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due to the greater number of bifidobacteria in vaginally de-
livered infants (1.9  !  10 9 , 95% CI 6.3  !  10 8 –5.6  !  10 9  vs. 
1.5  !  10 6 , 95% CI 4.1  !  10 2 –5.7  !  10 9 , respectively) (p = 
0.001). During the first year of life, the total number of IgA-, 
IgG- and IgM-secreting cells was lower (p = 0.03, p = 0.02,
p = 0.11, respectively) in infants born by vaginal delivery
than in those born by caesarean section, possibly reflecting 
excessive antigen exposure across the vulnerable gut barrier. 
 Conclusions:  Our findings demonstrate that the mode of 
 delivery may have, possibly via gut microbiota development, 
significant effects on immunological functions in the infant 
(http://www.clinicaltrials.gov/ct/gui/show/NCT00167700).

  Copyright © 2007 S. Karger AG, Basel

  Introduction

  The establishment of the gut microbiota occurs rap-
idly after birth, initiating as the fetal membranes are rup-
tured. Intestinal colonization follows successive steps, 
dominated first by facultative anaerobes such as entero-
bacteria, coliforms and lactobacilli, followed by anaero-
bic genera such as  Bifidobacterium, Bacteroides, Clostrid-
ium  and  Eubacterium   [1–3] . After weaning, an adult-like 
gut microbiota gradually develops. This process is depen-
dent on genetic factors, maternal microbiota, birth envi-
ronment, feeding practices and particularly the mode of 
delivery.
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  Abstract
   Background:  The rate of caesarean deliveries has increased 
10-fold worldwide during the past decades.  Objective:  To 
evaluate differences in the establishment of gut microbiota 
in infants born by vaginal or caesarean delivery and its im-
pact on mucosal immunity.  Methods:  Altogether, 165 con-
secutive children, prospectively followed from birth at our 
clinic in Turku, Finland, were gathered; 141 (85%) were born 
by vaginal delivery and 24 (15%) by caesarean section. Blood 
was drawn at physician visits for indirect evaluation of mu-
cosal immunity by ELISPOT assay. Faecal samples were ob-
tained for determination of the gut microbiota by fluores-
cence in situ hybridization of bacterial cells.  Results:  Infants 
delivered by caesarean section harboured fewer bifidobac-
teria at an early age and were shown to mount a stronger 
humoral immune response. At 1 month of age, the total gut 
bacterial cell counts per 1 g faeces were higher in vaginally 
delivered infants (9.9  !  10 9 , 95% CI 7.9  !  10 9 –1.2  !  10 10 ) as 
compared to caesarean section delivered (3.1  !  10 9 , 95% CI 
1.1  !  10 9 –8.6  !  10 9 ) (p = 0.001). This distinction was mainly 
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  Aberrant microbiota development may increase the 
risk of specific human diseases  [4, 5] . Indeed, recent sci-
entific data challenge the traditional thinking on com-
mensalism, indicating an impartial coexistence of mi-
crobes and host, where a risk of disease is generated if 
translocation of specific intraluminal bacteria takes 
place. Interest in host-microbe interaction has been re-
awakened by the demonstration that the gut microbiota 
are critical for the host’s physiology. Major functions of 
the microbiota include metabolic activities which result 
in salvage of energy and absorbable nutrients, protection 
of the host against invasion by pathogenic microbes, tro-
phic effects on the intestinal epithelium and intestinal 
epithelial homeostasis and regulation of immune re-
sponses  [4] . The significance of the regulatory function 
culminates at an early age, when the mucosal barrier and 
immune system are immature.

  The rate of caesarean deliveries has increased 10-fold 
worldwide during the past few decades. We therefore 
evaluated differences in the establishment of microbiota 
in children born by vaginal or caesarean delivery. In 
particular, the possible effect of gut microbiota on mu-
cosal immunity, the first line of host defence, was exam-
ined.

  Methods

  Subjects and Study Design
  For this study, 165 consecutive children from allergic families 

(i.e. mother, father or sibling with atopic disease) who have been 
prospectively followed from birth at our clinic were gathered, 141 
(85%) of them born by vaginal delivery and 24 (15%) by caesarean 
section. Infants who had been exposed to probiotics directly or 
through the mother were excluded from the study.

  All studies were approved by The Ethical Committee of the 
Hospital District of Southwest Finland. Written informed con-
sent was obtained from the children’s parents. All data in the 
study were treated confidentially.

  The infants were examined by a research nurse at the age of 1 
month and by a physician at the ages of 3, 6 and 12 months. Blood 
was drawn at physician visits for evaluation of mucosal immu-
nity. Faecal samples were obtained at every scheduled visit and 
stored at –20   °   C for later analyses. Skin prick tests were performed 
at the ages of 6 and 12 months as previously described  [6] . Atopic 
eczema was diagnosed if atopic sensitization (i.e. positive skin 
prick test) was confirmed  [7]  and the following clinical features 
were detected: pruritus, facial and/or extensor involvement and 
chronic relapsing course  [8] . Cow milk allergy was verified either 
by a combination of positive skin prick test and clinical symptoms 
related to cow milk or double-blind placebo-controlled cow milk 
challenge.

  The number of circulating immunoglobulin-secreting cells 
was assayed by the enzyme-linked immunospot (ELISPOT) as-
say, since it indirectly indicates immunological events in the gut 

 [9, 10] . Fluorescence in situ hybridization (FISH) was used for 
enumeration of four dominant bacterial groups of gut microbiota. 
A significant proportion of gut microbiota remains unidentified. 
For this purpose the total bacterial cell number from faecal sam-
ples was determined in addition of the numbers of bifidobacteria, 
clostridia, lactobacilli and bacteroides, which reflect the most fre-
quently identified microbe species in the infant gut.

  Evaluation of Humoral Immunity: ELISPOT Assay
  In brief, mononuclear cells containing mainly lymphocytes 

were obtained by Ficoll-Paque (Pharmacia LKB Biotechnology 
AB, Uppsala, Sweden) centrifugation of lithium-heparinized 
blood. Isolated cells, which were washed three times in Hanks’ 
buffered salt solution, were subsequently suspended in RPMI 
1640 medium (Gibco-BRL Life Technologies, Paisley, UK) con-
taining 10% fetal calf serum (Gibco-BRL Life Technologies), and 
adjusted to a concentration of 1–2  !  10 6  cells/ml.

  To determine the number of specific antibody-secreting cells 
against dietary antigens, coating was performed for 2 h at 37   °   C 
with the following concentrations of the antigens (both from Sig-
ma Chemical Co., St. Louis, Mo., USA):  ! -lactoglobulin, 20  " g/ml 
(from bovine milk) and casein, 20  " g/ml (from bovine milk). Un-
coated binding sites were blocked with 1% bovine serum albumin 
(BSA; Boehringer Mannheim GmbH, Germany) in phosphate-
buffered saline (PBS; pH 7.4) for 30 min at 37   °   C. After washings 
the lymphocyte suspension was incubated on antigen-coated flat-
bottomed 96-well microtitre plates (Immunoplate R I ! , Nunc
A/S, Roskilde, Denmark) at 37   °   C for 2 h. The antibodies secreted 
during that time were detected with alkaline phosphatase-conju-
gated goat antisera to human IgA, IgG and IgM (all from Sigma 
Chemical Co.) diluted in 1% BSA-PBS (pH 7.4) incubated over-
night at room temperature, followed by a substrate agarose over-
lay and observation of coloured spots.

  The total number of immunoglobulin-secreting cells was in-
terpreted to reflect non-antigen-specific mucosal immune re-
sponsiveness. The wells were coated with rabbit anti-human IgA 
(Dako A/S, Glostrup, Denmark) and IgM (Dako A/S), and goat 
anti-human IgG (Sigma Chemical Co.) diluted 1/100 in PBS (pH 
7.4). Subsequent steps were as described above.

  Determination of the Gut Microbiota: FISH
  The faecal samples (1 g sample, wet weight) were suspended in 

0.1  M  PBS (pH 7.0) to give a final concentration of 10% (w/v). The 
slurries were homogenized and centrifuged at low gravity (250  g  
for 2 min) to remove particulate matter. Bacterial cells were fixed 
and FISH analyses performed as previously described  [11] . In 
brief, cells were fixed overnight in 4% (v/v) paraformaldehyde at 
4   °   C, washed twice in PBS and stored at –20   °   C in a PBS:ethanol 
(1:   1) solution. Subsamples of the fixed cells were hybridized over-
night in hybridization buffer with a 5 ng/ " l Cy3 indocarbocya-
nin-labelled oligonucleotide probe. Probes (sequence 5 "  ] 3 " ) in-
cluded were Bac303 (CCAATGTGGGGACCTT)  [12]  specific for 
bacteroides, Bif164 (CATCCGGCATTACCACCC)  [11]  for bifi-
dobacteria, His150 (TTATGCGGTATTAA TCT(C/T)CCTTT) 
 [13]  for clostridia (perfringens/histolyticum subgroups) and 
Lab158 (GGTATTAGCA(T/C)CTGTTTCCA)  [14]  for lactobacil-
li and enterococci. Total cell numbers were counted with a nucle-
ic acid stain 4 " ,6-diamidino-2-phenylindole (DAPI). Cells were 
washed with the hybridization buffer, filtered through a 0.2- " m 
polycarbonate filter (Millipore Corp., Etten-Leur, The Nether-
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lands) and mounted on a slide with SlowFade !  (Molecular Probes 
Inc., Eugene, Oreg., USA). They were counted visually with a Lei-
ca Laborlux D epifluorescence microscope mounted with Cy3 
and DAPI-specific filters. Fifteen microscopic fields were counted 
per assay.

  Statistical Analysis
  Statistical analyses were conducted with StatView 4.57 (Aba-

cus Concepts, Inc.). Data are presented as mean values with, when 
appropriate, 95% confidence interval (CI) or range. Statistical dif-
ferences between the delivery groups were compared by ANOVA 
and Mann-Whitney U-test. The  #  2  test was used to determine the 
difference in proportions. 

  Results

  Clinical Data
  The vaginally delivered infants were born at a mean 

gestation of 39.5 weeks (range 35.0–42.1) and infants 
born by caesarean section at 39.2 weeks (range 34.0–
42.3). Birth weights were 3,558 g (range 2,140–4,890) and 
3,611 g (range 2,215–4,800), correspondingly. The infants 
born by vaginal delivery were exclusively breast-fed until 
a mean age of 2.3 months (range 0–6.0) and the caesar-
ean section babies until 2.1 months (range 0–5.5). The 
total duration of breastfeeding was 6.2 (range 0.3–19) and 
5.8 (range 0.8–16) months, respectively. All of these char-
acteristics were comparable between the groups.

  There was a trend towards lower frequency of atopic 
sensitisation in the vaginally delivered infants as com-
pared to those born by caesarean section. At the age of 
6 months, 12% of those delivered vaginally and 22% of 
those delivered by caesarean section had a positive skin 
prick test (p = 0.18). At 12 months of age, the respective 
frequencies were 16 and 17% (p = 0.86). The most com-
mon allergens responsible for positive reactions were egg 
white and milk. Atopic eczema was diagnosed in 14% of 
the vaginally delivered infants and 17% of those born by 
caesarean section (p = 0.71). Cow milk allergy was detect-
ed in 12 and 17% (p = 0.43) of the infants, respectively.

  Gut Microbiota
  At 1 month of age, no differences were found in the 

numbers of clostridia, lactobacilli or bacteroides. How-
ever, the number of bifidobacteria was 1,300-fold higher 
in vaginally delivered infants compared to caesarean sec-
tion-born infants (p = 0.001). This was consequently re-
flected in the total bacterial cell numbers ( fig. 1 ), which 
were 3-fold higher in infants born by vaginal versus cae-
sarean delivery (p = 0.001). At the age of 6 months these 
differences were no longer observed.

  Humoral Immune Responses
  During the first year of life, as measured at ages of 3, 

6 and 12 months, the total number of IgA-secreting cells 
was lower (p = 0.03, ANOVA) in infants born by vaginal 
delivery than in those born by caesarean section, as 
shown in  figure 2 . The total numbers of IgG- and IgM-
secreting cells followed a similar pattern, p = 0.02 and 
0.11 (ANOVA), respectively. However, in antigen-specific 
antibody-secreting cells in the IgA class against milk an-
tigens (casein and  ! -lactoglobulin), no statistically sig-
nificant difference was detected when compared with the 
vaginally delivered versus caesarean section-born in-
fants: at 3 months, 12 (95% CI 7–16) versus 16 (95% CI 
8–24), respectively (p = 0.45). The respective figures at 6 
months of age were 10 (95% CI 7–13) and 16 (95% CI 7–25) 
(p = 0.20), and at 12 months 12 (95% CI 8–15) versus 11 
(95% CI 5–15) (p = 0.77).

  Discussion

  We detected a significant correlation between the 
mode of delivery, gut microbiota and mucosal immunity 
in a substantial cohort of young infants by culture-inde-
pendent methods. Infants delivered by caesarean section 
harboured fewer bifidobacteria at an early age and were 
shown to mount a stronger non-specific humoral im-
mune response.
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  Fig. 1.  The number of bifidobacteria and total bacteria cells (per 
1 g faecal wet mass) in infants born by vaginal delivery (VD) and 
caesarean section (CS) at 1 month of age. Data represent geomet-
ric means with 95% CI.
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  It is noteworthy that bifidobacteria are the most abun-
dant members of the gut microbiota during the first 
months of life. In fact, bifidobacteria compose up to 60–
90% of the gut microbiota of a healthy breastfed infant, 
whereas the number of lactobacilli seems to be less sig-
nificant than earlier reported  [15] . The present study sub-
stantiates these observations in documenting that vagi-
nally delivered infants who showed 1,300-fold higher 
numbers of bifidobacteria in their gut microbiota com-
pared to caesarean section-born infants also exhibited 
higher proportional numbers of bifidobacteria and 3-fold 
higher total bacterial cell numbers in their faeces. A dis-
tinct pattern of bacterial colonization in caesarean sec-
tioned and vaginally delivered infants has previously 
been reported by Li et al.  [16] , namely in their study  Strep-
tococcus mutans  colonization within the mouth was de-
tected significantly later in vaginally delivered than in 
caesarean section-born infants.

  The lower concentration of bifidobacteria and the low-
er number of total bacterial cells are likely to hamper the 
successive establishment of the gut microbiota and there-
by result in an altered collective composition and meta-
bolic activity influencing the immune response during a 
critical period of development. In support of this sugges-
tion, we have previously shown that differences in intes-
tinal microbiota remain beyond infancy  [17] .

  We demonstrated here that infants born by caesarean 
delivery have a higher level of immunoglobulin-produc-
ing cells in their peripheral blood compared to those born 
by vaginal delivery. While there was no difference in an-
tigen-specific antibody-secreting cells against milk anti-
gens, the difference in total number of antibody-secret-
ing cells must be explained by other, non-specific factors 
such as excessive antigen exposure across the vulnerable 
gut barrier.

  Indeed, commensal bacteria have a major role in pro-
tecting the gut from injury by interaction with the gut 
epithelium and by forming the mucosal barrier  [18] . The 
host-microbe interaction on the intestinal mucosa is me-
diated by specific toll-like receptors (TLRs). Under nor-
mal balanced conditions, commensal bacteria, as well as 
pathogens, are recognized by TLRs, but the ensuing im-
mune responses, non-inflammatory versus inflamma-
tory, differ between commensals and pathogens. If this 
crosstalk is disturbed, intestinal epithelial cells may pro-
liferate at a more rapid rate, rendering the defence bar-
rier vulnerable to intraluminal offending antigens  [19] , 
the major source of such antigens at an early age being 
derived from food and bacteria.
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  Fig. 2.  The number of ( a ) IgA-, ( b ) IgG- and ( c ) IgM-secreting cells 
per 10 6  mononuclear cells in infants born by vaginal delivery 
(VD) and caesarean section (CS) at ages of 3, 6 and 12 months. 
Data represent means with 95% CI. 
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  It appears that the mucosa of young children, unlike 
that of adults, tends to be, through a TLR-dependent 
pathway, particularly responsive to microbial stimuli. In 
an in vitro study, where explanted nasal mucosa was cul-
tured with bacterial lipopolysaccharide and allergen, li-
popolysaccharide was able to prevent allergic inflamma-
tion in the nasal mucosa of atopic children, but not in 
adults, by transforming local immune responses from T-
helper type 2 to T-helper type 1 and increasing the ex-
pression of interleukin-10  [20] . Furthermore, bifidobac-
teria, regularly present in the healthy breast-fed infant 
gut, may influence this process. For instance, production 
of interleukin-10 by intestinal dendritic cells appears to 
be up-regulated following stimulation with bifidobacte-

ria strains, not lipopolysaccharide  [21, 22] . Taking these 
observations together, the crosstalk between infant as the 
host and gut microbiota at an early age serves the purpose 
of immune maturation.

  The results of the present study demonstrate that the 
mode of delivery may have, possibly via gut microbiota 
development, significant effects on immunological func-
tions in the infant. While early infancy is a critical phase 
in the development of the immune system, aberrations in 
gut microbiota development and thereby in the immuno-
logic homeostasis may have a long-term impact on the 
infants’ future health. The microbiota succession in cae-
sarean section-born infants should thus be more thor-
oughly characterized and understood.
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