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GUT MICROBIOTA
Many diseases are increasing among
children and young adults in the western world and changes in definition and
increased detection rate cannot explain
the increases in full. Environmental
factors must be behind the increase as
changes in genes evolve very slowly.
Changes in human gut microbiota may
be one of several environmental factors
in part responsible.
A complex society of microbes exists in the human gut, and the collective
genome of this microbiota greatly exceeds the number of genes in the human genome (Backhed et al., 2005) and
we have come to understand its crucial
role in host biology and human health.
It may be considered as a separate organ with complex interplays with the
immune system and the brain in particular.
The composition and functionality
of gut microbiota in early life is of special interest due to several reasons.
Firstly as a determinant for the subsequent adult-like microbiota, since the
colonization of the gut is a dynamic
process in which the selection of microbes will in part depend on the processes that have already taken place
(Midtvedt et al., 1988; Midtvedt and
Midtvedt, 1992; Hooper et al., 1999;
Thompson et al., 2008; Eggesbø et al.,
2011). In a study on 85 Norwegian
new-borns multiple associations were
observed between the presence of

certain microbes or microbial groups at
four days and the concentrations of microbes at four months, evaluated by the
signalling by specific probes developed
for that study (Eggesbø et al., 2011).
Interestingly, the 23 microbes and/or
microbial groups studied had very
varying effect on the future colonization process, as evaluated by their associations to gut microbiota at four
months (Eggesbø et al., 2011). Only
rarely were the associations between
the same microbes or microbial groups,
with one exception: infants with initially high concentrations of Bifidobacterium were still characterized by
higher concentrations of Bifidobacterium at four months of age. Also interesting was the finding that four days
after birth the probe labelled Lachnospiracea incertae sedis, which detected
species belonging to Ruminococcus,
showed the highest number of associations with later microbiota (at four
months).
Secondly, the composition of infant
microbiota is important in its own right
due to the presence of developmental
windows in young age. Experimental
animal studies in germ-free environments have demonstrated time-dependent windows that rely on microbial
stimuli from the gut, with persistent
dysfunction when microbial exposure
is delayed beyond a certain age
(Desbonnet et al., 2008; Forsythe et al.,
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2010; Neufeld et al., 2011). Reducing
microbial load in early life with antibiotics also induces lasting phenotypic
differences in mice (Cox et al., 2014).
However, very few studies in new-

borns yet exist. One study from our
group aimed at identifying critical windows for exposure, by developing a
novel method for longitudinal data
(White et al., 2013).

ALTERATIONS IN INTESTINAL MICROBIOTA IN MODERN TIMES
There is increasing evidence to support
that the composition of early microbial
colonization communities have indeed
changed during the last 50-100 years in
western societies. The flora reported in
western babies at the beginning of the
19th century, had amongst others a high
count of Bifidobacteria and E. coli
(Escherich, 1885; Gareau et al., 1959;
Nelson and Mata, 1970; Simhon et al.,
1982). While E. coli previously was
found in all children by day 3 after
birth, and a high turnover is still observed in infants from developing
countries (Gareau et al., 1959; Mata et
al., 1972; Adlerberth et al., 1998), it
can no longer be detected in an increasing proportion of Swedish children
(Kühn et al., 1986; Adlerberth et al.,
1991; Nowrouzian et al., 2003; Adlerberth et al., 2006). In contrast, a variety
of hospital acquired organisms, in particular Staphylococcus sp. and Streptococcus sp. seems to have partially replaced these organisms in western babies (Lindberg et al., 2000). Staphylococcus sp. were seldom encountered in
Western infants up to the 1970s (McAllister et al., 1974; Bullen et al., 1976;
Stark and Lee; 1982). In the 1980s, S.
epidermidis was isolated from 30 to
70% of one-week-old Swedish infants
(Lundequist et al., 1985; Bennet et al.,
1991).
Streptococcus sp. colonization has
been associated with lack of colonization by Bifidobacteria genera (Eggesbø
et al., 2011). In contrast, the presence
of Enterobacteriacea 1, and Bacteroides fragilis after birth was significantly associated with a reduction in
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opportunistic microbes at four months,
specifically Staphylococcus sp., indicating that the early presence of specific microbes may be important for
development towards a more natural
gut microbiota. If they are lacking, an
initial colonization by opportunistic
bacteria will occur and may also be
maintained.
One of the limitations of old studies
is that they had to rely on culture dependent methods, which limited the detection of anaerobic species in particular, and our knowledge of the natural
composition of gut microbiota a century ago. Recent studies, on the other
hand, do characterize gut microbiota by
means of culture independent methods,
however commonly fail to take into
account factors that may greatly alter
the composition of gut microbiota.
Therefore the data are not representative of a normal gut microbiota in infants. One study from our group
(Eggesbø et al., 2011) restricted the
study population to:
• babies delivered vaginally by term;
• exclusively breastfed for at least one
month;
• partially breastfed up to four
months;
• no intensive care unit treatment;
• mothers who have not used antibiotics the month preceding delivery nor
while breastfeeding (e.g. no antibiotic during the four months after
birth) to limit microbiota disrupting
factors to the highest degree possible.
This study, based on the NoMIC cohort
(Eggesbø et al., 2011), used 23 specific

probes and confirmed that, even in infants with minimal medical interventions, the most common microbe colonizing the new born gut is Staphylococcus sp. This indicates that the changes
in gut microbiota in the last 40 years
may have occurred in the whole population. Exposures which affect gut
microbiota, such as conservatives in
food, traces of antibiotics in food and
an ever-increasing sterile milieu, are
ubiquitously present and may be hard
to avoid in the western world.
In contrast, Bifidobacteria genera
were common as expected and dominated in these breastfed infants at four
months of age (Eggesbø et al., 2011).
Moreover, the detection rate of E. coli
was higher in this study (70% at day
four) than among unselected populations of Scandinavian children, and in-

creasing towards four months.
Interestingly, lack of E. coli was
associated with rapid growth, a risk
factor for later obesity, using the same
23 probes (White et al., 2013). This
study reported on a novel method for
identifying exposure windows. The
continued presence or absence of E.
coli, at 3 age points during the first
month of life, was identified as being
associated with infant growth pattern.
In contrast presence or absence of E.
coli later on was not associated with
infant growth, indicating a critical
window for exposure. This finding is
supported by more recent studies
indicating that E. coli plays a key role
in regulating food intake (Breton et al.,
2016) However, E. coli may serve as a
marker for a less disrupted early gut
microbiota.

CAESAREAN SECTION
Many factors tied to our modern lifestyle, such as hygienic measures, hospital delivery, use of antibiotics in the
perinatal period and use of neonatal
intensive care units, likely play a role
in the shift observed in infant gut
microbiota and neonatal intensive care.
However, the single most important
factor may be the increase in caesarean
section (C-section) deliveries.
A sharp increase in C-section has
occurred in most western countries. In
the US a ten-fold increase in C-section
rates was reported in the period from
1937 to 2005 and 30% are now delivered by a C-section (Ecker and Frigoletto, 2007). In Norway, there has been
a seven-fold increase in C-section rates
between the 1970s and 2001 (from 2 to
15%) (Häger et al., 2006). The reasons
for this increase are complex and involve changes in recommendations, for
instance for breech deliveries, as well
as increase in the prevalence of high-

risk pregnancies, such as obesity and
multiple gestations. However, also
changes in willingness to accept pain,
is changing and many C-section are
unnecessary from a strict medical point
of view (Ecker and Frigoletto, 2007).
The increase in C-section rates has
obvious medical consequences. Focus
so far has mainly been on the immediate operative risks of a C-section as
well as on the increased risk of adverse
outcomes in subsequent pregnancies
(Duncan and Doyle, 1937; Liu et al.,
2007). However, C-section may have
long-term consequences of a more subtle nature, tied to differences in the
endocrine milieu during delivery, or to
lack of input of microbes of maternal
origin and these factors have so far
been less acknowledged (Steer and
Modi, 2009; Hyde et al., 2010).
There is increasing support for
multiple long-term effects in C-section
delivered children (Cardwell et al.,
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2008; Koplin et al., 2008; Thavagnanam et al., 2008; Amiri et al., 2012;
Keag et al., 2014). A recent systematic
review concluded that children delivered by C-section have an increased
risk of asthma, wheeze and obesity during childhood (Keag et al., 2014).
Many papers, a meta-analysis and a
review, support an association between
C-section and food allergy (Bager et
al., 2008; Koplin et al., 2008) where the
finding of a stronger effect size among
the infants with family risk supports a
causal association (Eggesbø et al.,
2003, 2005). Another meta-analysis
finds support for an association between C-section and diabetes Type 1
(Cardwell et al., 2008). Associations
have also been reported between C-section and childhood leukaemia (Kaye et
al., 1991; Cnattingius et al., 1995),
ADHD (Amiri et al., 2012), while a
meta-analysis found no support for an
association between testicular cancer
and C-section (Cook et al., 2009). The
underlying reason for the observed
associations is not yet fully understood,
and because C-section deliveries are
associated with multiple pathological

conditions in mother and child, the
causes may be multifactorial. Studies
indicate that early gut microbiota plays
a key role in the regulation of the immune system and that babies delivered
by C-section have less robust regulatory T-cell suppressive functions (Ly et
al., 2006). Regulatory T-cells play a
key function in the regulation of the
immune system, and less robust regulatory T-cell function could result in
immune-related diseases such as allergies or autoimmune diseases. Also, exposure to microbial components during
birth has been shown to play a role for
developing gut-epithelial tolerance to
microbes, thus facilitating the subsequent colonization process (Lotz et al.,
2006). Yet, there are other birth related
processes, such as the natural peak in
stress hormones and the compression
of the brain in the birth canal, which
are missed in a C-section, which also
may play a role for the differential fate
of C-section children. The hypothesis
currently probably gaining most support is that it may be due to long-term
effects of an altered early gut microbiota (GM).

THE EFFECT OF CAESAREAN SECTION ON GUT MICROBIOTA
Mammals have co-evolved with the
microbial world throughout evolution.
The foetus is to some degree exposed
to maternal microbes already in the
womb (Aagaard et al., 2014). Then a
natural birth ensures massive transfer
of commensals microbes from the
mother to the child.
In C-section, exposure to bacteria in
the maternal birth canal is bypassed,
resulting in a delayed and highly disrupted infant GM, for instance resembling human skin rather than the
mother’s vaginal microbiota (Dominguez-Bello et al., 2010). This has been
documented in a number of studies go-
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ing back a century, using culture dependent methods as well as the more
recent culture independent methods
based on microbial DNA. They show
that babies delivered by a caesarean
section have a delayed and different
colonization, with lower colonization
rates of Bifidobacterium and Bacteroides, while rates of Clostridia and
Staphylococcus are higher among
caesarean delivered children (Bennet
and Nord, 1987; Neut et al., 1987;
Grönlund et al., 1999a, 1999b; Salminen et al., 2004; Penders et al., 2006;
Biasucci et al., 2008, 2010; Dominguez-Bello et al., 2010).

Also a differential pattern of Enterobacteriacea is found: E. coli, the obligate colonizer in historical data, is less
common in C-section infants, while
other Enterobacteriacea are more commonly found (Adlerberth et al., 2006).
A recent systematic review of seven
relevant papers concluded that C-section babies had lower abundance and
diversity of the phyla Actinobacteria
and Bacteroidetes, and higher abundance and diversity of the phylum Firmicutes from birth to 3 months.
Bifidobacterium, and Bacteroides genera were significantly more frequent in
vaginally delivered infants compared
with C-section delivered (Rutayisire et
al., 2016). Also noteworthy, the gut
microbiota of infants delivered by Csection showed significantly less
resemblance to their mothers (Bäckhed
et al., 2015). This mismatch may be of
importance with regard to the foetomaternal immune cross talk.
With time the C-section babies gut
microbiota normalizes and resembles
that of the natural delivered babies. The
systematic review concluded that by
the age of six months the C-section ba-

bies had a similar gut microbiota composition as the vaginal delivered babies
(Rutayisire et al., 2016). However, one
study reported that Bacteroides colonization was delayed by up to 1 year in
caesarean section-delivered compared
with vaginally delivered infants (Adlerberth et al., 2006), and another study
suggests that the differential composition in babies delivered by C-section
may be of long-lasting character and
still evident at 7 years of age (Salminen
et al., 2004). The discrepancy may be
due to other factors associated with Csection but still varying across studies,
such as gestational age, concurrent use
of antibiotics and lack of breastfeeding.
Yet, it is important to have a better understanding of the duration of the disruptions caused by C-section itself.
Even if the gut microbiota is normalized with time, early disruptions may
have long-term effects due to the presence of developmental windows that
rely on microbial stimulus from the
gut, which were mentioned above. If
the disruptions are of short durations
on the other hand, they may have no
long-term effects.

GUT MICROBIOTA IN TERM, BREASTFED, C-SECTION INFANTS,
NOT EXPOSED TO ANTIBIOTICS
It is thus unknown to what degree the
observed associations between C-section and gut microbiota composition is
influenced by concurrent antibiotic use,
prematurity, and lack of breastfeeding,
since no studies to our knowledge have
categorized C-section deliveries according to these factors and studied
them separately. For the purpose of the
present paper we used the NoMic cohort in Norway, which consists of 524
new-borns and their mothers. Details of
this study have previously been published (Eggesbø et al., 2011; White et
al., 2013). We identified term babies,

with no concurrent infant use of antibiotics, exclusively breastfed first
month and still partially breastfed at 4
months of age, based on maternal reports that were further validated with
information in the Norwegian Medical
Birth Registry. Altogether 147 infants
were identified who fulfilled these criteria. They were further divided into
two groups; C-section or normally delivered composition examined. Microbial species and groups have been identified at 4, 10, 30 and 120 days after
birth in this study by 23 probes targeting the gene encoding ribosomal RNA
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Figure 1: Differences in gut microbiota composition according to mode of delivery, as
characterized by means of 22 specific groups (see Table 1) whereby the ones that were significant
at day 4 are shown at all time points. ∗: p<0.05, ∗∗: p<0.01, and ∗∗∗: p<0.001.
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(16S rRNA) which were developed
based on faecal samples from ten children randomly selected among those
who had been delivered by caesarean
section, and ten children among those
who had had a normal delivery in the
NoMIC cohort, as previously described
(Rudi et al., 2007) (Table 1). We observed marked differences in 13 out of
the 23 probes signalling various
species, with regard to mode of
delivery, as shown in Figure 1. Note
that signalling cannot be compared
across microbial groups (e.g. cannot
infer that there is more of microbe A
than microbe B), but only across delivery mode and age (e.g. there is more of
microbe A in C-section infants compared to vaginal delivery and this microbe increases with age). At 4 months
the probes Lachno_Inc_b120lnc and

Lachnospira_a120lnc were additionally
significantly different across groups.
The differences were most marked at
day 4, but still marked at one month. Csection delivered infants had significantly higher concentrations of Streptococcus, Enterococcus, Veillonella,
Clostridium perfringens and Pseudomonas, while they had lower concentrations of Bifidobacterium longum,
Bifidobacterium bifidum and Bifidobacterium 2. Bacteroides fragilis was
barely detected in C-section infants and
also uncultured human faecal bacterium, which represents bacteroides species, was marked lower. At 4 months
the differences were less marked, but
C-section infants still had more
Clostridium, and significantly less
Bifidobacteria.

CONCLUSION
In conclusion, epidemiological studies
support an association between C-section and adverse health outcomes, and
the underlying mechanism may be due
to an altered gut microbiota in C-section delivered babies. Studies indicate
that the altered gut microbiota goes beyond the first year of life, thus may be
of consequence for developmental windows in early life depending on microbial input.
One of the limitations in current
literature is that C-section children
have not been characterized with regard to concomitant risk factors. Thus
comparing C-section infants across
studies is complicated by the fact that
the infants may be characterized by
highly varying associated risk factors;
concomitant disease in mother and/or
child, antibiotic use, and varying gestational ages, all factors known to affect

gut microbiota composition. We show
in this paper that gut microbiota composition is affected by caesarean delivery independent of these factors. We
did this by comparing children delivered naturally or by C-section, who
were otherwise equal in terms of being
breastfed, having received no antibiotics and all being term babies. We see
marked differences up to one month of
age, and less marked but still significant differences up to four months of
age.
Yet, we still do not know which specific properties of the gut microbiota
that may play a role in development of
disease, nor the timing of the critical
windows. Longitudinal cohort studies
describing the functions of gut microbiota in children are needed to give further insight into this field.
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