different time points 
(before delivery, 48-72 hours, 6-8 weeks and six months after delivery). Samples were 
also collected from infants’ stool (n=27) and oral cavity (n=25) at three different time 
points (48-72 hours, 6-8 weeks and six months after delivery). 

4.3.1 Diversity and similarity of different maternal microbial communities with infant 
gut and oral microbiota 
The gut and oral microbiota of infants participating in this study had significantly lower 
diversity than their respective maternal community types (Shannon diversity index 
values 1.41 vs 3.3 and 1.68 vs 3.1, respectively for infant’s gut vs mothers’ gut and infant 
oral vs mothers’ oral microbiota; p-values < 0.001). Infant community types were also 
less diverse than breast milk and mammary areola microbiota (Shannon diversity index 
values 2.45 and 2.16, respectively for breast milk and mammary areola microbiota;  
p-values < 0.03), although these maternal community types, in turn, were less diverse 
than maternal gut and oral microbiota. 

Infant gut microbiota was not similar to any of the analyzed maternal community 
types (Cosine similarity index was < 0.07 in all cases). High similarity was observed 
between infant oral microbiota and the microbiota colonizing mothers’ breast milk, 
mammary areola, and oral cavity (Cosine similarity index values 0.32, 0.48 and 0.42, 
respectively). When comparing individual mother-infant pairs, we did not observe infant 
gut and oral microbiota to exhibit significantly greater similarity to their own mother’s 
microbial communities than to the microbial communities of unrelated mothers  
(Figure 4).  



34 

 
Figure 4. Average Cosine similarity index between infant’s gut (A) and oral (B) microbiota and 
their own mother’s microbial community types (red dots), and the community types observed in 
unrelated mothers (Tukey boxplot).  

4.3.2 The influence of different maternal microbial communities on the development 
of infant gut microbiota 
In our study, infants shared on average 67% of the OTUs in their gut microbiota with at 
least one of the mother’s community types during 48-72 h after birth and this proportion 
did not change substantially over the study period (at 6-8 weeks it was on average [SD] 
57% [13%] and at 6 months 57% [16%]). Nevertheless, the proportion of OTUs in infant 
gut microbiota, that were shared between the gut microbiota of individual mother-infant 
pairs, was not very high (mean [SD] proportion of OTUs in infant gut microbiota that was 
shared between mother-infant pairs: 32% [13%]). The proportion was comparable to the 
percentage of OTUs shared with the communities colonizing mother’s oral cavity and 
mammary areola (Table 8). The low rate of shared OTUs indicates that when considering 
the possible transfer of microbes from a specific maternal microbial community, only a 
fraction of bacteria observed in infant gut microbiota has the likelihood of being vertically 
transferred. Also, it has to be taken into account that majority of the infants participating 
in this study were born via C-section, which may have a profound effect on the results as 
delivery mode has previously been shown to be a factor influencing the vertical 
transmission of microbes (Bäckhed et al., 2015, Korpela et al., 2018b). This may explain 
why we observed a higher percentage of OTUs shared with mother’s mammary areola 
and oral microbiota as the gut microbiota of C-section infants tend to be enriched with 
bacteria typically know to be of skin and mouth origin (Dominguez-Bello et al., 2010, 
Bäckhed et al., 2015).  

OTUs shared between infant gut microbiota, and their mother’s community types had 
different abundance in these community types, which may be due to lower bacterial 
diversity and therefore lower competition in the infant gut and an indication that the 
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fitness of bacteria reaching the infant’s gut plays a more significant role than the 
quantitative contribution of microbial seeding as hypothesized by previous studies 
reporting similar results (Asnicar et al., 2016, Ferretti et al., 2018). Infant gut OTUs shared 
between individual mother-infant pairs (incl. different maternal community types) 
mapped to a variety of taxa with on average 54% of the OTUs being allocated to taxa 
typically observed in the gut microbiota (e.g. members of Enterobacteriaceae, 
Clostridiales, Bacteroides, and Bifidobacterium). Approximately 39% of the OTUs mapped 
to taxa typically related to skin and oral microbiota (mainly genus Streptococcus, but also 
families Porphyromonadaceae, and Staphylococcaceae). These proportions were 
observed at 48-72 h after birth and they did not change significantly over the study 
period (73% vs 27%; and 64% vs 36%, respectively for the gut- vs oral/skin-related taxa 
at 6-8 weeks and six months after birth). The variation of taxa changed over time as the 
proportion of members of order Clostridiales showed an increasing trend among  
gut-related taxa over the study period (at 48-72 h after birth only 18% of the OTUs 
mapped to taxa often related to the gut microbiota mapped to order Clostridiales.  
The proportion increased, although not significantly, to 40% and 50%, respectively at  
6-8 weeks and six months after birth).  

The proportion of OTUs shared between infant gut microbiota, and maternal 
communities of unrelated mothers were higher than the same ratio observed between 
individual mother-infant pairs regardless of the maternal community type (Table 8).  
Also, most of the OTUs observed in infant gut microbiota were simultaneously present 
in several of the maternal community types, either one’s own or unrelated mothers,  
and this included OTUs dominating infant gut microbiota (mapped to family 
Enterobacteriaceae, and genera Streptococcus and Veillonella). There were only on 
average 9% of OTUs belonging to a variety of taxa that were exclusively shared with one’s 
mother and not with unrelated mothers. All these observations above indicate to the 
shortcoming of 16S rRNA gene sequencing in the context of this analysis because it is 
unlikely that this method enables to identify taxa on the lower taxonomic level than 
genus (Konstantinidis & Tiedje, 2007), meaning that different species or, even more so, 
strains are left undetermined. Moreover, recent studies have shown that not all the 
strains of the species simultaneously observed in the gut microbiota of infants and their 
mothers are transmitted from mother to infant as only approximately 14–16.4% of 
strains from the species observed in mother-infant pairs are vertically transmissible 
(Asnicar et al., 2016, Ferretti et al., 2018). Thus, it is not possible to make conclusions 
about which specific OTUs observed in infant gut microbiota have been vertically 
transmitted from the mother and which maternal community type plays the most 
significant role in this transmission. It may also be the reason why we failed to observe 
the higher similarity between individual mother-infant pairs when compared to the 
similarity with unrelated mothers, as we cannot rule out that these differences may be 
visible when taking into account the variation observed at species or strain level. 
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Table 8. The proportion of OTUs observed in infant gut microbiota that was shared with mothers’ 
community types; average (SD) proportion of OTUs shared between mother-infant pairs and with 
the communities of unrelated mothers. 

Infant gut microbiota 
Mothers’ 
community 
type 

Percentage of OTUs shared  
48-72h after 
birth 

6-8 weeks 
after birth 

Six months 
after birth 

Individual mother-infant 
pairs (average % [SD]) 

Mothers’ gut 34% [5%] 34% [19%] 29% [11%] 
Vaginal1 19% [12%] 8% [4%]1 17% [10%]1 
Breast milk 25% [11%] 14% [6%] 31% [11%] 
Mammary 
areola 34% [18%] 19% [13%] 35% [18%] 

Mothers’ oral 35% [12%] 28% [10%] 39% [15%] 

Shared with unrelated 
mothers (average % 
[SD]) 

Mothers’ gut 62% [13%] 60% [11%] 63% [8%] 
Vaginal1 42% [11%] 27% [8%]1 41% [19%]1 
Breast milk 50% [11%] 31% [13%] 36% [24%] 
Mammary 
areola 54% [11%] 39% [13%] 37% [19%] 

Mothers’ oral 47% [12%] 40% [15%] 48% [18%] 
1 Infant gut and oral microbiota at these time points were compared to vaginal microbiota observed 
in mothers before giving birth. 

4.3.2.1 The similarity of bifidobacterial communities observed in different maternal 
microbial communities and infant gut microbiota 
When analyzing the abundance and prevalence of bifidobacterial, we observed that 
infant gut microbiota was colonized with high levels of members from genus 
Bifidobacterium throughout the study (Figure 3; changes in levels were not statistically 
significant). The levels of bifidobacteria in infant gut microbiota did not differ significantly 
from maternal community types (mean [SD] log10 of copies/uL of DNA per mg of stool 
was 3.3 [1], 0.2 [0.9], 0.2 [0.5], 0.5 [0.7] and -0.1 [0.5], respectively in mother’s gut, 
vaginal, breast milk, mammary areola and oral microbiota; p – values > 0.05).  

There were nine different species of Bifidobacterium observed in the gut microbiota 
of infants (Figure 5), with on average [SD] of 2.8 [1.7] species of Bifidobacterium present 
per infant. The highest number of Bifidobacterium species was observed in twin pairs, 
with on average 4.8 [1] species identified in one pair and on average 3.5 [1.4] in another. 
In maternal community types, the average number of Bifidobacterium species per 
sample tended to be lower than in infant gut microbiota (1.3 [1.5]; p-value = 0.05), except 
for mother’s gut microbiota that harbored on average 3.1 [1] Bifidobacterium species per 
mother. The highest number of observations, where a specific bifidobacterial species 
were shared between individual mother-infant pairs, was observed for infant gut and 
mother’s gut microbiota, although several species were also shared with mothers’ 
vaginal and oral communities (Figure 5). None of the bifidobacterial species was 
exclusively observed in either infant gut or mother’s community types, and all of them 
were shared in at least one mother-infant pair (simultaneously with several maternal 
community types) (Figure 5). Bifidobacterium dentium and B. pseudocatenulatum were 
the most frequent species shared between mother-infant pairs (Figure 5). There were no 
significant differences observed between infants born vaginally (n=2) vs via C-section or 
infants being mostly fed with formula (n=4) vs breastmilk. 
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The failure to observe differences and describe possible mother-to-infant 
transmission of bifidobacteria is probably due to the low number of subjects participating 
in our study, but it also may be because most of the infants were born via C-section. The 
frequency of mother-to-infant transmission of members from genus Bifidobacterium in 
C-section infants tends to be lower compared to vaginally born infants (Bäckhed et al., 
2015). Also, the strains of Bifidobacterium adolescentis, B. bifidum, B. catenulatum,  
B. longum subsp. longum, and B. pseudocatenulatum are monophyletic between the gut 
microbiota of mothers and their vaginally born infants, but these monophyletic strains 
are not present in mothers and their C-section infants (Makino et al., 2013).  

 

 
Figure 5. The prevalence of bifidobacterial species in infant and mother’s gut and the incidence of 
bifidobacterial species shared between mother-infant pairs (mother’s gut, vaginal, breast milk, 
mammary areola and oral microbial community). 

4.3.3 The influence of different maternal microbial communities on the development 
of infant oral microbiota 
In our study, infants shared on average 75.8% of the OTUs in their oral microbiota with 
at least one of the mother’s community types during 48-72 h after birth and this 
proportion did not change substantially over the study period (at 6-8 weeks it was on 
average [SD] 71% [22%] and at 6 months 49% [30%]). The highest proportion of OTUs 
colonizing infant oral microbiota was shared with the mother’s oral microbiota  
(on average [SD] 51% [11%]; Table 9). The similarity and the high numbers of shared OTUs 
with mothers’ oral microbiota may be the result of the maternal habits of infant care 
(e.g., frequent use of the same spoon, licking the pacifier, kissing on the mouth).  
While not all mother-to-infant contacts involve direct interactions of the oral microbiota, 
a similar observation was made in a recent study where the salivary microbiota of 
romantically involved partners exhibited increasing similarity when partners kissed at 
relatively high frequencies (Kort et al., 2014).  
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OTUs shared between individual mother-infant pairs (incl. different maternal 
community types) mapped to a variety of taxa with on average 45% of the OTUs being 
allocated to taxa typically observed in the oral microbiota (mainly members from genus 
Streptococcus, but also Leptotrichia and Gemella). 38% of the OTUs mapped to taxa 
usually related to gut and skin microbiota (e.g. members from genera Veillonella, 
Prevotella, Bacteroides and Staphylococcus) at 48-72 h after birth, and the proportion 
did not change significantly over the study period (50% vs 34%; and 50% vs 29%, 
respectively for oral- vs gut/skin-related taxa at 6-8 weeks and six months after birth).  

As with the results observed for infant gut microbiota, the proportion of OTUs shared 
between infant oral microbiota and maternal communities of unrelated mothers was 
higher than the same ration found between individual mother-infant pairs regardless of 
the maternal community type (Table 9). Also, most of the OTUs observed in infant oral 
microbiota were simultaneously present in several of the maternal community types, 
either one’s own or unrelated mothers, and this included OTUs dominating infant oral 
microbiota (mapped to genus Streptococcus). There were only on average 9% of infant 
oral OTUs belonging to a variety of taxa that were exclusively shared with one’s mother 
and not with unrelated mothers. 

Table 9. The proportion of OTUs observed in infant gut microbiota that was shared with mothers’ 
community types; average (SD) proportion of OTUs shared between mother-infant pairs; and top 
3 OTUs that were shared between these observations. 

Infant oral microbiota 
Mothers’ 
community 
type 

Percentage of OTUs shared 
48-72h after 
birth 

6-8 weeks 
after birth 

Six months 
after birth 

Individual mother-infant pairs  
(average % [SD]) 

Mothers’ gut 20% [11%] 16% [9%] 18% [6%] 
Vaginal1 21% [11%] 11% [8%]1 16% [13%]1 
Breast milk 30% [13%] 33% [21%] 29% [14%] 
Mammary 
areola 43% [22%] 38% [24%] 33% [17%] 

Mothers’ oral 50% [12%] 55% [9%] 46% [10%] 

Shared with unrelated 
mothers (average % [SD]) 

Mothers’ gut 47% [15%] 37% [8%] 45% [18%] 
Vaginal1 46% [14%] 28% [7%]1 43% [17%]1 
Breast milk 54% [13%] 70% [9%] 45% [20%] 
Mammary 
areola 68% [11%] 79% [6%] 45% [17%] 

Mothers’ oral 67% [9%] 75% [12%] 60% [14%] 
1 Infant gut and oral microbiota at these time points were compared to vaginal microbiota observed 
in mothers before giving birth. 
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5 Conclusions 
The current thesis reached to the following main conclusions: 
1) Vaginal microbiota of women of reproductive age cluster into five different 

community types. Also, approximately a third of the samples (28.9%) do not cluster 
in any of the five groups and are characterized by heterogeneous bacterial 
communities. Candida spp., which can be detected in the vaginal microbiota of 
69.9% of women, is more prevalent in this community than previously recognized. 
More precisely: 

• The vaginal microbiota of almost all women (99%) is colonized with lactobacilli, 
which is consistent with the general knowledge that normal vaginal microbiota is 
dominated by members from genus Lactobacillus. Nevertheless, members of genera 
suggestive of a bacterial vaginosis-like microbiota (such as members from genera 
Gardnerella and Atopobium) are also relatively abundant and thus, their presence is 
not always indicative of a vaginal disease or symptoms. The vaginal mycobiome is 
dominated by Candida spp. (mean relative abundance 0.37). The most prevalent and 
abundant OTU from genus Candida colonizing vaginal microbiota is C. albicans. The 
abundance of this species among women indicates that the colonization with 
C.albicans is not always related to pathology. 

• A group of women (28.9%) harbor heterogeneous vaginal microbiota that is 
characterized by lack of dominants (taxa with relative abundance higher than 0.2), 
yet the high prevalence of members from genera Atopobium, Gardnerella, and 
Prevotella. These women tend to have higher microbial diversity and high vaginal 
pH. Moreover, there is an association between higher microbial diversity and higher 
vaginal pH and additionally with the presence of malodorous vaginal discharge. 

• During labor and the postpartum period, bacteria associated with heterogeneous 
community type seem to be overrepresented among women as only a few women 
have high levels of lactobacilli colonizing the vaginal microbiota onset of labor and 
Nugent score indicating a normal vaginal microbiota during the postpartum period 
(during six months after delivery), which may be related to prenatal hormonal 
changes (namely estrogen) that leads to a reduction in the abundance of lactobacilli. 

2) The gut microbiota of extremely preterm infants differs considerably from full term 
infants especially during the first four weeks of life. More precisely: 

• Extremely preterm infants harbor gut microbiota that differs from full term infants 
by having low abundance or absence of members from genera Bifidobacterium 
and Bacteroides throughout the first two months of life and by being dominated by 
members from family Staphylococcaceae during the first weeks of life. The high 
abundance of staphylococci in the gut microbiota of extremely preterm infants 
during the first month of life may be the reason why there is an increased risk of 
acquiring coagulase-negative staphylococcal infections in preterm neonates.  

• Development of the gut microbiota in extremely preterm infants goes through rapid 
compositional changes (e.g. the dominance of members from family 
Staphylococcaceae is replaced by the dominance of members from family 
Enterobacteriaceae) and increase in microbial diversity during the first weeks of life. 
The community starts to resemble the gut microbiota of full term infants over time, 
which is an indication of delayed development of the gut microbiota in extremely 
preterm infants. 
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• Factors, such as antibiotic treatment, delivery mode and feeding regimen (formula 
vs breastmilk), do not seem to have an obvious effect on the development of the gut 
microbiota in extremely preterm infants. Nevertheless, the impact of these factors 
may be overshadowed by the combination of other factors, such as less mature 
gestational age, low birth weight, and neonatal intensive care unit stay. Microbial 
diversity, however, is significantly lower in infants who are fed parenterally for a 
more extended period, which may be related to the nutrition deficiency in the gut 
resulting from the parenteral feeding. Also, microbial diversity is significantly higher 
among infants born to mothers suffering from chorioamnionitis, which may be 
related to the exposure to inflammation and potential bacterial colonizers. 

3) The gut microbiota of full term infants has low similarity with maternal community 
types during the first six months of life. At the same time, infant oral microbiota has 
a high resemblance to mothers’ breast milk, mammary areola, and oral microbiota. 
More precisely: 

• The gut and oral microbiota of full term infants do not exhibit significantly greater 
similarity to their own mother’s microbial communities than to unrelated mothers. 
Moreover, the proportion of shared OTUs is higher with the communities of 
unrelated mothers than between individual mother-infant pairs. The biological 
significance of this observation is unknown, but it may indicate to the shortcoming 
of 16S rRNA gene sequencing in the context of this analysis, because it is unlikely 
that this method enables to identify taxa on the lower taxonomic level than genus 
and, thus, take into account variation observed at species or strain level. 

• None of the maternal community types stands out as a potential primary source of 
bacteria to the infant gut microbiota. The highest proportion of OTUs shared 
between infant gut microbiota, and his or her mother’s community types is shared 
with mother’s gut microbiota (32%), but this proportion is similar with mother’s oral 
and mammary areola microbiota, which indicates that when considering the 
possible transfer of microbes from a specific maternal microbial community, only a 
fraction of microbes has the likelihood of being vertically transferred. A relatively 
high proportion of OTUs shared with mother’s oral and mammary areola microbiota 
may be related to the fact that majority of the participating infants were born via  
C-section as C-section infants tend to be enriched with bacteria typically know to be 
of skin and mouth origin. Also, C-section birth can be attributable for the failure to 
observe possible mother-to-infant transmission of members from Bifidobacterium 
as the frequency of transmission of these bacteria in C-section infants tends to be 
lower when compared to vaginally born infants. 

• The highest proportion of OTUs shared between infant oral microbiota, and his or 
her mother’s community types is shared with mother’s oral microbiota (51%) which 
together with high similarity indicates that constant contact between microbial 
communities, probably resulting from the maternal habits of infant care, increases 
their similarity.  
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Abstract 
The Effect of Maternal Microbial Communities and Preterm 
Birth on the Development of Infant Gut Microbiota  
The composition of the gut microbiota develops during the first years of an infant’s life, 
with colonization beginning immediately after birth and the development lasting 
approximately three years. There are several factors that influence the development of 
the gut microbiota. These factors include mode of delivery, feeding regimen, antibiotic 
treatment and preterm birth. Although the role of these factors in the development of 
the gut microbiota has been studied relatively extensively, the results have been 
contradictory and thus the knowledge about the effect different factors have on this 
process is still inconclusive. Relatively little is also known about the mother-to-infant 
transmission of microbes, which has been hypothesized to be an essential source of 
microbes especially in case of vaginal birth. Studies focusing on mother-to-infant 
transmission of microbes, especially using large-scale molecular methods, have only 
lately been carried out and thus the knowledge is scarce.  

The aim of the present thesis was to study the composition of vaginal microbiota in 
reproductive-age women, to characterize the development pattern of the gut microbiota 
in extremely preterm infants, and to analyze the development of infant gut microbiota 
by identifying the similarities gut and oral microbiota of full term infants have with 
different maternal microbial communities (intestinal, vaginal, oral, breast milk, and 
mammary areola). For this reason, 16S rRNA sequencing was used to profile the vaginal 
microbiota of 494 reproductive age women, the gut microbiota of altogether 59 infants 
(9 were full term and 50 preterm), the oral microbiota of nine infants (all full term), and 
the microbiota of variety of body sites of seven mothers.  

When analyzing the composition of vaginal microbiota in women of reproductive age, 
five different vaginal community types can be detected among women. In addition, 
approximately a third of the vaginal microbial profiles of women do not cluster in any of 
the five groups and are characterized by heterogeneous bacterial communities.  
A heterogeneous vaginal microbiota is characterized by lack of dominants, yet high 
prevalence of members from genera Atopobium, Gardnerella, and Prevotella. These 
women also tend to have high vaginal microbial diversity and high vaginal pH which have 
been also linked with a diseased state. Nevertheless, during labor and postpartum 
period, bacteria associated with heterogeneous vaginal community type seem to be 
overrepresented among women, which may be related to prenatal hormonal changes 
(namely estrogen) that lead to reduction in the abundance of lactobacilli. Additionally, 
Candida spp., which can be detected in the vaginal microbiota of approximately 70% of 
women, is more prevalent in this community than previously recognized. 

The gut microbiota of extremely preterm infants differs considerably from full term 
infants especially during the first four weeks of life. Development of the gut microbiota 
in extremely preterm infants goes through rapid compositional changes (e.g. the 
dominance of members from family Staphylococcaceae is replaced by the dominance of 
members from Enterobacteriaceae) and increase in microbial diversity between first 
week and first month of life. The community starts to resemble the gut microbiota of full 
term infants over time, which indicates to a delayed development of the gut microbiota 
in extremely preterm infants. High abundance of staphylococci in the gut microbiota of 
extremely preterm infants during the first month of life may be the reason why there is 
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an increased risk of acquiring coagulase-negative staphylococcal infections in preterm 
neonates.  

The results also showed that the gut microbiota of full term infants has low similarity 
with maternal community types during the first six months of life. None of the maternal 
community types stand out as a potential major source of bacteria to the infant gut 
microbiota as only approximately a third of the bacteria colonizing the infant gut is 
shared with specific mother’s community types (more precisely with mother’s gut, oral 
and mammary areola microbiota). Thus, when considering the possible transfer of 
microbes from a specific maternal microbial community, only a fraction of microbes has 
the likelihood of being vertically transferred. Relatively high proportion of bacteria 
shared with mother’s oral and mammary areola microbiota may be related to the fact 
that majority of the participating infants were born via C-section and the gut microbiota 
of C-section infants tend to be enriched with bacteria typically know to be of skin and 
mouth origin. Infant oral microbiota, on the other hand, has high similarity with several 
of the mother’s community types (breast milk, mammary areola, and oral microbiota) 
and over half of the bacteria colonizing infant oral microbiota are shared with mother’s 
oral microbiota (51%), which indicates that constant contact between microbial 
communities, in this case probably resulting from the maternal habits of infant care, 
increases their similarity. 
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Lühikokkuvõte 
Ema mikroobikoosluste ja enneaegse sünni mõju imiku 
seedetrakti mikrobioota kujunemisele  
Seedetrakti mikrobioota kujunemine algab vahetult pärast lapse sündi ja kestab umbes 
kolm esimest eluaastat. Seda protsessi mõjutavad mitmed erinevad tegurid, millest 
olulisimad on sünniviis, dieet, antibakteriaalne ravi ja enneaegsus. Kuigi nende tegurite 
mõju seedetrakti mikrobioota kujunemisele on uuritud suhteliselt palju, on tulemused 
olnud vasturääkivad ja seetõttu on arusaam nende tegurite rollist seedetrakti 
mikrobioota kujunemisprotsessis endiselt puudulik. Lisaks on senimaani ainult vähesel 
määral uuritud mikroobide ülekandumist emalt lapsele, mida peetakse üheks peamiseks 
mikroobiallikaks seedetrakti mikrobioota kujunemisprotsessis, eriti vaginaalse sünniviisi 
puhul. Selle protsessi uurimisele on hakatud rohkem keskenduma alles viimasel ajal ja 
see kehtib eriti uuringute kohta, kus on kasutatud molekulaarseid metoodikaid, mis 
põhinevad nukleiinhappe analüüsidel. Sellest tulenevalt saab teadmisi mikroobide 
ülekande kohta praegu veel pidada ebapiisavaks. 

Käesoleva dissertatsiooni eesmärgiks oli uurida reproduktiiveas naiste vaginaalset 
mikrobioobikooslust, analüüsida seedetrakti mikrobioota kujunemist sügavalt 
enneaegsetel imikutel ja hinnata ajaliste imikute soole ning suu mikrobioota sarnasust 
ema erinevate kehapiirkondade mikrobiootaga (suu, sool, rinnapiim, nahk rinnanibu 
ümber, tupp). Kokku uuriti vaginaalse mikrobioota kooslust 494-l reproduktiiveas naisel, 
seedetrakti mikrobioota kooslust 59 imikul (neist üheksa olid ajalised ja 50 sügavalt 
enneaegsed), suu mikrobiootat üheksal ajalisel imikul ja erinevate kehapiirkondade 
mikrobioota kooslust seitsmel emal. Uuringu läbiviimisel kasutati 16S rRNA 
sekveneerimise meetodit. 

Analüüsides reproduktiiveas naiste tupe mikrobiootat, selgus, et reproduktiiveas 
naiste vaginaalne mikrobioota jaguneb valdavalt viieks erinevaks koosluse tüübiks. 
Sellele lisaks esineb umbes kolmandikul naistest vaginaalne mikrobioota, mida 
iseloomustab heterogeenne kooslus ja mis ei kuulu mitte ühtegi viiest eelpool mainitud 
koosluse tüübist. Heterogeenset vaginaalset mikrobiootat iseloomustab dominantsete 
liikide puudumine ja perekondade Atopobium, Gardnerella ja Prevotella suur 
esinemissagedus. Heterogeenne vaginaalne mikrobioota on sageli ka suure bakteriaalse 
mitmekesisusega ja nendel naistel on sageli kõrge vaginaalne pH, mida on varasemalt 
seostatud ka vaginaalse keskkonna haigusliku seisundiga. Siiski on varasemad uuringud 
näidanud, et heterogeense vaginaalse mikrobioota esinemissagedus suureneb sünnituse 
ajal ja vahetult pärast sünnitust. See võib olla seotud prenataalse perioodi 
hormonaalsete muutustega (peamiselt östrogeeni taseme muutustega), mis põhjustab 
laktobatsillide arvukuse languse ning sellest tulenevalt heterogeense koosluse 
väljakujunemise. Lisaks vaginaalse mikrobioota bakteriaalse komponendi kirjeldamisele 
tuvastasime 70%-l naistest vaginaalse mikrobioota koosluses ka seene perekonna 
Candida spp. esinemise, mida esineb meie uuringu põhjal suuremal hulgal tervetel naistel 
kui varasemalt arvatud. 

Sügavalt enneaegsete imikute seedetrakti mikrobioota erineb esimesel neljal 
elunädalal märkimisväärselt ajaliste imikute seedetrakti mikrobiootast ning sellel 
perioodil toimuvad sügavalt enneaegsete imikute seedetrakti mikrobioota kujunemise 
raames järsud koosluse muutused (nt stafülokokkide domineerimine asendub 
sugukonna Enterobacteriaceae esindajate domineerimisega), millega kaasneb ka 
bakteriaalse mitmekesisuse suurenemine. Muudatuste tulemusena hakkab kooslus 
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järjest enam sarnanema ajaliste laste seedetrakti mikrobiootaga, mis viitab, et sügavalt 
enneaegsete imikute seedetrakti mikrobioota kujunemine toimub võrreldes ajaliste 
imikutega tõenäoliselt hilinemisega. Stafülokokkide suur arvukus elu esimestel nädalatel 
võib olla põhjuseks, miks sügavalt enneaegsete imikute puhul on suurenenud risk 
haigestuda koagulaas-negatiivsete stafülokokkide põhjustatud infektsioonidesse. 

Meie uuringu tulemused näitasid samuti, et ajaliste imikute seedetrakti mikrobioota 
ei sarnane esimesel elupoolaastal ema erinevate kehapiirkondade mikroobikooslustega. 
Ema seedetrakti, vaginaalse, rinnapiima, rinnanibu ümbritseva naha ja suu 
mikroobikooslused ei tõuse esile kui potentsiaalsed mikroobide allikad imku seedetrakti 
mikrobioota kujunemise protsessis ja ainult umbes kolmandik imiku seedetrakti 
koloniseerivatest bakteritest on tuvastatavad ka ema seedetrakti, suu või rinnanibu 
ümbritseva naha mikrobioota kooslustes (teiste ema koosluste puhul veelgi vähem). See 
viitab sellele, et ainult väike osa imikute seedetraktis esinevatest mikroobidest on saanud 
emalt vertikaalselt üle kanduda. Suhteliselt suur bakterite osakaal, mis on jagatud imiku 
seedetrakti ja ema suu ning rinnanibu ümbritseva naha mikrobioota vahel, võib olla 
seotud nende imikute sünniviisiga (enamik neist sündis keisrilõikega). Varasemad 
uuringud on näidanud, et keisrilõikega sündinud imikute seedetrakti mikrobiootas on 
arvukalt baktereid, mis kuuluvad suu ja naha mikroobikooslusesse. Erinevalt seedetrakti 
mikrobiootast on imiku suu mikrobioota esimesel kuuel elukuul väga sarnane ema 
rinnapiima, rinnanibu ümbritseva naha ja suu mikrobiootaga Üle poole imiku suud 
koloniseerivatest bakteritest on jagatud ema suu mikrobioota kooslusega. See näitab 
suure tõenäosusega, et pidev kokkupuude (antud juhul imiku eest hoolitsemise aegne 
kontakt) kahe erineva koosluse vahel suurendab nende koosluste sarnasust. 
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Publication I 
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Donders, G. G. G., and Metsis, M. (2013). Characterization of the vaginal micro- and 
mycobiome in asymptomatic reproductive-age Estonian women. PLoS One 8, e54379. 
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Contact data 
E-mail: tiinadrell@gmail.com 

Education 
2010–2019 Tallinn University of Technology—PhD 
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