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Abstract
Background: Early microbial colonization triggers processes that result in intestinal maturation and immune
priming. Perinatal factors, especially those associated with birth, including both mode and place of delivery are
critical to shaping the infant gut microbiota with potential health consequences.

Methods: Gut microbiota profile of 180 healthy infants (n=23 born at home and n=157 born in hospital, 41.7% via
caesarean section [CS]) was analyzed by 16S rRNA gene sequencing at birth, seven days and one month of life.
Breastfeeding habits, infant clinical data, including length, weight and antibiotic exposure, were collected up to 18
months of life. Long-term personalized in vitro models of the intestinal epithelium and innate immune system were
used to assess the link between gut microbiota composition, intestinal function and immune response.

Results: Microbiota profiles were shaped by the place and mode of delivery, and they had a distinct biological
impact on the immune response and intestinal function in epithelial/immune cell models. Bacteroidetes and
Bifidobacterium genus were decreased in C-section infants, who showed higher z-scores BMI and W/L during the
first 18 months of life. Intestinal simulated epithelium had a stronger epithelial barrier function and intestinal
maturation, alongside a higher immunological response (TLR4 route activation and pro-inflammatory cytokine
release), when exposed to home-birth fecal supernatants, compared with CS. Distinct host response could be
associated with different microbiota profiles.

Conclusions: Mode and place of birth influence the neonatal gut microbiota, likely shaping its interplay with the
host through the maturation of the intestinal epithelium, regulation of the intestinal epithelial barrier and control of
the innate immune system during early life, which can affect the phenotypic responses linked to metabolic
processes in infants.

Introduction
Microbial colonization plays an important role in numerous functions, including digestion, metabolic reactions and
trophic effects, and it also influences the development and maturation of the host’s innate and adaptive immune
system [1–3]. The mode of birth is a key factor shaping early microbial colonization [4–6]. Vaginally born (VAG)
infants acquire microbial communities resembling the maternal vaginal and gut microbiota, whereas infants born
via C-section acquire environmental-like bacteria such as Staphylococcus, Corynebacterium and Propionibacterium
spp. [7]. In addition, CSs are associated with lower microbial diversity, delayed colonization of Bacteroides and
Bifidobacterium spp. and reduced immune responses [8]. The CS rate increased by an annual increment of 3.7%
from 2000 to 2015 worldwide  [9,10]. In Europe, the average CS rate is 28% [11], although the World Health
Organization (WHO) recommends a rate of 10–15% [12]. Epidemiological studies have linked CSs with a higher
risk of non-communicable diseases such as obesity [13,14] and allergy [15]. Indeed, the CS procedure is
characterized by pre- and intra-partum antibiotic exposure and other medical practices, which may affect early gut
colonization and predispose the infant to developing immune-related disorders later in life, including asthma [16–
18], allergy [19–21], obesity [22,23] and diabetes [24,25]. Hospital interventions during birth are critical for pioneer
microbial colonizers and proper immune system maturation [26,27], which may impact adult health [28,29].
However, neonatal microbiota colonization in the absence of hospital interventions remains underexplored.
Furthermore, the hospital environment (high-level disinfection and antibiotic therapy) has an impact on microbial
exposure, thereby extending the hygiene hypothesis to the time of birth [30,31]. 
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Home births (HBs) increased by 77% between 2004 and 2017 in the United States, while the rate of birth-center
deliveries doubled during the same period [32]; however, in Europe, such births account for less than 1% of all
deliveries, except in the Netherlands, where HBs represent 16.3% of births [33]. Recently, a distinct microbiota
profile has been reported in VAG neonates born at home or in hospital [34], although the impact on microbiota
development and the potential effects on neonatal health are not fully understood.

In this study, we investigate the influence of birth-related factors, including the place and mode of delivery on early
colonization during the first month of life and on infant growth during the first 18 months. Furthermore, to
understand the potential biological mechanisms involved, in vitro gut models are used to study the impact of
distinct microbiota patterns on intestinal function and innate immune system maturation.

Results
Study population

No differences were observed in the neonatal weight between groups, which showed a median of 3250 g (range
2973–3573 g). Other maternal clinical parameters are presented in the supplementary material (Additional file 1).
Despite all the babies were born at full term, the CS-born neonates were born before the both groups of vaginally
delivered neonates (39 weeks of pregnancy for CS births and 40 weeks for the VAG and HB neonates, respectively)
(p=0.004).

The HB neonates showed higher length measurements than the hospital-born infants for both delivery modes
(p=0.003). Additionally, the HB infants had higher ratios of exclusive breastfeeding than the hospital-delivered
infants at both seven and 31 days of life (p<0.001). 

Perinatal factors related to the place and mode of delivery shape the neonatal microbiome composition at birth 

At birth, the place (hospital versus home) was the main contributor of neonatal microbiota composition (p=0.001),
followed by the mode of birth (p=0.025) (Figure, 1A). Other perinatal factors did not significantly influence the
neonatal microbiota during delivery.

The place and mode of birth shaped the microbial richness and diversity at amplicon sequence variant (ASV) level
(Additional file 2). The hospital-born neonates showed a bacterial community with greater richness (p=0.002) and
diversity (p=0.072) at birth than the HB neonates. The CS-born neonates harbored higher index of observed species
(p=0.023), diversity (p=0.001) and richness (p=0.031) than the HB infants.

The neonatal fecal microbiota was dominated by the Proteobacteria phylum, followed by Firmicutes and
Actinobacteria (Additional file 3). The hospital-born infants showed higher relative abundances of the Finegoldia
(p<0.001), Clostridioides (p<0.001), Klebsiella (p=0.025) and Peptoniphilus (p=0.006) genera, including
Clostridioides difficile (p<0.001) and Clostridium neonatale (p=0.006), while the HB infants showed higher relative
abundances of the Staphylococcus (p<0.007) and Enterococcus (p<0.001) genera.

As for the mode of birth, the VAG infants showed higher relative abundances of the Bacteroidetes (p=0.035) and
Firmicutes (p=0.035) phyla, including the Bacteroides and Escherichia/Shigella genera. A linear discriminant
analysis of effect size (LEfSe) was used to confirm which genera were responsible for the clustering of the rectal
swab microbial population (Additional file 4). The microbiota of the HB neonates was enriched by species from the
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Enterococcus and Staphylococcus genera, while the hospital-born infants were enriched with species from the
Klebsiella, Veillonella and Clostridioides genus. We also observed a microbial core at each time point and noted
some unique genera not shared between the groups (Additional file 5). For instance, we observed that the
Akkermansia genus was only present in the HB. 

Perinatal factors related to the place and mode of delivery shape neonatal microbiota development

Mode of birth (p=0.001) and time (p=0.001) were the main contributors to the overall microbiota structure during
the first month of life at ASV level. Generally, neonatal microbiota at birth showed significantly higher microbial
richness (Chao1 index) and diversity (Shannon index) than the microbiota at 7 and 31 days of life (Additional file
2). No differences in alpha diversity (Chao 1, Shannon index) were found according to the place or mode of
delivery at the 7- or 31-day time points.

Distinct colonization patterns were identified between the hospital born (VAG and CS) and HB neonates (Figure,
1D). The mode of birth shaped the microbiota colonization process at 7 (Adonis p<0.001) and 31 days (Adonis
p<0.005) at ASV level.

The infant microbiota showed differing development in the VAG and CS-delivered neonates at the phylum and
family levels (Figure, 1D). The VAG deliveries exhibited a colonization pattern somewhere between the patterns of
the CS-born and HB deliveries. The HB and CS-born infants showed significant differences in the Firmicutes
phylum at delivery (p=0.035) and in the Proteobacteria at seven days (p=0.019), although they did not show
differences when compared to the hospital-based VAG infants. The relative abundance of the Actinobacteria
phylum increased during neonatal life in the both groups of vaginally (VAG and HB) born infants but not in the CS-
born neonates (Additional file 3). In the HB neonates, the Actinobacteria increase occurred from delivery to 31 days,
while in the hospital-based VAG neonates, the increase was delayed from seven to 31 days of life. The
Bacteroidetes phylum abundance was slightly higher in the vaginal births (VAG and HB) at seven (p=0.014) and 31
days (p=0.01) than in the CS births.

At the phylum level, the vaginal births (VAG and HB) showed higher relative abundances of the Actinobacteria
(p=0.001) and Bacteroidetes (p=0.018) phyla, especially Bifidobacterium (p=0.003 at seven days), when compared
with the CS-born infants at both times (7and 31 days). The CS-born infants were enriched with the Firmicutes
phylum (p=0.020), including Enterococcus (p=0.005 at seven days) and Clostridium (p=0.039).

The HB neonates harbored a higher relative abundance of Actinobacteria (p=0.004 and p=0.006 at 7 and 31 days,
respectively) and a lower relative abundance of Proteobacteria (p=0.026 and p=0.008 at 7 and 31 days,
respectively) when compared with the hospital-born infants (VAG and CS) at both times. Hospital-born infants had
higher relative abundances of the Klebsiella species and lower relative abundances of Bifidobacterium genus,
including B. bifidum (p=0.013), and Collinsella genus, including Collinsella aerofaciens (p=0.028 at 31 days),
compared with the HB neonates.

In the vaginal births (both, VAG and HB), the relative abundances of the Collinsella and Bacteroides genera
increased during the first month of life. An opposite trend was observed for the Escherichia and Enterococcus
genera (Figure 2). In the CS-born infants, Escherichia, Enterococcus and Klebsiella genera increased from birth to
seven and 31 days (Figure 2). The relative abundance of Bifidobacterium genus was higher in the vaginal births,
especially the HB infants at 7 (p<0.001) and 31 days (p=0.004), when compared with the CS births.  Moreover, CS-
neonates harbored a higher relative abundance of the Clostridium sensu stricto genus than the HB infants at 7
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days (p=0.007), although no difference was observed with the hospital-based VAG infants (p=0.250), indicating
intermediate colonization patterns in neonates born in hospital via vaginal route.

At both 7 and 31 days, the Bacteroides genus was present between the vaginal-delivered neonates but not the CS-
delivered infants, who showed Enterobacter as a unique genus at 31 days.

In a subset of samples, total bacterial counts by qPCR were significantly lower at birth than the counts obtained at
seven days in all three groups (Additional file 6). We also found that the CS-born fecal samples showed
significantly lower bacterial counts than the VAG (p=0.043) and HB (p=0.008) samples at delivery. The HB infants
showed higher total bacterial counts than the VAG (p=0.008) and CS-born (p=0.043) infants at seven days.
Similarly, in the case of the Bifidobacterium genus counts in the vaginal-delivered groups (HB [p<0.001] and VAG
[p=0.003]), the counts increased during the first month. Furthermore, the HB infants had higher Bifidobacterium
counts than the VAG and CS-born infants at seven (p=<0.001 for CS, p=0.004 for VAG) and 31 days (p=0.027 for
CS, p=<0.001 for VAG). 

Impact of the perinatal environment on the infant weight status at 18 months

Higher BMI and W/L z-scores were observed in the CS-born infants than in the HB (p=<0.001 for BMI, p<0.001 for
W/L at 12 months) and hospital-born vaginal births (p=<0.001 for BMI and p=0.003 for W/L at 12 months) (Figure,
3 A-B). Indeed, at 18 months of life, CS infants exhibit also higher BMI z-scores than HB (p<0.001) and VAG
(p=0.016) children. Additionally, a multivariate linear analysis (adjusted by breastfeeding duration, antibiotic intake
during the first year of life, maternal pre-gestational BMI, and BMI and W/L z-scores at delivery) showed the CS-
born neonates to exhibit significantly higher BMI and W/L z-scores across the first 18 months of life.

Microbiota predicted functionality during the first month of life is influenced by the birth mode and place

The inferred microbial functionality at birth was mainly affected by the mode of birth (p<0.001), but also by the
birthplace (p=0.049). In addition, mode of birth also influenced the microbiota predicted functionality at 7
(p=0.001) and 31 days (p=0.02); however, the birthplace was only significant at 7 days (p=0.001) (Figure 4, A-B).

Regarding concrete functions, the microbiota of the vaginal-delivered infants (VAG and HB) were enriched in
functional routes related to the synthesis of secondary metabolites (p<0.001), amino acids (p=0.002), lipids
(p=0.034) and carbohydrate metabolism (p=0.046) when compared with the CS-born neonates at delivery
(Additional file 7). At seven and 31 days, the vaginal-delivered infants showed microbiota enriched in lysine,
phenylalanine, tyrosine, tryptophan, valine, leucine and isoleucine biosynthesis pathways. At one month of life, the
CS-born infants expressed higher energy metabolism pathways, including carbohydrates, lipids, and propanoate
biosynthesis.

The immune-system-related paths (e.g. antigen processing and presentation [p<0.001] and NOD-like receptors
[p<0.001]) were overrepresented in the CS-born infants at birth. Contrarily, the lipopolysaccharide (LPS)
biosynthesis routes were enriched in the vaginal-delivered infants at all time points (Figure 4, C-D), being also
influenced by the birthplace. The genera that mostly contribute to the differences in these predicted routs were
Escherichia/Shigella, Klebsiella and Clostridium sensu stricto. However, the CS-delivered infants showed increasing
representation of pathways related to bacterial toxins at seven (p=0.011) and 31 days (p=0.004) when compared
with the HB neonates.
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Fecal supernatants induce the mRNA expression of TLR4 and IRAK4 in intestinal epithelial cells

The HT-29 reporter cells showed increased NF-kB activation independently of the place and mode of delivery in all
the groups (data not shown). All fecal supernatants induced IL8 and TNF-a production in the HT-29 cells when
compared with control cells exposed to cell culture media (Figure 5, A). No differences were found between the
groups in relation to any of the cytokines.

HB fecal supernatants up-regulated the TLR4 mRNA in a 1.405-fold change (p=0.024) and the IRAK4 mRNA in a
2.654-fold change (p<0.001) when compared with the control samples. This increase was not observed in the cells
exposed to hospital-born (VAG and CS) neonatal samples (Additional file 8). Generally, the fecal supernatants all
reduced the mRNA expression of the tight-junction proteins, including zonulin-1 (HP) (0.202- and 0.265-fold change
in the HB and CS samples, respectively), e-cadherin (CDH1) (0.226- and 0.326-fold change in the HB and CS,
respectively) and occludin (OCLN) (0.192- and 0.253-fold change in the HB and CS). However, no differences were
found between the different studied groups. 

HB fecal supernatants trigger higher immune response in macrophage-like cells than CS fecal supernatant.

The mode of birth significantly affected the production of cytokines in the PMA-differentiated THP-1 cells (Figure 5,
B). The HB and VAG fecal supernatants had a higher pro-inflammatory capacity than the CS samples. Higher levels
of IL6 and IL8 were detected after HB (p=<0.001), followed by the VAG (p=0.043) samples, when compared with the
CS-born fecal supernatant. The VAG and HB samples triggered a significantly higher response than the control
condition for IL6, IL8 and TNF-a, which was not observed in cells exposed to CS samples. 

The CS fecal supernatants down-regulated the TLR4 (0.509-fold change, p=0.006) and FOS mRNA expression
(0.238-fold change, p=0.038) (Additional file 8). The expression levels were not quantifiable for the interferon
gamma (IFN-g) and IL10 genes in either the HT-29 or THP-1 cell lines following faecal supernatant exposure. 

Triple co-culture system for host–microbiome interaction

Place and mode of birth impacts on intestinal barrier function and maturation

With regard to the integrity of the cell monolayer (Additional file 9), HB promoted a higher increase in the
transepithelial electrical resistance (TEER) values after seven days of exposure (Figure 6, A-B) when compared with
hospital birth (VAG [p<0.001] and CS [p<0.001]). These results were confirmed via the measurement of lucifer
yellow dye (LY) transport through the epithelial layer. Despite all the fecal supernatants triggered an increase in LY
transport when compared to control condition (p<0.05), hospital-based birth, both VAG (2.1·10-6±5.7·10-7 cm/s,
p=0.018) and CS (2·10-6±3.5·10-7 cm/s, p=0.033), led to higher LY transport than HB (1.5·10-6±1.7·10-7 cm/s).

The intestinal alkaline phosphatase (IAP) activity was also measured in the supernatant of cell cultures from both;
the apical and basal compartments (Figure 6, D). Indicative of functional cell polarization, the IAP activity was
significantly higher (p=0.006) in the apical compartment at 7 days of treatment, while all the fecal supernatants
enhanced the IAP activity when compared with the control. Similar to the TEER and LY results, HB samples induced
higher IAP activity than the ones observed in VAG (p=0.043) and CS samples (p=0.049). Furthermore, higher mucus
production was observed in cells exposed to hospital fecal samples (0.92±0.2 mg/ml) when compared with the HB
samples (0.69±0.09 mg/ml) (p=0.006). 

Immune system response
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                                        HB                                                       CS
  Fold expression p-value Fold expression   p-value

Apical compartment (Caco-2, LSTH-17 cells)
HP 1.139 (0.767 - 1.627) 0.495 1.097 (0.957- 1.214) 0.106
CDH1 1.054 (0.462 - 1.675) 0.841 0.916 (0.736-1.237) 0.399
OCLN 1.163 (0.673 - 1.534) 0.531 1.321 (0.867-1.702) 0.083
IRAK4 (#) 0.94 (0.610 - 1.168) 0.837 0.425 (0.273-0.595) 0.010* ↓
TLR2 1.492 (0.837 - 2.142) 0.181 1.302 (0.960-1.710) 0.061
TLR4 0.89 (0.722 - 1.074) 0.201 0.826 (0.482-1.276) 0.475
TOLLIP 0 (0.000 - 1.381) 0.509 1.231 (0.658-2.076) 0.474
Basal compartment (THP-1 cells)  
TLR4 3.566 (1.103 - 13.629) 0.094 1.117 (0.235 - 7.013) 0.896
TLR3 1.346 (0.939 - 1.853) 0.378 3.546 (1.712 - 8.099) 0.094
TOLLIP 5.182 (3.667 - 9.351) <0 .001*↑ 7.186 (4.388 - 11.727) 0.010*↑
IL10 7.888 (3.496 - 31.769) < 0.001*↑ 1.737 (0.912 - 5.478) 0.061

The immune response to the fecal supernatants was generally higher in the basal than in the apical compartment.
In the simulated intestinal epithelium, the exposure to CS-born fecal supernatants down-regulated (0.43-fold
change) the IRAK4 mRNA expression when compared with the control-no stimulus (p=0.01) and HB samples (0.45-
fold change, p=0.001). Contrarily, the CS-born fecal supernatants up-regulated the toll-interacting protein (TOLLIP)
mRNA (p=0.007) expression in the HB samples (1.54-fold change) (Table 1). 

Table 1. Gene expression of cells in the apical and basal compartment in the triple co-culture system after 7 days of exposur



























Total RNA was extracted from cells treated with homebirth (HB) samples and C-section (CS) fecal supernatant. For each 
n=6 in triplicates, data was presented as fold change expression (95% C.I).  Values expressed relative expression fold-
each condition compared to control. P<0.05 (*) and blond letters marked significant differences between treatment and c
(↑) or down (↓) regulation was represented by the arrows. Symbol # represented genes expression that was different be
and CS.

IL8 was detectable at all time points in the apical compartment (Figure 6, E). Generally, the IL8 exhibited a gradual
increase until the fifth day of exposure (126±39% average increase for the three groups). Thereafter, the IL8 levels
decreased until the end of treatment (7 days, 99±24% average of three groups). The IL6 concentration was only
above the detection limit at the final time point (7days), and there were no differences between the groups.

In the basal compartment, similar to the epithelium-like layer, we observed a 7.2-fold change in the down-regulation
of the TOLLIP mRNA expression after exposure to CS-born samples (p<0.001) (Table 1).

IL8 release was observed at 24 hours (151.3±42.7% increase from the control), with the maximum being seen after
five days of treatment (164±65% increase). At day seven, the IL8 levels reached similar values to those seen on the
first day of treatment (82±67% increase) (Figure 6, F-J).

The IL6 production by the THP-1 cells showed a late response to faecal supernatant exposure, lasting from day
one of treatment until day three (218±223% increase from control); however, the increase was only significant for
the HB (p=0.003) and VAG (p=0.017) samples. At the subsequent time points, the IL6 release was stabilised to
concentrations similar to those seen on day one (61.45±11.69% for CS, 48.88±11.14% and 59.97±13.4% for HB).
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No significant differences were observed between the groups in terms of the cytokine production patterns over the
seven days.

Discussion
In this study, we evaluated gut microbiota evolution during the first month of life in CS-delivered and both HB and
hospital-based VAG infants. Our results highlight the relevance of perinatal factors to the gut microbial
colonization pattern, which affects the innate defensive mechanisms and functional maturation at the intestinal
level.

CS procedures are associated with specific conditions, including the use of antibiotics, longer hospitalization, low
neonatal–maternal contact and the delayed initiation of breastfeeding [35,36], which may influence microbial
colonization patterns [26]. A higher percentage of bottle or mixed feeding is commonly observed in CS-born infants
[35], including the studied cohort. In our cohort, the HB infants showed a higher rate of exclusive breastfeeding
than the hospital-born infants (95% in HB versus 67% and 61% in CS and VAG at hospital, respectively).
Furthermore, the practices associated with hospital delivery, as antibiotic use, vaginal cleansing, controlled
maternal food intake and mobility, oxytocin administration or anesthesia, may affect the maternal microbiota and,
consequently, mother–infant microbial transmission. Those factors together with prematurity would have a
relevant impact on infant development that remains poorly understood. Additionally, these birth-related factors
may affect the microbial establishment process and cannot be independently studied. Therefore, our results sum
up the consequences of all the concomitant factors affecting the different groups of study.

The hospital environment, especially in the case of CSs, can be considered highly intervened condition
characterized by the high pressure of antibacterial therapy and instrumentalization. HB rates have increased in
Europe over recent decades, ranging from 0.1% in Sweden to almost 20% in the Netherlands [37]. However, limited
information concerning the possible benefits of HB is currently available due to the lack of adequate randomized
clinical trials meaning that it is not possible to determine the risk of neonatal–maternal mortality and morbidity
during HB [38]. Further, little is known about the impact of a non-hospital environment on infant gut colonization.

We observed that the mode and place (hospital versus home) of birth shaped the neonatal microbiota. The
microbiota of hospital-delivered infants was enriched with gram-positive anaerobic cocci, including the
Peptoniphilus and Finegoldia genera, while those of HB infants exhibit higher relative abundances of species from
the Enterococcus and Bifidobacterium genera.

In all three groups, time was the main factor affecting the composition of the infant microbiota, with a significantly
different pattern between groups observed at birth, but not at the subsequent time points. Primary events
concerning gut microbial colonisation may impact the assembly and acquisition of the early microbiome, likely
having long-lasting consequences for gut ecology [29]. 

At delivery, we observed higher diversity indices in the neonatal microbiota than at the subsequent time points;
however, the quantitative total bacteria count was lower at delivery. This is likely caused by bias in the sequencing
data obtained from low biomass samples and by higher contact with environmental contaminants. The HB infants
had lower microbial diversity but a higher total number of bacteria than the hospital-born infants, likely due to the
latter having increased contact with bacterial environmental contaminants [6]. 
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We found clearly identifiable differences in the global microbiota structure during time between the three groups,
even at the phylum level, which is in agreement with previous studies [4,6,34]. Interestingly, the differences in the
colonization patterns become more pronounced over time, at least during the first month of life, indicating the
importance of birth-related events to neonatal colonization processes, which may affect the microbiome
composition in later developmental stages. Altered microbial colonization has been also observed in preterm
infants compared to term infants, and these microbial shifts have been mainly linked to antibiotics exposure,
caesarean section, hospitalization, use of formula feeding. Regarding term infants, some studies have shown
shifts related to delivery mode in term infant microbiota up to 3 months post-delivery [8,39], other authors observed
no differences in terms of microbiota composition in neonates born by CS beyond the first days of life [40]. Thus,
the duration of the shifts in infant microbiota associated to delivery mode has reported contradictory results and
needs to be further evaluated.

Similar to prior studies, we found that CS-born infants showed higher relative abundances of Clostridium and
Klebsiella and lower species from the Bifidobacterium genus [6]. We observed that both VAG and HB infants had
higher number of Bifidobacterium species than CS-born neonates. The depletion of the Bifidobacterium species in
the gut environment has been associated to immune-related diseases [41,42], and members of this genus are
commonly used as probiotics due to their capacity to modulate microbiota–immune system homeostasis [43]. 

Could these shifts in the microbiota composition alter the functional profile of the neonatal microbiota?

Descriptive and observational studies are relevant to understanding microbiome evolution during the neonatal
period; however, mechanistic studies of the host–microbiome interplay during early life are still required. Thus,
microbiota functional analysis has been proposed as a tool for clarifying the host–microbiome interactions [44].
Our results of the predicted metagenome from 16S rRNA sequencing data showed functional differences between
the place and mode of birth in the infant microbiota at delivery, 7 and 31 days. Several amino acid (AA)
biosynthesis routes were over-represented in the microbiota from vaginal-delivered infants when compared with
the CS-born infants, including tryptophan-related paths. It is known that AAs serve as regulators of several
metabolic pathways in the host [45] and more specifically, tryptophan interacts with the immune system through
microbial serotonin production [46], regulation of TLRs or interacting with the aryl hydrocarbon receptor–
microbiota–immune system path [47,48].

We also found that vaginal-delivered infants, especially HB babies, had a microbiota enriched with LPS
biosynthesis-related functions. Similarly, Wampach et al. found differences in the earliest functional profile
according to the delivery mode, including LPS biosynthesis routes being enriched in vaginal deliveries when
compared with CS-born neonates [49], which may influence immune system maturation and neonatal health.
Despite these observations, these results need to be further evaluated since the prediction of microbiota
functionality has been shown to report results that may be not conclusive [50]. 

Do these differences in the microbiota influence the host immune system response?

Despite studies in animal models highlighting the possible effects of microbial colonization patterns on the host
gut epithelium maturation and immune system response, little evidence is available from human studies. To the
best of our knowledge, this is among the first studies to address this important issue. The intestinal epithelium is
the gateway through which gut microbiome–host crosstalk effects intestinal functionality in the form of
enterocytes maturation, mucus production or epithelial barrier development, being a key anatomical location for
host–microbiome interplay.
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The samples from HB infants exhibited a higher immune stimulatory capacity than those from hospital-born
infants (both VAG and CS), with an increased ability to induce the expression of immune system-related genes
(TLR4 and IRAK mRNA) and cytokine responses in the HT-29 and THP-1 models, including IL6 and IL8. In
concordance with our results, Wampach et al. identified the higher immunostimulatory potential of the microbiota
of vaginal-delivered infants when compared with CS-born infants, although they used LPS purified from infant
fecal samples and primary human macrophages differentiated into dendritic cells [49]. Combellick et al. noted the
higher expression of TLR4 and IL8 mRNA by the HT-29 cell line following exposure to sterile fecal supernatant from
HB infants when compared with hospital-born infants. However, they also found mRNA upregulation of the anti-
inflammatory cytokine TGF-b in hospital-born neonates [34]. We observed that the THP-1 cell line response was
more affected by the mode and place of delivery than the HT-29 cell line, which highlighted the importance of the
epithelial integrity and the innate immune system on the in vitro assessment of the host-microbiome interplay.

Most prior studies with similar objectives involved acute exposure on unique cell lines. We hypothesized that acute
exposure to microbial products could not accurately reflect the biological effect of microbial metabolites and so
proposed long-term (7-days) in vitro exposure assays, including the crosstalk between different cell types, which
enabled us to obtain personalized results for each participant, thereby translating the individual signatures to the in
vitro system.

In our model, the HB fecal supernatants induced higher gut barrier integrity (Figure 5) and functionality (IAP; Figure
5) following a time-dependent response that highlighted the relevance of the dynamics of host–microbiome
interplay. Interestingly, the impaired closure of gut mucosal membranes has been shown, alongside higher
intestinal permeability, in preterm infants who received formula feeding rather than breastfeeding [51]. This
increased permeability could be related to allergic diseases in non-breastfed children [52] and other health
disorders [53]. In addition, the HB samples induced the expression of anti-inflammatory molecules (e.g. IL10,
TOLLIP) to a higher extent than the CS samples, indicating negative feedback on the inflammatory signaling in the
gut. Specifically, IL10 down-regulate the microbiota-activated mucosal inflammatory cytokines, reinforce the gut
epithelium barrier and control gut permeability, all essential factors to maintaining intestinal homeostasis [54].
Another key element of the innate immune response of the gut is the protective mucus layer covering the
epithelium [55]. Higher mucus production was observed after cell-exposure to fecal supernatants obtained from
hospital-born infants when compared with HB infants. Both, microbiota [56] and TLR expression [57] are involved
in the regulation of mucus production. Despite lower mucus production in the gut being associated with disease
phenotypes (e.g. inflammatory bowel disease, higher susceptibility to bacterial infections) [58] in adults, little is
known about the role of mucins in neonatal colonization processes. We hypothesize that a penetrable mucus layer
in newborns would allow for microbial colonization and interaction with the epithelium during the immune-priming
window.

Many researchers have discussed the possible relationship between CS and altered immune system development
[26]. Generally, CS delivery is associated with the poor stimulation of the immune system [59–61]. Some
researchers have proposed non-diverse environments in early life, including delivery, to play a role in immune
maturation and triggering. Furthermore, recent evidence has shown that early exposure to rural areas or farm
environments could affect microbial composition and diversity [62], which may be linked to a reduced risk of
suffering atopies in adulthood [63]. Kirjavainen et al. recently described how a farm-like indoor microbiota could
also decrease the asthma risk in a non-farm environment [64].
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However, most of these results were derived from observational studies, as very few mechanistic analyses have
been conducted to date. Our results suggest a possible link between CS and the delayed maturation of intestinal
function and the innate immune system. Such a link could play a significant role in the diseases associated with
intervention-based deliveries, including autoimmunity, allergy and other immune- and metabolic-related disorders.

In this regard, CS-born infants from our cohort showed higher BMI and W/L z-scores during the first 18 months of
life. Other researchers have reported similar results, associating CS with the risk of overweight in children [65,66].
These results could indicate the relevance of priority events in infant health, including those altering microbial
colonization, , thereby supporting the early programming hypothesis [67,68]. Researchers have described how
antibiotic therapy during early life modulates weight gain in different ways depending on the antibiotic dose in
both animal [69] and human epidemiological studies [66]. It has been suggested that high-dose antibiotics can
cause important reductions in the microbiota population, which may be related to the weight loss observed in
some studies [70]. However, lower antibiotic doses would cause microbiota composition shifts, more than
population size variation, and trigger the weight gain shown in the above-mentioned studies. Thus, it remains to be
discovered whether the proposed mechanism could be extended to other perinatal factors that also disrupt the
microbiota composition and transmission.

The limitations of this study include the low number of participants and the possible confounding factors not
included in the analysis (e.g. maternal diet, lifestyle or number of siblings, pets among others). Our microbiota
analysis was based on the taxonomic profile obtained via 16S rRNA gene sequencing, which offers less resolution
than complete shotgun metagenome sequencing. As we used sterile fecal supernatant, we observed the effects of
soluble bacterial metabolites and also, of non-bacteria-related products, including growth factors or eukaryotic
extracellular vesicles, which may have influenced the observed results. The use of cell lines may hamper the
translational results, although it offers a reproducible and economically viable strategy for further testing on more
physiologically relevant models. Among the strengths of the study are the inclusion of three groups and the
comparison of CS and vaginal delivery at both hospital and home, including 18 months of follow up. We
performed the cellular exposure assays in cellular models with different degrees of complexity and different
exposure times, including the epithelial barrier function and maturation as relevant targets, together with the innate
immune response. Yet, fecal supernatants contain a complex array of molecules representative of the in vivo
condition, which retain inter-individual differences and features.

Conclusion
Our results may provide a mechanistic linkage between studies associating CS and immune-related diseases with
colonization pattern alterations, although we cannot rule out other possible factors that might participate in the
process. The study has shed light on the effects of hospitalization and HB on neonatal microbial colonization and
on the possible effect on innate immune system development, specifically at the intestinal level. The results
highlight both the importance of host–microbial contact during the first month of life and the dynamism of the
process. However, further research is needed to determine the impact of these observations in neonatal in vivo
clinical conditions. Such knowledge would facilitate the design of strategies for adjusting medical practices with
the aim of reducing intervention during the birth process and ensuring the correct initiation of bacterial
colonization and, consequently, the immune system response during early life.

Methods
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Subjects and Sampling

A prospective cohort study was conducted to compare the intestinal microbiota of delivered infants born at the
hospital (VAG, n=92 and CS, n=65) and at home (HB, n=24). Infants with available biological samples at birth, 7
days and 1 month, together with clinical data, were included. 

Ethical approval for the study was obtained from the Ethics/Bioethics Committee for Clinical Research of Hospital
La Fe, Hospital Clinic, Parc de Salut MAR and CSIC (Consejo Superior de Investigaciones Científicas)
[ClinicalTrial.gov NCT03552939].

Pregnancy, intrapartum variables and anthropometric data were recorded (Additional file 1). Maternal age,
maternal pre-pregnancy weight, weight gain over the pregnancy, maternal smoking status, mode of delivery, place
of birth (home or hospital), birth weight and length, sex of the neonate, birth instrumentalization, maternal
antibiotic exposure during pregnancy and maternal/infant antibiotic use at birth were also collected.

Infant length and weight were also registered at birth, 1, 6, 12, and 18 months. Z-scores of anthropometric
measures were electronically computed using WHO Anthro software (www.who.int/ childgrowth/software/en/).
The WHO Child Growth Standards provide child growth measures standardized by age and sex using z-score. 

Fecal DNA Extraction

Total DNA was extracted from the fecal material (approx. 50-100 mg) using the Master-Pure DNA extraction Kit
(Epicentre, Madison, WI, US) following the manufacturer’s instructions with the following modifications: samples
were treated with lysozyme (20 mg/mL) and mutanolysin (5U/mL) for 60 min at 37ºC and a preliminary step of
cell disruption with 3-μm diameter glass beads during 1 min at 6 m/s by a bead beater FastPrep 24-5G
Homogenizer (MP Biomedicals). Purification of the DNA was performed using DNA Purification Kit (Macherey-
Nagel, Duren, Germany) according to manufacturer’s instructions. DNA concentration was measured using Qubit®
2.0 Fluorometer (Life Technology, Carlsbad, CA, US) for further analysis. 

Sequencing and Bioinformatics Analysis

Quality-trimmed and filtering was assessed using DADA2 v. 1.12.1 pipeline [74]. After quality examination, reads
were trimmed at the 270th and 210th nucleotide in forward and reverse position, respectively. Additionally,
adapters were also removed in the filtering process and a maximum of 2 expected errors was considered. The
following denoising and merging steps were performed, and chimeras were also removed. Taxonomic assignment
was conducted using the Silva v132 database with the addition of the specie level classification by the same
database.

Taxa occurring <3 reads in at least 10% of the total samples number and those representing less than 0.01% of the
reads across all the samples were filtered. Furthermore, the decontam package v. 1.4.0 [75] in R environment
[76,77] was used to determine the presence of potential contaminants-related sequence. Samples with less than
1000 reads were also removed from the final analysis (n=6). One of those samples was from a vaginally born
infant with samples only at delivery time and this infant data was eliminated in further analysis.  The final ASV
(amplicon sequence variance) table is listed in Additional file 11. The 16S rRNA gene sequence data generated is
available through NCBI Sequence Read Archive Database under project accession number BioProject ID
PRJNA614975.
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Predictive inferred functional analysis was performed using PICRUST v. 1.1.4 pipeline [78] and the linear
discriminant analysis effect sized (LEfSe) analysis was performed for the biomarker discovery using a size-effect
cut-off of 3.0 on the logarithmic LDA score [79] using the R code available in the yingtools2 package
(https://rdrr.io/github/ying14/yingtools2/man/lefse.html) and the Dr. Huttenhower’s lab galaxy repository of
bioinformatic tools. 

Bacterial Quantification by quantitative PCR Analysis

A small subset of samples (n= 248) according to DNA availability (delivery n=78; 7d n=100; and 31d n=86) were
used for the specific bacterial count determination by the qPCR. Total bacterial and Bifidobacterium genus counts
were measured by quantitative system based on the amplification of specific 16S rRNA gene region by use of Light
Cycler 480 Real-Time PCR System (Roche, Basilea, Switzerland). The (Details in Additional file 11). Reaction
mixture consisted in SYBR Green I master mix (Roche, Basilea, Switzerland), 0.25 µM of each specific primer set
and 1 ul of DNA. The amplification process consists of one cycle at 95ºC for 5 min, followed by 40 cycles at 95ºC
for 20 s, annealing temperature (Additional file 12) for 10 s and 72ºC for 10 s. Melting curves were also assessed
to test the specificity of the reaction. Standard curves for the specific targeted bacterial group were generated using
Ct values and the calculated gene copies numbers were determined based on the fragment amplification length. 

Cell culture

All the reagents for cell culture were purchased from Sigma-Aldrich, Spain, otherwise stated.

NF-κB-SEAP HT29 reporter cells. The HT-29-transfected cell line was previously established in the Laboratory of
Lactic Acid Bacteria and Probiotics of IATA-CSIC, by stable transfection of HT-29 cells with a NF-κB- secreted
alkaline phosphatase (SEAP) plasmid (pNiFty2-SEAP; Invitrogen, Carlsbad, CA, US) as a reporter. Cell maintenance
was performed in 75 cm2 flask with Dulbecco's Modified Eagle Medium (DMEM) High glucose medium
supplemented with 1% (v/v) L-Glutamine 200 mM, 1% (v/v) Na-Pyruvate, 1% (v/v) penicillin/streptomycin and 10%
(v/v) of inactivated Fetal Bovine Serum (Biowest). Zeocin (200 µg/ml) (InvivoGen) was added to the medium for
the clone selection in each passage. All cultures were used between the passage 15 and 20.

THP-1 cells. The THP-1 cells were obtained from the European Collection of Authenticated Cell Cultures (THP-1
ECACC 88081201, Public Health England, UK). Cell maintenance was carried out as described in Boudish et al. [80].
All cultures were used between the passage 40 and 50.

Caco-2 and LS17T cells. The Caco-2 (ECACC 86010202, Public Health England, UK) and LS174T (ECACC
87060401, Public Health England, UK) cells were obtained from the European Collection of Authenticated Cell
Cultures. Caco-2 cells were maintained as described in [81]. LS174T cells were maintained in 25 cm2 flasks with
Eagle's Minimum Essential Medium (EMEM), supplemented with 1% (v/v) GlutaMax, 1% (v/v) Non Essential Amino
Acids (NEAA), 10% inactivated Fetal Bovine Serum (FBS) and 1% (v/v) penicillin/streptomycin. Medium was
refreshed every two days and cells were subcultured when they reached 80% confluence, as described in [81]. All
cultures were used between the passage 40 and 50. Cell morphology was analyzed and checked by phase-
contrast microscopy (Olympus CKX41, Olympus Corporation, Tokyo, Japan). 

Stimulation of HT-29 and THP-1 cell line

https://rdrr.io/github/ying14/yingtools2/man/lefse.html
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To investigate the role of microbial shifts on NF-κB activation and innate immune response, NF-κB-HT-29-reporter
cells and macrophage-like cell line (THP-1) were exposed to filtered fecal supernatant obtained from a subset of
samples of each group (n=4, total n = 12) at 1 month. Samples were randomly selected among the samples with
fecal material availability.

Fecal supernatants prepared as described above (n=4 individuals of each group, total n = 12) were filter-sterilized
(0.22 µm PES; Sarstedt SA, Barcelona, Spain) and exposed to the cells as described below. pH adjustment to 7.0-
7.2 was performed when required with 0.5M filter-sterilized NaOH (Panreac, Barcelona, Spain) and buffered with
HEPES (1% v/v).

HT-29 cells were seeded at 7 x 104 cells/well in 96-wells plates and incubated for 24h in DMEM High Glucose
medium without FBS supplementation. Cells were exposed to filtered fecal supernatant obtained from the three
studied groups diluted in 1:10 v/v in DMEM with FBS. Supernatants were collected after 24h of stimulation and
SEAP activity was measured using p-nitrophenyl phosphate according to manufacturer’s instructions (Thermo
Fisher Scientist, Waltham, US). The signal was quantified using a Spectrostar Nano microplate reader (BMG
Labtech, Ortenberg, Germany) at 405 nm.  

THP-1 cells were seeded at 5 x 104 in 96 wells plates in RPMI 1640, supplemented with 100 ng/mL of phorbol 12-
myristate 13-acetate (PMA). After 48 h, cells were refreshed with RPMI without PMA and incubated for 4-5 days, to
allow macrophage-like differentiation of THP-1 cells. Thereafter, the cells were exposed fecal supernatants diluted
1:20 (v/v) in RPMI and incubated for 5h. Next, cell culture supernatants were collected, and cells were washed
twice with PBS. Cells and supernatants were stored at -80ºC for gene expression determination and cytokine
quantification, respectively. 

Triple co-culture in Transwell plates: Long-term stimulation

A subset of samples from each group at 1 month of life (n per group=3, total n = 9) were selected to investigate in
a more physiologically model the long-term effect of the differences observed in microbiota composition of the
infants on the gut barrier and innate immunological state.

Cell differentiation and the posterior tests were carried out in double chamber wells (Corning® Transwell®-6 well,
pore size 0.4 µm; Costar, NY) equipped with separate apical and basolateral compartments and a porous support
on which the Caco-2 and LS174T cells grow into a monolayer. The cells were seeded at a density of 7.5 x 104

cells/cm², in a proportion of 90/10 Caco-2/LS174T in supplemented DMEM. After 24 hours, apical media was
refreshed, basal media was removed, and THP-1 cells were seeded in the bottom of the 6 well plate at a density of
1 ·105 cells/cm2 in RPMI 1640 media containing 100 ng/mL of phorbol 12-myristate 13-acetate (PMA).

After 48 hours of incubation, both apical and basolateral compartments were refreshed with DMEM or RPMI 1640
without PMA and without antibiotics, respectively.  Thereafter, the triple co-culture was maintained for 4 days more
and refreshments of the apical and basal media were done every 2 days.

Filter-sterilized fecal supernatants selected from each studied group (n=3 individuals, total n = 9) were diluted 1:20
in cell culture media without antibiotic/antifungals and added to the apical compartment of the triple co-culture
model (1.5 mL). Treatments were maintained for 7 days, with daily refreshments of the apical and basolateral
compartments, with fecal supernatants or RPMI 1640, respectively.  Aliquots of the culture supernatant from apical
and basolateral media were stored at -80°C for cytokine measurements. 
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Epithelial barrier function: Trans-epithelial electrical resistance (TEER) and apparent permeability.

The monolayer integrity was assessed by measuring the trans-epithelial electrical resistance (TEER) and the
apparent permeability (Papp) of the paracellular transport marker Lucifer yellow (LY).

A Millicel-ERS (Millipore Corporation, Spain) was used for the TEER measurements. Measurements of the TEER
were performed every day at the beginning of the exposure to sterilized fecal supernatant (7 days post-seeding)
and every day until the end of the assay (15 days post-seeding). TEER values are reported as delta (Δ) of the initial
time point before of the exposure and final time point (7 days). TEER values (ohms/cm2) are presented in
Additional file 9.

Papp of LY was measured by adding the marker (100 µM) to the apical compartment of the wells. After 30, 60 and
120 min, 100 µL of medium was removed from the basolateral compartment and replaced with an equal volume of
fresh medium (supplemented RPMI-1460 without antibiotics). LY fluorescence was measured at an
excitation/emission wavelength of 485/520 nm in 96 black plates (Greiner), using a microplate fluorescence reader
CLARIOstar Plus (BMG Labtech, Ortenberg, Germany). A calibration curve (0, 5, 10, 25, 50 and 100 µM) for LY
quantification was run in duplicate in each reading. The Papp coefficients were calculated as previously described
in [82]. 

Mucus production and Intestinal alkaline phosphatase (IAP) determination

At day 15 post-seeding (7 days of fecal supernatant exposure), the transwell inserts containing Caco-2/LS174T
cells were incubated with 1 mL of 10 mM of N-acetyl cysteine (Sigma) for 1h at 37°C, 95% humidity in DMEM,
adjusted at pH 7-7.2, and the mucus produced by the cells was collected recovering the media and washing once
with 0.5 mL of DMEM. The solution containing mucus was concentrated using a Vacuum Concentrator
(Eppendorf, Hamburg, Germany) until dryness and re-suspended overnight in 100 µL of PBS at 4ºC. The amount of
mucus was measured by a Bradford protein quantification assay, following the manufacturer instructions. Blanks
containing cell culture media were subtracted and a standard curve of bovine serum albumin (BSA) was used for
the calibration curve (0-5 mg/ml).

Intestinal alkaline phosphatase (IAP) activity was assessed in the apical and basal compartment supernatants by
enzymatic assay following manufacturer’s instructions (Sigma-Aldrich, Missouri, US) scaling the reaction to 100 µl
using 4 µl of cell supernatant. Results were read in a SpectroStar Nano (BMG Labtech, Ortenberg, Germany) at 405
nm. 

Cytokine quantification in cell supernatant

IL6, IL8 and TNF-a released by the cells after acute and long-term exposures to fecal supernatants were quantified
by Enzyme-Linked ImmunoSorbent Assay (ELISA), following manufacturer instructions. Human IL8, TNF-a or IL6
Uncoated ELISA kit (Invitrogen, Carlsbad, CA, US) were used for the cytokine determination. In the long-term
exposure, cytokine released values were expressed as percentage of variation comparing each treatment to control
in order to avoid time-dependent effect. Samples were diluted in assay buffer to adjust the concentration to the
linear range of the standard curve. 

Gene expression by real time RT-qPCR
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HT-29 and THP-1 cells from the acute exposure as well as those from tripe co-culture system were collected by
scraping at the end of the treatment. RNeasy mini kit (Qiagen, Hilden, Germany) was used to RNA extraction
following the manufacturer’s instructions. Total RNA was converted to cDNA by Transcriptor First Strand cDNA
Synthesis Kit (Roche, Basilea Switzerland) adjusting to the same amount of RNA for each cell type. RT-qPCR
analysis was performed using 1 µl of resulted cDNA reaction and 0.25 µM of the specific primers using Lightcycler
480 SYBR Green I master mix (Roche, Basilea, Switzerland). Plates were read in the LightCycler 480 (Roche,
Basilea, Switzerland) at annealing temperature of 58ºC. Sequences of the primers used in the study are listed in
Additional file 12. Genes related with microbes sensing as TLRs and related transcription factors were analyzed
and Actin (ACTB) gene was used as housekeeping gene expression, except for the studies in THP1 cell line in the
triple co-culture system where hypoxanthine phosphoribosyl transferase (HPRT) gene was used as reference gene
for showing higher stability between samples than Actin gene. 

Statistical analysis

Chi-Squared test was used to assess differences in the categorical variables of the studied population and ANOVA
or Kruskall-Wallis, followed by a Dunn’s post-hoc test, was used for the continuous variables according to the
distribution of the data. Normality distribution was tested by Shapiro-Wilk test.

Sequencing data were transformed to relative abundance before further analysis. Pyloseq v. 1.28.0 [83] and vegan
v. 2.5-6 [84] packages were used for the analysis conducted in the sequencing data, including alpha diversity
estimation. For alpha diversity analysis, samples were rarefied with a 90% of the minimum sample depth. Kruskall-
Wallis followed by Dunn’s post-hoc tests were performed to detect significant differences in the gut microbial
alpha-diversity according to categorical variables studies using vegan v. 2.5-6 and PMCMRplus v. 1.4.4 packages.
Spearman correlations were used to find associations between alpha-diversity measures and continuous variables
of the population, including gestational age or maternal body mass index, among other, and also between
microbial species.

For beta-diversity analysis, Permutational multivariate analysis of variance (PERMANOVA) was conducted to
assess the effect of the studied factors on the neonatal gut microbial composition at ASV level (Bray-Curtis
distance) and its functionality. For each factor, differences in the dispersion were also tested. In groups with
different dispersions, ANOSIM test was also addressed. Calypso web platform v. 8.56 [85] was used for visualizing
the multivariate analysis. The clustering of the samples according to the different studied variables, including
mode and place of delivery was performed by discriminant analysis of the principal components (DAPC) at ASV
level. Calypso platform was also used for Venn diagrams plotting.

Kruskal Wallis test followed by a Dunn’s post-hoc test with the FDR method for multiple comparisons correction
was applied to find significant differences in gut microbial composition or functionality (KEGG categories) between
studied groups at each time point.

For RT-qPCR analysis, LC480 Conversion version 2014.1 and LinRegPCR v. 11.0 software [86,87] were used for
efficiency calculation and gene expression data were analyzed by REST2009 [88]. Statistical analysis of data from
in vitro experiments and triple co-culture system was performed by Graphpad software v. 5.04 (GraphPad Software,
La Jolla CA, US). Unpaired t-test was used for statistical analysis of mucus production, IAP, TEER and apparent
permeability. Kruskall-Wallis and Mann-Whitney test was used for ELISA measurements, considered as non-
parametric data. A p<0.05 was considered as a threshold to accept a statistically significant difference. All multiple
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comparisons were adjusted by false discovery rate (FDR) adjustment method. Each cell culture experiment was
performed in triplicate. The R code used in this analysis are available in Additional file 13.

Declarations
ACKNOWLEDGEMENTS

The authors thank the families involved in MAMI study as well as the contribution of the MAMI team including
students, technicians and MDs who participated in obtaining the samples and preparing the metadata. We thank
Teresa Gonzalo del Moral and Pepi Domínguez Cano, midwifes from Cooperativa Titània-Tascó; Marga Franch i
Ferrer, midwife from Cooperativa Mudra; Concha Delgado and Adela Atero, midwifes from Casa de parts Mitjorn.
Asociación de Comadronas de parto en casa de Cataluña (ALPAC), Barcelona, Spain. 

FUNDING

This research has received funding from the European Research Council (ERC) under the European Union's Horizon
2020 research and innovation programme (ERC starting grant, n° 639226). M. Selma-Royo is supported by a Pre-
doctoral Fellowship from Generalitat Valenciana (GVA)-European Social Fund (ASCII2016). 

AUTHOR CONTRIBUTORS

The authors’ responsibilities were as follows: MCC: designed the study; AP, RE, CM,: recruited the families,
managed the collection of the biological samples and clinical data associated; IG was coordinating the cohort
information and biological samples processing and metadata; MC and MS were carried out the culture cells
models and in vitro experiments. MS was responsible for the microbiota data and statistical analysis and wrote the
first draft. All authors: read and approved the final manuscript.

DECLARATIONS

Ethics approval and consent to participate

See ethics paragraph in the “Materials and methods” section.

Consent for publication

Not applicable

Availability of data and material

The dataset supporting the conclusions of this article is available in the NCBI’s Sequence Read Archive (SRA)
repository, BioProject ID PRJNA614975 (
http://www.ncbi.nlm.nih.gov/bioproject/614975)

Disclosure of potential conflicts of interest

The authors report no potential conflict of interest.

References

http://www.ncbi.nlm.nih.gov/bioproject/614975


Page 18/28

1. LeBlanc JG, Milani C, de Giori GS, Sesma F, van Sinderen D, Ventura M. Bacteria as vitamin suppliers to their
host: a gut microbiota perspective. Curr Opin Biotechnol. 2013;24:160–8.

2. Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut microbiota functions: metabolism of
nutrients and other food components. Eur J Nutr. Springer; 2018;57:1–24.

3. Morrison DJ, Preston T. Formation of short chain fatty acids by the gut microbiota and their impact on human
metabolism. Gut Microbes. 2016;7:189–200.

4. Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, et al. Factors Influencing the Composition of the
Intestinal Microbiota in Early Infancy. Pediatrics. 2006;118:511–21.

5. Hansen CHF, Andersen LSF, Krych Ł, Metzdorff SB, Hasselby JP, Skov S, et al. Mode of Delivery Shapes Gut
Colonization Pattern and Modulates Regulatory Immunity in Mice. J Immunol. The American Association of
Immunologists; 2014;193:1213–22.

6. Rutayisire E, Huang K, Liu Y, Tao F. The mode of delivery affects the diversity and colonization pattern of the
gut microbiota during the first year of infants’ life: a systematic review. BMC Gastroenterol. BioMed Central;
2016;16:86.

7. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc Natl Acad
Sci. 2010;107:11971–5.

8. Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K, Quince C, Jernberg C, et al. Decreased gut microbiota
diversity, delayed Bacteroidetes colonisation and reduced Th1 responses in infants delivered by Caesarean
section. Gut. 2014;63:559–66.

9. Betrán AP, Ye J, Moller A-B, Zhang J, Gülmezoglu AM, Torloni MR. The Increasing Trend in Caesarean Section
Rates: Global, Regional and National Estimates: 1990-2014. PLoS One. Public Library of Science;
2016;11:e0148343.

10. Boerma T, Ronsmans C, Melesse DY, Barros AJD, Barros FC, Juan L, et al. Global epidemiology of use of and
disparities in caesarean sections. Lancet. Lancet Publishing Group; 2018. p. 1341–8.

11. OECD Health Division. Health at a Glance: Europe 2018. 2018.

12. WHO | WHO statement on caesarean section rates. WHO. World Health Organization; 2019;

13. Kuhle S, Tong OS, Woolcott CG. Association between caesarean section and childhood obesity: A systematic
review and meta-analysis. Obes. Rev. Blackwell Publishing Ltd; 2015. p. 295–303.

14. Hansen S, Halldorsson TI, Olsen SF, Rytter D, Bech BH, Granström C, et al. Birth by cesarean section in relation
to adult offspring overweight and biomarkers of cardiometabolic risk. Int J Obes. Nature Publishing Group;
2018;42:15–9.

15. Gu L, Zhang W, Yang W, Liu H. Systematic review and meta-analysis of whether cesarean section contributes
to the incidence of allergic diseases in children: A protocol for systematic review and meta analysis. Med.
(United States). Lippincott Williams and Wilkins; 2019.

16. Tollånes MC, Moster D, Daltveit AK, Irgens LM. Cesarean Section and Risk of Severe Childhood Asthma: A
Population-Based Cohort Study. J Pediatr. 2008;153:112-116.e1.

17. Chu S, Chen Q, Chen Y, Bao Y, Wu M, Zhang J. Cesarean section without medical indication and risk of
childhood asthma, and attenuation by breastfeeding. Faragher EB, editor. PLoS One. 2017;12:e0184920.

18. Thavagnanam S, Fleming J, Bromley A, Shields MD, Cardwell CR. A meta-analysis of the association between
Caesarean section and childhood asthma. Clin Exp Allergy. 2008;38:629–33.



Page 19/28

19. Renz-Polster H, David MR, Buist AS, Vollmer WM, O’Connor EA, Frazier EA, et al. Caesarean section delivery and
the risk of allergic disorders in childhood. Clin Exp Allergy. 2005;35:1466–72.

20. Abrahamsson TR, Wu RY, Jenmalm MC. Gut microbiota and allergy: the importance of the pregnancy period.
Pediatr Res. Nature Publishing Group; 2015;77:214–9.

21. Gosalbes MJ, Llop S, Vallès Y, Moya A, Ballester F, Francino MP. Meconium microbiota types dominated by
lactic acid or enteric bacteria are differentially associated with maternal eczema and respiratory problems in
infants. Clin Exp Allergy. Wiley/Blackwell (10.1111); 2013;43:198–211.

22. Wang L, Alamian A, Southerland J, Wang K, Anderson J, Stevens M. Cesarean section and the risk of
overweight in grade 6 children. Eur J Pediatr. 2013;172:1341–7.

23. Mueller NT, Whyatt R, Hoepner L, Oberfield S, Dominguez-Bello MG, Widen EM, et al. Prenatal exposure to
antibiotics, cesarean section and risk of childhood obesity. Int J Obes. 2015;39:665–70.

24. Laimighofer M, Lickert R, Fuerst R, Theis FJ, Winkler C, Bonifacio E, et al. Common patterns of gene regulation
associated with Cesarean section and the development of islet autoimmunity – indications of immune cell
activation. Sci Rep. 2019;9:6250.

25. Vehik K, Dabelea D. Why are C-section deliveries linked to childhood type 1 diabetes? Diabetes. American
Diabetes Association; 2012;61:36–7.

26. Cho CE, Norman M. Cesarean section and development of the immune system in the offspring. YMOB. 2012;

27. Francino MP. Early Development of the Gut Microbiota and Immune Health. Pathogens. Multidisciplinary
Digital Publishing Institute (MDPI); 2014;3:769.

28. Hansen CHF, Nielsen DS, Kverka M, Zakostelska Z, Klimesova K, Hudcovic T, et al. Patterns of Early Gut
Colonization Shape Future Immune Responses of the Host. Gray CM, editor. PLoS One. Public Library of
Science; 2012;7:e34043.

29. Sprockett D, Fukami T, Relman DA. Role of priority effects in the early-life assembly of the gut microbiota. Nat
Rev Gastroenterol Hepatol. Nature Publishing Group; 2018;15:197–205.

30. Ege MJ. The hygiene hypothesis in the age of the microbiome. Ann Am Thorac Soc. American Thoracic
Society; 2017;14:S348–53.

31. Daley D. The evolution of the hygiene hypothesis: The role of early-life exposures to viruses and microbes and
their relationship to asthma and allergic diseases. Curr. Opin. Allergy Clin. Immunol. Lippincott Williams and
Wilkins; 2014. p. 390–6.

32. MacDorman MF, Declercq E. Trends and state variations in out-of-hospital births in the United States, 2004-
2017. Birth. Blackwell Publishing Inc.; 2019;46:279–88.

33. European Perinatal Health Report 2010 - Euro-Peristat [Internet]. [cited 2020 Feb 28]. Available from:
https://www.europeristat.com/reports/european-perinatal-health-report-2010.html

34. Combellick JL, Shin H, Shin D, Cai Y, Hagan H, Lacher C, et al. Differences in the fecal microbiota of neonates
born at home or in the hospital. Sci Rep. 2018;8:15660.

35. Hobbs AJ, Mannion CA, McDonald SW, Brockway M, Tough SC. The impact of caesarean section on
breastfeeding initiation, duration and difficulties in the first four months postpartum. BMC Pregnancy
Childbirth. BioMed Central; 2016;16:90.

36. Prior E, Santhakumaran S, Gale C, Philipps LH, Modi N, Hyde MJ. Breastfeeding after cesarean delivery: a
systematic review and meta-analysis of world literature. Am J Clin Nutr. 2012;95:1113–35.



Page 20/28

37. Zielinski R, Ackerson K, Low LK. Planned home birth: Benefits, risks, and opportunities. Int. J. Womens. Health.
Dove Medical Press Ltd; 2015. p. 361–77.

38. Olsen O, Clausen JA. Planned hospital birth versus planned home birth. Cochrane Database Syst. Rev. John
Wiley and Sons Ltd; 2012.

39. Hesla HM, Stenius F, Jäderlund L, Nelson R, Engstrand L, Alm J, et al. Impact of lifestyle on the gut microbiota
of healthy infants and their mothers - the ALADDIN birth cohort. FEMS Microbiol Ecol. Blackwell Publishing
Ltd; 2014;90:791–801.

40. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard KM, et al. Maturation of the infant microbiome
community structure and function across multiple body sites and in relation to mode of delivery. Nat Med.
Nature Publishing Group; 2017;23:314–26.

41. O’Neill I, Schofield Z, Hall LJ. Exploring the role of the microbiota member Bifidobacterium in modulating
immune-linked diseases. Emerg Top Life Sci. Portland Press Journals portal; 2017;1:333–49.

42. Wang W, Chen L, Zhou R, Wang X, Song L, Huang S, et al. Increased Proportions of Bifidobacterium and the
Lactobacillus Group and Loss of Butyrate-Producing Bacteria in Inflammatory Bowel Disease. J Clin Microbiol.
2014;52:398–406.

43. Tojo R, Suárez A, Clemente MG, de los Reyes-Gavilán CG, Margolles A, Gueimonde M, et al. Intestinal
microbiota in health and disease: role of bifidobacteria in gut homeostasis. World J Gastroenterol. Baishideng
Publishing Group Inc; 2014;20:15163–76.

44. Langille MGI. Exploring Linkages between Taxonomic and Functional Profiles of the Human Microbiome.
mSystems. American Society for Microbiology Journals; 2018;3:e00163-17.

45. Hisamatsu T, Okamoto S, Hashimoto M, Muramatsu T, Andou A, Uo M, et al. Novel, Objective, Multivariate
Biomarkers Composed of Plasma Amino Acid Profiles for the Diagnosis and Assessment of Inflammatory
Bowel Disease. Niess J-H, editor. PLoS One. Public Library of Science; 2012;7:e31131.

46. Gershon MD, Tack J. The Serotonin Signaling System: From Basic Understanding To Drug Development for
Functional GI Disorders. Gastroenterology. W.B. Saunders; 2007;132:397–414.

47. Ma N, Guo P, Zhang J, He T, Kim SW, Zhang G, et al. Nutrients mediate intestinal bacteria-mucosal immune
crosstalk. Front. Immunol. Frontiers Media S.A.; 2018.

48. Ma N, Ma X. Dietary Amino Acids and the Gut-Microbiome-Immune Axis: Physiological Metabolism and
Therapeutic Prospects. Compr Rev Food Sci Food Saf. Blackwell Publishing Inc.; 2019;18:221–42.

49. Wampach L, Heintz-Buschart A, Fritz J V., Ramiro-Garcia J, Habier J, Herold M, et al. Birth mode is associated
with earliest strain-conferred gut microbiome functions and immunostimulatory potential. Nat Commun.
Nature Publishing Group; 2018;9:1–14.

50. Sun S, Jones RB, Fodor AA. Inference based PICRUSt accuracy varies across sample types and functional
categories. bioRxiv. Cold Spring Harbor Laboratory; 2019;655746.

51. Taylor SN, Basile LA, Ebeling M, Wagner CL. Intestinal permeability in preterm infants by feeding type: mother’s
milk versus formula. Breastfeed Med. Mary Ann Liebert, Inc.; 2009;4:11–5.

52. Kull I, Wickman M, Lilja G, Nordvall SL, Pershagen G. Breast feeding and allergic diseases in infants-a
prospective birth cohort study. Arch Dis Child. BMJ Publishing Group Ltd; 2002;87:478–81.

53. Kelishadi R, Farajian S. The protective effects of breastfeeding on chronic non-communicable diseases in
adulthood: A review of evidence. Adv Biomed Res. Wolters Kluwer -- Medknow Publications; 2014;3:3.



Page 21/28

54. Mendes V, Galvão I, Vieira AT. Mechanisms by Which the Gut Microbiota Influences Cytokine Production and
Modulates Host Inflammatory Responses. J Interf Cytokine Res. Mary Ann Liebert Inc.; 2019;39:393–409.

55. Pelaseyed T, Bergström JH, Gustafsson JK, Ermund A, Birchenough GMH, Schütte A, et al. The mucus and
mucins of the goblet cells and enterocytes provide the first defense line of the gastrointestinal tract and
interact with the immune system. Immunol Rev. 2014;260:8–20.

56. Johansson ME V, Jakobsson HE, Holmén-Larsson J, Schütte A, Ermund A, Rodríguez-Piñeiro AM, et al.
Normalization of Host Intestinal Mucus Layers Requires Long-Term Microbial Colonization. Cell Host Microbe.
NIH Public Access; 2015;18:582–92.

57. Bhinder G, Stahl M, Sham HP, Crowley SM, Morampudi V, Dalwadi U, et al. Intestinal Epithelium-Specific
MyD88 Signaling Impacts Host Susceptibility to Infectious Colitis by Promoting Protective Goblet Cell and
Antimicrobial Responses. Infect Immun. American Society for Microbiology (ASM); 2014;82:3753.

58. Schroeder BO. Fight them or feed them: How the intestinal mucus layer manages the gut microbiota.
Gastroenterol. Rep. Oxford University Press; 2019. p. 3–12.

59. Huurre A, Kalliomäki M, Rautava S, Rinne M, Salminen S, Isolauri E. Mode of Delivery – Effects on Gut
Microbiota and Humoral Immunity. Neonatology. 2008;93:236–40.

60. Nikischin W, Peter M, Oldigs HD. The Influence of Mode of Delivery on Hematologic Values in the Umbilical
Vein. Gynecol Obstet Invest. 1997;43:104–7.

61. Muniz-Junqueira MI, Peçanha LMF, da Silva-Filho VL, de Almeida Cardoso MC, Tosta CE. Novel
microtechnique for assessment of postnatal maturation of the phagocytic function of neutrophils and
monocytes. Clin Diagn Lab Immunol. American Society for Microbiology; 2003;10:1096–102.

62. Dhakal S, Wang L, Antony L, Rank J, Bernardo P, Ghimire S, et al. Amish (Rural) vs. non-Amish (Urban) Infant
Fecal Microbiotas Are Highly Diverse and Their Transplantation Lead to Differences in Mucosal Immune
Maturation in a Humanized Germfree Piglet Model. Front Immunol. Frontiers Media S.A.; 2019;10:1509.

63. House JS, Wyss AB, Hoppin JA, Richards M, Long S, Umbach DM, et al. Early-life farm exposures and adult
asthma and atopy in the Agricultural Lung Health Study. J Allergy Clin Immunol. Mosby Inc.; 2017;140:249-
256.e14.

64. Kirjavainen P V., Karvonen AM, Adams RI, Täubel M, Roponen M, Tuoresmäki P, et al. Farm-like indoor
microbiota in non-farm homes protects children from asthma development. Nat. Med. Nature Publishing
Group; 2019. p. 1089–95.

65. Trasande L, Blustein J, Liu M, Corwin E, Cox LM, Blaser MJ. Infant antibiotic exposures and early-life body
mass. Int J Obes. Nature Publishing Group; 2013;37:16–23.

66. Ajslev TA, Andersen CS, Gamborg M, Sørensen TIA, Jess T. Childhood overweight after establishment of the
gut microbiota: the role of delivery mode, pre-pregnancy weight and early administration of antibiotics. Int J
Obes. Nature Publishing Group; 2011;35:522–9.

67. Wilczyńska P, Skarżyńska E, Lisowska-Myjak B. Meconium microbiome as a new source of information about
long-term health and disease: questions and answers. J. Matern. Neonatal Med. Taylor and Francis Ltd; 2019.
p. 681–6.

68. Amarasekera M, Prescott SL, Palmer DJ. Nutrition in early life, immune-programming and allergies: the role of
epigenetics. Asian Pacific J allergy Immunol. 2013;31:175–82.

69. Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, Li K, et al. Antibiotics in early life alter the murine colonic
microbiome and adiposity. Nature. Nature Publishing Group; 2012;488:621–6.



Page 22/28

70. Cox LM, Blaser MJ. Antibiotics in early life and obesity. Nat Rev Endocrinol. 2015;11:182–90.

71. García-Mantrana I, Alcántara C, Selma-Royo M, Boix-Amorós A, Dzidic M, Gimeno-Alcañiz J, et al. MAMI: a
birth cohort focused on maternal-infant microbiota during early life. BMC Pediatr. 2019;19:140.

72. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res.
2013;41.

73. Bolger AM, Lohse M, Usadel B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics.
Oxford University Press; 2014;30:2114–20.

74. Callahan BJ, McMurdie PJ, Rosen M, Han A, Johnson A, Holmes S. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat Methods. 2016;13:581–3.

75. Davis NMN, Proctor D, Holmes SSP, Relman DA, Callahan BJ. Simple statistical identification and removal of
contaminant sequences in marker-gene and metagenomics data. bioRxiv. Cold Spring Harbor Laboratory;
2017;221499:221499.

76. R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for
Statistical Computing; 2018.

77. R Studio Team. RStudio: Integrated Development for R. RStudio, Inc. 2016;

78. Langille MGII, Zaneveld J, Caporaso JGJ, McDonald D, Knights D, Reyes JA, et al. Predictive functional
profiling of microbial communities using 16S rRNA marker gene sequences. Nat Biotechnol. Nature Publishing
Group; 2013;8:1–10.

79. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker discovery and
explanation. Genome Biol. 2011;12.

80. Bowdish Lab. MAINTENANCE &amp; CULTURE OF THP-1 CELLS. Hamilton, ON, Canada; 2011.

81. Calatayud M, Barrios JA, Vélez D, Devesa V. In Vitro Study of Transporters Involved in Intestinal Absorption of
Inorganic Arsenic. Chem Res Toxicol. 2012;25:446–53.

82. Calatayud M, Devesa V, Montoro R, Vélez D. In vitro study of intestinal transport of arsenite,
monomethylarsonous acid, and dimethylarsinous acid by Caco-2 cell line. Toxicol Lett. 2011;204:127–33.

83. McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of
Microbiome Census Data. Watson M, editor. PLoS One. 2013;8:e61217.

84. Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci. 2003;14:927–30.

85. Zakrzewski M, Proietti C, Ellis JJ, Hasan S, Brion M-J, Berger B, et al. Calypso: a user-friendly web-server for
mining and visualizing microbiome-environment interactions. Bioinformatics. Oxford University Press;
2017;33:782–3.

86. Ruijter JM, Ramakers C, Hoogaars WMH, Karlen Y, Bakker O, van den Hoff MJB, et al. Amplification efficiency:
linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res. 2009;37:e45–e45.

87. Ramakers C, Ruijter JM, Deprez RHL, Moorman AFM. Assumption-free analysis of quantitative real-time
polymerase chain reaction (PCR) data. Neurosci Lett. 2003;339:62–6.

88. Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST) for group-wise comparison and
statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. Oxford University Press;
2002;30:e36.



Page 23/28

Additional Files
Additional file 1. Characteristics of studied population according to place and mode of delivery.

Additional file 2. Neonatal fecal microbiota diversity and richness of meconium and infant fecal samples at 7 and
31 days.

Additional file 3. Relative abundance of neonatal fecal microbiota along the first month of life

Additional file 4. Taxonomic biomarkers of microbiota composition of each group depending on place and mode
of delivery.

Additional file 5. Core group of neonatal microbiota composition at genus level over the first moth of life.

Addition file 6. Quantitative analysis of intestinal microbiota from infants born at hospital (vaginal and C-section
delivery) and at home across the first month of life.

Additional file 7. Microbial functions related to amino acids metabolism computationally predicted present in
neonatal microbiota along the first month of life.

Additional file 8. Gene Expression of HT-29 and THP-1 cells after 24 h of fecal supernatant exposure.

Additional file 9. Epithelial barrier function and maturation of simulated intestinal epithelium of the triple co-culture
during the long-term exposure

Additional file 10. Flow chart of study participants.

Additional file 11. Amplicon sequence variant (ASV) table.

Additional file 12. Primers of 16s rRNA gene of prokaryotic targets and human genes tested by qPCR.

Additional file 13. R code used in the study and links of consulted GitHub repositories

Figures



Page 24/28

Figure 1

Factors affecting meconium and neonatal microbiota during the first month of life. A-C) Discriminant analysis of
principal components (DAPC) of the neonatal (A) and infant fecal microbiota at 7d (B) and 31d (C) at ASV level.
Each point represented microbiota from a neonate. Adonis analysis was used to stablish the significance of
studied variables. D) Colonization patterns during the first moth of life. Neonatal microbiota composition at
phylum level at birth (0d), 7 days (7d) and 1 month (31d). C-section (CS, n=65), vaginal delivery at hospital (VAG,
n=92) and homebirth (HB, n=23).
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Figure 2

Differences in relative abundance of most important and variable genera in fecal microbiota among the first month
of life. Each point represented the mean and SEM of relative abundance of each genus in that point from the fecal
samples of babies born by C-section (blue), vaginal delivery at hospital (green) and at home (orange). Kruskall-
Wallis test with a Dunn’s post-hoc test was performed to compare the different groups. Data not sharing the same
letter in each point were significantly different (p<0.05). Significant variations within the same group at different
time points were marked by an asterisk (*). C-section (CS), Hospitalized vaginal delivery (VAG), homebirth (HB).

Figure 3

Place and Mode of birth impact the infant growth. BMI z-scores (A) and Weight for Length (B) z-scores curves from
delivery to 18 months of life according to mode of birth and place adjusted by covariates, breastfeeding duration,
antibiotic intake during the first year of life, maternal pre-gestational BMI and infant BMI and Weight for length
(W/L) z-scores at birth. General Linear Model Multivariate test adjusted by covariates was done and p<0.05 was
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considered significant. Kruskal-Wallis was performed on the adjusted values (different letters indicate significant
differences between three studied groups). C-section (CS, n=58), Hospitalized vaginal delivery (VAG, n=85),
homebirth (HB, n=23).

Figure 4

Microbial functions computationally predicted present in neonatal microbiota along the first month of life. A-B)
Discriminant analysis of principal components (DAPC) of the neonatal (A) and infant fecal microbiota at 7d and
31d (B) Adonis analysis was used to stablish the significance of studied variables. C-D) Computational analysis of
lipopolysaccharide (LPS) biosynthesis (C) bacterial toxins (D) routs presents in the fecal microbiota of newborns
along the first month of life. Results were expressed as percentage of total functional routs for each sample.
*p<0.05, **p<0.01, ***p<0.001. C-section (CS, n=65), Hospitalized vaginal delivery (VAG, n=92), homebirth (HB,
n=23).
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Figure 5

Effect of 1-month infant fecal water exposure in epithelial (A) and macrophages-like (B) cell lines after 24h. A)
Cytokine production by HT-29 cells after exposure to fecal water from neonates born by C-Section (CS), vaginal
delivery at hospital (VAG) and Homebirth (HB). IL6 production in HT-29 cell line was below detection limit. B)
Cytokine production of THP1 cells after 24h exposure to fecal supernatants of each group. Data was presented as
median and whiskers represented the 5-95 percentile. Kruskal-Wallis and Dunn’s post hoc (FDR adjustment) test
was used to test the significance of the differences in cytokine response between the groups. *p<0.05, **p<0.01,
***p<0.001. C-section (CS), Hospitalized vaginal delivery (VAG), homebirth (HB).
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Figure 6

Effect of fecal water long-term exposure (7d) on the triple co-culture system. A-B) Epithelial barrier function
measured as trans-epithelial electric resistance (TEER) (A) and Lucifer Yellow transport (LY) (B). C) Mucus
production by LSTH17 cells after the long-term exposure on the triple co-culture system measured by Bradford
assay. D) Interleukin (IL) 8 production by cells on the apical compartment (Caco-2 and LSTH17) measured by
ELISA and expressed as increment respect to control condition. E-F) Intestinal cells functional maturation degree
measured as intestinal alkaline phosphatase activity (IAP) on apical compartment during the treatment (E) and at
final time point (F). G-H) Cytokine production in the basal compartment by THP-1 cells. IL- 8 (G) and IL-6 (H)
production after fecal supernatant long-term exposure expressed as increment respect to control condition. The
treatments were fecal water from infants born by C-section (CS), vaginal delivery at hospital (VAG) and homebirth
(HB). Non-normal data was presented as median and whiskers represented the 5-95 percentile while normal data
was showed as mean and SD. Kruskal-Wallis/Anova and Dunn’s/Tukey’s post hoc (FDR adjustment) test was used
to test the significance of the normal/non normal distributed variables between the groups. In the cytokine
analysis, the symbol (*) represented variations between time within the same studied group according to the color.
*p<0.05, **p<0.01, ***p<0.001.
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