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Abstract

Background: The compromised gut microbiome that results from C-section birth has been hypothesized as a risk
factor for the development of non-communicable diseases (NCD). In a double-blind randomized controlled study,
153 infants born by elective C-section received an infant formula supplemented with either synbiotic, prebiotics, or
unsupplemented from birth until 4 months old. Vaginally born infants were included as a reference group. Stool
samples were collected from day 3 till week 22. Multi-omics were deployed to investigate the impact of mode of
delivery and nutrition on the development of the infant gut microbiome, and uncover putative biological
mechanisms underlying the role of a compromised microbiome as a risk factor for NCD.

Results: As early as day 3, infants born vaginally presented a hypoxic and acidic gut environment characterized by
an enrichment of strict anaerobes (Bifidobacteriaceae). Infants born by C-section presented the hallmark of a
compromised microbiome driven by an enrichment of Enterobacteriaceae. This was associated with meta-omics
signatures characteristic of a microbiome adapted to a more oxygen-rich gut environment, enriched with genes
associated with reactive oxygen species metabolism and lipopolysaccharide biosynthesis, and depleted in genes
involved in the metabolism of milk carbohydrates. The synbiotic formula modulated expression of microbial genes
involved in (oligo)saccharide metabolism, which emulates the eco-physiological gut environment observed in
vaginally born infants. The resulting hypoxic and acidic milieu prevented the establishment of a compromised
microbiome.

Conclusions: This study deciphers the putative functional hallmarks of a compromised microbiome acquired
during C-section birth, and the impact of nutrition that may counteract disturbed microbiome development.

Trial registration: The study was registered in the Dutch Trial Register (Number: 2838) on 4th April 2011.
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Background
The first 1000 days of life is recognized as an important
window to nurture child health and development [1]. An
increasing body of evidence indicates that a compro-
mised microbiome in early life is a risk factor for the de-
velopment of non-communicable diseases [2–10]. A
wealth of epidemiological data has described associations
between prenatal or postnatal exposure to antibiotics, C-
section birth and immune and metabolic health [11–14].
As a result, early life antibiotics exposure or C-section
birth have been implicated as risk factors for asthma, ec-
zema, obesity and type 2 diabetes [12, 15–18]. A recent
population cohort study of 7.17 million births described
an association between birth by C-section and infection
related hospitalisation in early childhood [19]. It appears
that a perturbation of the transmission of the maternal
microbiome, as well as a compromised development of
the infant microbiome because of antibiotic exposure or
C-section birth have long-term health consequences.
Several studies depicted a delayed colonization by “key-
stone taxa”, Bifidobacterium and Bacteroides in Caesar-
ean born infants [20–27].
These keystone colonizers are acquired vertically from

the maternal microbiome [28] and have evolved the gen-
omic capability to metabolize human milk oligosaccha-
rides (HMOs) and play a pivotal role in immune
programming [29, 30]. These biological traits equip
them to maintain a robust symbiosis with their human
host. Increased abundance of members of the Enterobac-
teriaceae, such as Klebsiella, has been described in the
gut of infants born by C-section, however little is known
about their functional role in the infant gut and impact
on host health [21, 22, 27, 31].
A study suggested that swabbing infants born by C-

section immediately after birth with vaginal secretions
could partially restore the lack of maternal microbiota
transmission [32]. However, concerns about the risk
of infection associated with this practice have been
raised [33]. Chua and colleagues demonstrated that a
specific synbiotic, a combination of short-chain
galacto-oligosaccharides (scGOS) and long-chain
fructo-oligosaccharides (lcFOS), and Bifidobacterium
breve M-16 V, restored the delayed colonization by
Bifidobacterium in elective C-section born infants
[18]. This nutritional intervention was likely associ-
ated with a lower incidence of eczema/atopic derma-
titis observed among infants receiving the synbiotic
formula [18]. Here, the fecal samples collected within
the aforementioned clinical trial were analysed
through a multi-omics approach (16S rRNA gene
amplicon sequencing, shotgun metagenomics, meta-
transcriptomics and metabolomics) (Fig. 1). These
analyses revealed that the compromised microbiome
acquired during elective C-section birth reflects a

microbiome adapted to a more oxidative environment
characterised by functional signatures of reactive oxy-
gen species metabolism, biosynthesis of lipopolysac-
charides and the absence of detection of genes,
transcripts involved in the metabolism of milk carbo-
hydrates. In this paper, we provide molecular signa-
tures that indicate a significant difference in the
developing microbial ecosystem of C-section versus
vaginally born infants. We demonstrate that a specific
synbiotic (a combination of scGOS/lcFOS and Bifido-
bacterium breve M-16 V) intervention prevents in
elective C-section born infants the establishment of a
compromised microbiome in the first days of life.

Results
A previous study by Chua and colleagues demonstrated
that a synbiotic intervention could prevent the delayed
intestinal colonization by Bifidobacterium sp. in elective
C-section born infants [18]. In the current study, faecal
samples from these infants were subjected to multi-
omics approach uncovering functional features of a
compromised microbiome acquired during elective C-
section birth. The aim was to (1) elucidate functional
characteristics of a compromised microbiome, (2) form
hypotheses on the mechanisms by which a compromised
microbiome can influence disease risk and (3) investigate
the functional role of a specific synbiotic (scGOS/lcFOS
and Bifidobacterium breve M-16 V) in restoring a com-
promised microbiome.

Description of the study population for feeding pattern
and intrapartum antibiotic prophylaxis
In Singapore and Thailand, exclusive breastfeeding is
rare and therefore the recruitment of elective C-section
and vaginally born infants that are exclusively breastfed
is challenging. In this study, most infants were mixed
fed. Subjects from each group of infants born by elective
C-section (Synbiotic, Prebiotics and Control) received
the study product corresponding to their allocated group
in addition to breastfeeding. The group of vaginally born
infants or Reference group was also mixed fed and a
control formula was provided [18]. This allowed us to
ascertain that observed differences between study arms
and the reference group resulted from mode of delivery
and nutritional interventions. In our study, all the infants
born by elective C-section were exposed to intrapartum
antibiotic prophylaxis (IAP), which is the common clin-
ical practice in Singapore and Thailand. Among the in-
fants from the vaginally born reference group (n = 30),
two infants were exposed to IAP. They were excluded
from this multi-omics study since IAP was considered as
a potential confounder. Although comparison with add-
itional study groups such as infants born by elective C-
section without IAP exposure and infants born vaginally
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with IAP exposure could have provided additional
insight, this was not investigated in this study.

Sequencing and metabolomic output
In this study, the number of subjects per group whose
faecal genomic DNA was available for 16S rRNA se-
quencing, was as follows: Synbiotic group (n = 44), Prebi-
otics group (n = 39), Control group (n = 44) and
Reference group (n = 26) (Supplementary Table S1). For
data analysis and interpretation, these intervention
groups were labelled as Synbiotic group, Prebiotics
group, Control group and Reference group. Faecal gen-
omic DNA (943 samples) were available for 16S rRNA
sequencing from 153 subjects (Supplementary Table S1).
The average number of sequencing quality-passed reads
mapping to the 16S rRNA Greengenes global rRNA
database were 1,267,887 ± 667,938 for the Synbiotic
group; 1,233,575 ± 651,949 for the Prebiotics group; 1,
098,486 ± 556,112 for the Control group and 1,197,
828 ± 637,407 for the Reference group (Supplementary
Table S2).
The metagenomics and metatranscriptomics data were

generated from a subset of the stool samples collected at
day 3 and/or day 5 (Fig. 1). The samples were selected

randomly from 10 subjects per group from the clinical
study’s biobank. The metagenomics sequencing run pro-
duced, on average, 8.6 million paired-end reads per sam-
ple, or 4.3Gb data per-sample. After quality control and
removal of host sequences, on average, 6,864,061
(79.7%) paired-end reads were used for downstream
metagenomics analysis. At the end of the classification
analysis, on average, 88.93% (66.78–94.97%) of the
paired-end reads could be classified to the kingdom Bac-
teria. The metatranscriptomics sequencing run pro-
duced, on average, 11.9 million paired-end reads per
sample, or 2.4Gb data per-sample. After quality control
and removal of ribosomal RNA sequences, on average, 1,
212,609 (10.12%) paired-end reads were categorized as
non-ribosomal RNA reads and used for downstream
metatranscriptomics analysis. The resulting analysis
showed that, on average, 60.31% (40–75.28%) of the
non-ribosomal RNA reads could be classified to the
kingdom Bacteria.
The metabolomics data were generated from a subset

of the stool samples collected at day 3 and/or day 5
(Fig. 1). The samples were selected randomly from 10
subjects per group from the clinical study’s biobank. The
10 samples per group were then pooled before

Fig. 1 Infographic depicting the study design. Depiction of the multi-omics approach used to investigate the functional impact of mode of
delivery and nutritional interventions on the infant gut microbiome. In this study, the infants were mixed fed. Subjects from each group of infants
born by elective C-section (Synbiotic, Prebiotics and Control) received the study product corresponding to their allocated group in addition to
breastfeeding. The group of vaginally born infants or Reference group was also mixed fed and a control formula was provided. This allowed us to
ascertain that observed differences between study arms and the reference group resulted from mode of delivery and nutritional interventions. In
this study, the number of subjects per group whose faecal genomic DNA was available for 16S rRNA sequencing, was as follows: Synbiotic group
(n = 44), Prebiotic group (n = 39), Control group (n = 44) and Reference group (n = 26) and those numbers are reflected in Figure 1
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metabolomics profiling. The metabolomics dataset rep-
resented four pools reflecting the intervention and refer-
ence groups.

Delayed colonization by keystone colonizers in C-section
born infants
16S rRNA data were used to determine the effect of
mode of delivery on the development of the infant gut
microbiota. We applied a constrained supervised ordin-
ation method, db-RDA and PERMANOVA to test the
hypothesis that mode of delivery influences the pioneer
bacterial colonization of the infant gut. The ordination
plots (Fig. 2a and b) show that the first two components
separate samples from the Control (C-section birth) and
Reference (vaginal birth) groups collected at day 3 and 5.
The bacterial communities of both groups of infants
were compared across time points, a statistically signifi-
cant difference was observed between day 3 and week 16
(Supplementary Table S3). Pairwise group comparisons
between the Control and Reference groups showed that
Bifidobacterium and Bacteroides were the predominant
genera that separate both groups (Supplementary Fig. 1
and Tables S5 and S8). The abundance of members of
Enterobacteriaceae was statistically significantly higher
in the Control group compared to the Reference group
at day 5 (P = 0.020) (Supplementary Tables S4 and S7).
A lower species diversity was observed in the Control
group compared to the Reference group at day 3 and
day 5 (P = 0.008 and P = 0.037, respectively) (Fig. 3).

Elective C-section birth is associated with a delayed
establishment of strict anaerobes
Differential abundances of pioneer colonizers between
vaginally and C-section born infants could be trans-
lated to functional differences in metabolism. We hy-
pothesized that the physiological environment of the
gut differs between vaginally and C-section born in-
fants. To test this hypothesis, we categorized the bac-
terial families into functional groups by determining
their anaerobic/aerobic metabolism. The Bergey’s
Manual of Systematics of Archaea and Bacteria was
used as reference to predict the metabolic repertoire
of those bacterial families listed in Supplementary
Table S10 [34]. The relative abundance of those bac-
terial families was summed according to their func-
tional groups (strict anaerobic, facultative anaerobic/
aerobic). Infants born vaginally presented an enrich-
ment of members of Bifidobacteriaceae and Bacteroi-
daceae, characteristic of an anaerobic gut
environment (Fig. 4a and b). In contrast, infants born
by C-section (Control group) harbored more faculta-
tive anaerobes and aerobes, mainly represented by
members of the Enterobacteriaceae (Fig. 4a and c)
[34]. This may be characteristic of a more oxygen

rich gut environment. Infants born by C-section fea-
tured a delayed colonization by strict anaerobes and
this was statistically significantly different from the
vaginally born infants between day 3 and week 4 (P =
0.002 and P = 0.041, respectively). We hypothesized
that anaerobiosis was a key microbial metabolic trait
among infants born vaginally, whereas aerobiosis was
a key microbial metabolic trait among C-section born
infants.

A synbiotic intervention supports species diversity and
Bifidobacterium abundance in elective C-section born
infants
Multivariate analysis was used on 16S rRNA data to deter-
mine the relationship between the nutritional intervention
and the bacterial colonization of the infant gut. The ordin-
ation plots (Fig. 2a, b and c) show that the taxonomic com-
position of the Synbiotic group is distinct from the Control
group at day 3, day 5 and week 2 (Supplementary Table
S3). Similar results were observed when we compared the
Synbiotic and the Prebiotic groups between day 3 and week
4 (Supplementary Table S3). No statistically significant dif-
ferences were observed between Prebiotic and Control
groups. Pairwise group comparisons showed that Bifidobac-
terium was the main genus that separated the Synbiotic
from the Control and Prebiotic groups (Supplementary Ta-
bles S5 and S8). Shannon Diversity analysis revealed no sta-
tistically significant difference between the Synbiotic and
Control groups except at week 8 (P = 0.018) (Fig. 3). Across
the whole intervention period, the bacterial community
composition of the Control group was dissimilar to the Ref-
erence group. The dissimilarity between the Prebiotic and
Reference groups was statistically significant between day 3
and week 4 (Supplementary Table S3). Using Shannon Di-
versity, a higher species diversity was observed in the Refer-
ence group compared to the Prebiotic and Synbiotic
groups, and this was statistically significant at day 3 and day
5 (Reference versus Prebiotic, P = 0.018 and P = 0.009, re-
spectively; Reference versus Synbiotic, P = 0.004 and P <
0.001, respectively) (Fig. 3). In contrast, no statistically sig-
nificant differences in microbiota composition were de-
tected between the Synbiotic and the Reference groups at
week 2 and week 4 (Supplementary Table S3, Fig. 2c and d
and Supplementary Fig. 2a and b).

A synbiotic intervention restores molecular signatures
that are indicative of low oxygen and low pH in elective
C-section born infants
We observed that initially the composition of the gut
microbiota in the Synbiotic group differed from the
Reference group at day 3 and day 5 (Synbiotic versus
Reference, P = 0.001 and P = 0.001, respectively) (Sup-
plementary Table S3, Fig. 2a and b). We demon-
strated that after a certain number of days of
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supplementation, the Synbiotic and Reference groups
did not differ in microbiota composition at week 2
and week 4 (Supplementary Table S3, Fig. 2c and d).
We then tested the hypothesis that both groups
shared a similar microbial metabolism. The Synbiotic
supplementation resulted in an anaerobic gut micro-
bial environment characterized by an enrichment of
Bifidobacteriaceae (Fig. 4a and b) as early as day 3.
The formation of the strict anaerobic environment

was similar between the Synbiotic and Reference
groups. In contrast, infants from the Control and Pre-
biotic groups presented a delayed colonization by
strict anaerobes when compared to the Synbiotic
group, and this was statistically significantly different
between day 3 and week 2 (Synbiotic versus Control,
P < 0.0001 and P = 0.005; Synbiotic versus Prebiotic,
P < 0.0001 and P = 0.002, respectively). From the
Spearman’s rank correlation coefficients analysis

Fig. 2 Distance based redundancy analysis (db-RDA) of infant gut microbiome. Subjects belonging to the intervention groups, Control C-section
(C), Prebiotics C-section (P), Synbiotic C-section (S) and the Reference group (R) are indicated by the red, green, purple and blue circles
respectively. The db-RDA axes describe the percentage of the fitted and total variation explained by each axis while being constrained on groups.
Black arrow vectors indicate the weight and direction of 10 most important bacterial genera. The labels for the groups, Control C-section (C),
Prebiotics C-section (P), Synbiotic C-section (S) and the Reference group (R) are located at the geometrical center of each intervention group. *
represents P < 0.05 (PERMANOVA test)
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which was determined by combining the biological
datasets from all 4 groups, we observed that increased
abundance of Bifidobacteriaceae was positively corre-
lated with fecal acetic acid and negatively correlated
with stool pH (Fig. 5a). The increased abundance of
strict anaerobes was positively correlated with acetic

acid and conversely the increased abundance of facul-
tative anaerobes and aerobes was negatively correlated
with fecal levels of acetic acid (Fig. 5b). Additionally,
an increased abundance of Lactic Acid Bacteria (LAB)
[34] was positively correlated with fecal lactic acid
and acetic acid (Fig. 5c). We hypothesized that Bifido-
bacteriaceae was the most abundant representative of
the strict anaerobic and LAB functional taxa (Supple-
mentary Fig. 3): when the relative abundance data of
Bifidobacteriaceae was omitted from this comparison,
the observed correlation coefficients became weaker
and statistically non-significant. Similarly, we hypothe-
sized that members of Enterobacteriaceae were the
main constituents of the facultative anaerobic and
aerobic, and non-LAB functional taxa: the positive
correlation observed between abundance of facultative
anaerobes/aerobes and stool pH became statistically
non-significant when the variable Enterobacteriaceae
was omitted from the former functional category.

A synbiotic intervention prevents the establishment of a
compromised microbiome in elective C-section born
infants
Bacterial species abundances were determined by meta-
genomics analysis (Supplementary Fig. 4). The abun-
dance of Bifidobacterium breve was positively correlated
with differential abundance and expressed genes

Fig. 3 Species diversity per intervention group. Shannon index plot
depicting the species diversity (Genus dataset) per intervention
group from day 3 till week 22. Non-parametric Mann-Whitney U
tests, P < 0.05, P < 0.01 and P < 0.001 are indicated by *, ** and
*** respectively

Fig. 4 a Relative abundance of strict anaerobes and facultative anaerobes/aerobes. Line plots of the relative abundance of strict anaerobes and
facultative anaerobes/aerobes from day 3 till week 22. Non-parametric Mann-Whitney U tests, P < 0.05, P < 0.01 and P < 0.001 are indicated by
(Synbiotic vs Control: *, **, ***), (Synbiotic vs Prebiotic: +, ++, +++), (Synbiotic vs Reference, Vaginal Birth: ^, ^^, ^^^), (Reference, Vaginal Birth vs
Control: ~, ~~, ~ ~ ~) respectively. b Relative abundance of strict anaerobes. Stacked bar plots of the relative abundance of the key bacterial
groups at the Family level that contribute to the strict anaerobes from day 3 till week 22. c Relative abundance of the facultative anaerobes/
aerobes. Stacked bar plots of the relative abundance of the key bacterial groups at the Family level that contribute to the facultative anaerobes/
aerobes from day 3 till week 22
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involved in milk carbohydrates (i.e. Lacto-N-I Galacto-
N-Biose) metabolism and fatty acid biosynthesis indicat-
ing a fermentative metabolism in the Synbiotic group

(Fig. 5d and Supplementary Figs. 5, 6, 7 and Tables S11,
S12). Additionally, metabolomic analyses of pooled fecal
samples revealed lower levels of lactose and HMO

Fig. 5 a Correlation between stool physiological parameters and the bacterial group abundances. Heat map showing the Spearman’s correlation
coefficients between stool physiological parameters and the bacterial group abundances (Family level, 16S rRNA data) from day 3 till week 22.
The Spearman’s rank correlation coefficients were determined by combining the biological datasets from all 4 groups. b Correlation between
stool physiological parameters and the functional bacterial group abundances (strict and facultative anaerobes). Heat map showing the
Spearman’s correlation coefficients between stool physiological parameters and the functional group abundances (strict and facultative
anaerobes, 16S rRNA data) from day 3 till week 22. The Spearman’s rank correlation coefficients were determined by combining the biological
datasets from all 4 groups. c Correlation between stool physiological parameters and the functional bacterial group abundances (Lactic acid
bacteria determined with The Bergey’s Manual of Systematics of Archaea and Bacteria, supplementary Table S10). Heat map showing the
Spearman’s correlation coefficients between physiological parameters and the functional group abundances (Lactic Acid Bacteria(LAB), 16S rRNA
data) from day 3 till week 22. The Spearman’s rank correlation coefficients were determined by combining the biological datasets from all 4
groups. d Correlations between Bifidobacterium breve/Klebsiella at metagenomics and metatranscriptomics levels. Bar plots depicting correlations
between Bifidobacterium breve/Klebsiella and functional genes (DNA and mRNA, SEED data)
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species in the Synbiotic and Reference groups compared
to the Control and Prebiotic groups (Supplementary
Fig. 8). The detection of HMOs in the fecal samples re-
flects the infants being mixed fed. Across these pooled
samples, fecal lactose and HMOs had divergent abun-
dance patterns compared to Bifidobacterium, while
acetic acid and lactic acid had matching abundance pat-
terns, thus suggesting a role for Bifidobacterium in me-
tabolizing these carbohydrates and modulating the
hypoxic and acidic milieu (Supplementary Fig. 9). Abun-
dance of members of the genus Klebsiella within Entero-
bacteriaceae, of which Klebsiella pneumoniae was the
dominant constituent, was positively correlated to differ-
entially expressed genes involved in respiration (i.e. for-
mate dehydrogenase), virulence, lipopolysaccharide
(LPS) biosynthesis (i.e. KDO2-Lipid A) and stress re-
sponse (reactive oxygen species metabolism: i.e. Gluta-
thione S-transferase) (Fig. 5d and Supplementary Figs. 4,
5, 6, 10 and Tables S11, S12).

Discussion
This study demonstrated that infants born by elective
C-section present a microbiome characterised by
meta-omics signatures of increased gut redox poten-
tial resulting from delayed establishment of strict an-
aerobes. In this study the reference group included
vaginally born infants which were not exposed to
intrapartum antibiotic prophylaxis (IAP). IAP and
postnatal antibiotic administration are known factors
that could potentially mask or alter the effects of
mode of delivery [35–37]. Several studies describe the
impact of IAP on the gut microbiome of infants born
vaginally and have shown that IAP results in a de-
layed colonization by Bifidobacterium and enrichment
of Enterobacteriaceae [36, 38, 39]. The elective C-
section born infants in the intervention and control
groups were exposed to IAP administration according
to the standard clinical practice to prevent post-
caesarean maternal infection. Previous studies indi-
cated that infants born by elective C-section present a
compromised microbiome (delayed colonization by
Bifidobacterium and enrichment of Enterobacteria-
ceae) irrespective of IAP exposure. No differences
were observed between those born by C-section with
IAP or without IAP exposure [20, 21, 40].
We demonstrated that the synbiotic intervention

modulated the anaerobic catabolism in the gut of in-
fants born by elective C-section from the first days of
life, emulating the microbial catabolism observed in
vaginally born infants [41, 42]. The single probiotic
strain within the synbiotic normalized the species di-
versity by restoring the Bifidobacterium genus levels
without impeding the colonisation and expansion of
endogenous Bifidobacterium species (Supplementary

Fig. 11) and other bacterial taxa. Bifidobacterium ap-
peared as the key driver in modulating anaerobiosis
through the production of organic acids, and the
resulting acidification of the intestinal milieu. We
hypothesize that the presence of Bifidobacterium in
the first days of life is paramount to the establish-
ment of gut anaerobiosis. The transmission of Bifido-
bacterium during natural birth and breastfeeding
highlights the role of the maternal microbiome in es-
tablishing Bifidobacterium as a paramount early col-
onizer of the infant gut. The presence of
Bifidobacterium in maternal faeces, vagina and breast
milk has been documented and supports its key bio-
logical role in establishing the anaerobiosis in early
life [25, 43–46]. This vertical transfer concept was
clearly illustrated by Makino and colleagues who
demonstrated that mothers who gave birth vaginally
transmitted their unique family-specific Bifidobacter-
ium strains to their infant’s gut. Bifidobacterium
strains from a mother who gave birth to twins were
identified in both siblings [25].
Impaired acquisition of Bifidobacterium from the first

days of life delays the establishment of anaerobiosis, and
consequently the acidification of the gut milieu does not
occur. The delayed colonization by Bifidobacterium sp.
was correlated to a depletion of genes involved in milk
carbohydrates metabolism. This impaired transmission
of Bifidobacterium seemed to be reflected by an enrich-
ment of HMOs and lactose in the stool samples of C-
section born infants from the Control and Prebiotic
groups even though they also received breast milk. Our
study indicates that infants born with a compromised
microbiome (delayed colonization by Bifidobacterium)
would benefit from a nutritional supplementation that
complements the Bifidobacterium driven utilization of
milk carbohydrates present in breast milk. These insights
were inferred using data coming from pooled samples;
hence they could have been caused by one or more of
the pooled samples. A recent study corroborated our
findings and demonstrated that the presence of Bifido-
bacterium supplemented in breast milk fed preterm in-
fants was associated with higher fecal acetic acid and
lactic acid, lower stool pH and the consumption of
HMOs [47].
Here, we demonstrated that the very first days of

life form a time frame in which the impact of mode
of delivery on the ecophysiology of the gut micro-
biome is most profound. In comparison, other studies
investigated the development of the gut microbiome
from the first month of life or 3 months onwards [6,
8, 48]. The lack of data collected during this window
period led Bokulich and colleagues to argue that the
first month of life is dominated by facultative aerobes
[48], whereas this study has demonstrated that the

Lay et al. BMC Microbiology          (2021) 21:191 Page 8 of 17



establishment of strict anaerobes already occurs in
the first days of life.
Furthermore, our findings indicate that birth by elect-

ive C-section is associated with a compromised micro-
biome enriched with facultative anaerobes and aerobes.
Those early colonizers in C-section born infants are ac-
quired from the surrounding birth environment (hospital
environment). Opportunistic pathogens associated with
the hospital environment, carrying antimicrobial resist-
ance genes belonging to the Enterobacteriaceae or
Enterococcaceae have been identified in the gut of in-
fants born by C-section [27]. Additionally, dust from op-
erating rooms collected right after C-section surgery,
was found to contain human skin bacteria [49]. Those
shed human skin bacteria might also contribute to seed
the microbiome of infants born by C-section. A gut
microbiome depleted of strict anaerobes and enriched
for facultative anaerobes and aerobes is documented for
(1) infants born vaginally whose mothers received IAP,
(2) antibiotic treated infants, (3) preterm born infants,
(4) malnourished children and (5) children afflicted with
infectious diarrhoea [35, 36, 50–53]. These biological ob-
servations indicate that a compromised microbiome is
often associated with an expansion of Enterobacteriaceae
that favours an aerobic catabolism [54–56]. Recently,
two studies demonstrated that antibiotic treatment re-
sulted in depletion of fiber degrading bacteria (strict an-
aerobes) from the gut lumen; this microbial perturbation
led to a depletion of short chain fatty acids (SCFA) that
deranged the metabolism of the colonic epithelium [57,
58]. The luminal depletion of SCFA as a source of en-
ergy for the colonocytes prevented the latter from con-
suming oxygen through β-oxidation, leading to an
increased epithelial oxygenation that drove the aerobic
expansion of Enterobacteriaceae. Mariana X. Byndloss
hypothesizes that “colonocyte metabolism plays a central
role in balancing the gut microbiota by “suffocating
harmful bacteria” [59]. In support, Million and col-
leagues described an increased redox potential associated
with a depletion of strict anaerobic in the gut micro-
biome of malnourished children [50]. Our data suggest
that K. pneumoniae, as the dominant representative of
the Klebsiella genus, might be a key contributor in
modulating the aerobiosis through respiration and react-
ive oxygen species metabolism. This metabolic activity
was also associated with the differential expression of
genes involved in LPS biosynthesis. The role of LPS in
modulating immunity in early life has not been explored
extensively [60]. Our finding indicates the need of inves-
tigating the effect of the release of LPS in the colonic en-
vironment of infants born by elective C-section.
Hence, we propose that the presence of Bifidobacter-

ium in the first days of life could have a key biological
significance in modulating the redox and acidity of the

gut environment, which provides colonization resistance.
Bifidobacterium uses a unique central fermentative path-
way called the “bifid shunt” which equips bifidobacteria
with an unique evolutionary advantage of generating
more ATP (per mole of glucose) in comparison to mi-
croorganisms using other carbohydrate fermentative
pathways such as glycolysis. We hypothesize that acetic
acid, one of the bifid shunt’s end-products, is oxidized
by colonocytes and contributes to augmentation of the
epithelial barrier function. In support, Fukuda and col-
leagues demonstrated the role of acetate-producing Bifi-
dobacterium in enhancing immunity to bacterial
infection by acting on the colonic epithelium [61, 62].
The exclusion of oxygen from the gut in the first days of
life is likely a crucial step in driving microbiome succes-
sion towards a resilient, stable, and healthy state [63].
The process of childbirth, the transition from the hyp-
oxic womb environment to the hyperoxic extra-uterine
environment, causes an oxidative stress challenge [64,
65]. This observation deserves to explore any bio-
logical link between the oxidative stress of birth and
the establishment of Bifidobacterium in early life or
the early life microbiome. Several studies have dem-
onstrated that a depletion of Bifidobacterium and an
enrichment of Klebsiella [66] in the first 100 days of
life is a risk factor for the development of paediatric
allergy [3, 5, 66], emphasizing the instrumental role
of Bifidobacterium in programming the immune sys-
tem in early life [5, 30, 67, 68]. The delayed
colonization by Bifidobacterium is an early microbial
signature that resolves several weeks after the C-
section delivery [18]; however, little is known on the
impact of this delayed establishment of microbes with
the ability to consume HMOs on the development of
the gut microbiome during infancy. Interestingly, in-
sights from the Danish birth cohort identified a sub-
group of C-section born infants who presented a
reduction of microbiome members with the ability to
digest or ferment dietary fibers into short chain fatty
acids (SCFAs) at 1 year of age. Those infants were as-
sociated with an increased risk of asthma later in life.
The authors hypothesize that infants born by C-
section whose microbiome does not recover and ma-
ture properly in the first year of life have an in-
creased risk to develop asthma [69].
In our study population, we confirmed the delayed

colonization by Bacteroides in C-section born infants
[20, 41]. Little is known about the role of Bacteroides in
vaginally born infants except their ability to metabolize
HMOs, suggesting therefore a role in modulating the
gut anaerobiosis. Their implication in early life deserves
further attention [20, 26, 70] though two recent birth co-
hort studies suggest the role of Bacteroides in allergy
prevention [71, 72].
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Conclusions
This study demonstrated that elective C-section birth re-
sults in a delayed establishment of hypoxia in the gut
that favours the expansion of facultative anaerobes and
aerobes, that do not have the genomic ability to
metabolize milk carbohydrates. We hypothesize that this
observed biological phenomenon could be described as a
hallmark of a compromised microbiome, connected to
the biosynthesis of LPS and the metabolism of reactive
oxygen species in the colonic environment. This func-
tional microbial hallmark might underline the role of a
compromised microbiome as a risk factor for the devel-
opment of non-communicable diseases. The role of LPS
and oxidative stress as a reflection of reactive oxygen
species metabolism in the context of early life micro-
biome deserve some scientific attention (Supplementary
Figures 12 and 13). In vivo or ex vivo studies will be
needed to test the hypotheses raised in our study.
Our study suggests that supplementation with a spe-

cific synbiotic microbiome modulator allows the estab-
lishment of an acidic gut ecosystem devoid of oxygen in
infants with a compromised microbiome at birth. The
long-term health consequences of this early life nutri-
tional intervention have not been assessed, however chil-
dren that participated in this study are currently being
followed up.

Methods
Our study adheres to the CONSORT guidelines, please
refer the CONSORT checklist.

Trial
This was an exploratory, randomized, double-bind,
controlled study conducted between June 2011 and
April 2013 in Singapore and Thailand. All participat-
ing centres obtained approval of their independent
local Ethical Review Board (SingHealth Centralised
Institutional Review Board in Singapore (reference
number is CIRB Ref: 2010/832/E) and Institutional
Review Board, Faculty of Medicine, Chulalongkorn
University in Thailand (reference number is IRB No.
437/55)). Written informed consent was obtained
from all parents before randomization. The study was
registered in the Dutch Trial Register (http://www.
trialregister.nl/NTR Number: 2838). All details of the
clinical study such as intervention exposure can be
found in the clinical trial publication. Subjects from
all the groups were mixed fed, they received the study
product corresponding to their allocated group in
addition to breastfeeding. Additionally, the majority of
the subjects in the Reference group was mixed fed
and received in addition to human milk the Control
product (23/30 subjects; 77%) [18]. All the infants
born by elective C-section were exposed to

intrapartum antibiotic prophylaxis (IAP) to prevent
post-caesarean maternal infection. Among those born
vaginally from the reference group (n = 30), two in-
fants were exposed to IAP and were excluded from
this study. Here, we leveraged the fecal samples col-
lected in this clinical trial and deployed a multi-omics
approach (16S rRNA amplicon sequencing, shotgun
metagenomics, metatranscriptomics and metabolo-
mics) to deconvolute the eco-physiological impact of
mode of delivery and nutrition on the early-life gut
microbiome (Fig. 1).

Microbiome multi-omics data
All the biological data (16S rRNA, SCFA, Lactate and
pH, metagenomics, metatranscriptomics and metabolo-
mics) were generated from the modified intention-to-
treat (mITT) population. The mITT population con-
sisted of all randomized subjects who provided at least 1
baseline and post-baseline stool sample. In this study,
we could only include those subjects whose fecal sam-
ples were of sufficient volume and quality for DNA ex-
traction and 16S rRNA sequencing. However, this
accounted for the vast majority of the subjects from
mITT [18]. In this study, the number of subjects per
group whose faecal genomic DNA was available for 16S
rRNA sequencing, was as follows: Synbiotic group (n =
44), Prebiotic group (n = 39), Control group (n = 44) and
Reference group (n = 26) (Supplementary Table S1). For
data analysis and interpretation, these intervention
groups were labelled as Synbiotic group, Prebiotic group,
Control group and Reference group. In total, bacterial
community compositions were characterised by shotgun
16S rRNA sequencing of 943 faecal genomic DNA sam-
ples (Supplementary Table S1). The metagenomics and
metatranscriptomics data were generated from a subset
of the stool samples collected at day 3 and/or day 5
(Fig. 1). The samples were selected randomly from 10
subjects per group from the clinical study’s biobank. The
metabolomics data were generated from a subset of the
stool samples collected at day 3 and/or day 5 (Fig. 1).
The samples were selected randomly from 10 subjects
per group from the clinical study’s biobank. The 10 sam-
ples per group were then pooled before metabolomics
profiling. The metabolomics dataset represented four
pools reflecting the intervention and reference groups.

Multi-omics methods
Shotgun 16S rRNA sequencing of the V3-V6 region

Nucleic acid extraction, 16S rRNA amplification and
DNA sequencing Faecal genomic DNA was extracted
using a combination of mechanical and chemical lysis
via FastPrep Instrument (MP Biomedicals) and QIAamp
Fast DNA Stool Mini Kit (Qiagen) as described
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previously [18]. The V3-V6 region on prokaryotic 16S
rRNA was amplified from total DNA as previously de-
scribed [73–76]. Amplicons were sheared using the Cov-
aris LE220 sonicator (Covaris, Inc., USA) and built into
sequencing libraries using GeneRead DNA Library I
Core Kit (Qiagen) according to the manufacturer’s
protocol. DNA libraries were multiplexed by 96 indices,
pooled, and sequenced on the Illumina HiSeq 2500
using paired-end (2x76bp) sequencing. Sequencing reads
were demultiplexed (Illumina bcl2fastq 2.17.1.14 soft-
ware) and filtered (PF = 0) before conversion to FASTQ
format.

Sequencing output The average numbers of sequencing
quality-passed reads mapping to the 16S rRNA Green-
genes global rRNA database (dated May 2013; green-
genes/13_5/99_otus.fasta) are described in the
Supplementary Table S2.

Reconstruction and classification of 16S rRNA
amplicon sequences Read trimming from 3′ was done
to remove bases with quality score ≤ 2, followed by add-
itional removal of reads pairs shorter than 60 bp after
trimming [73–77]. Following read trimming, full length
16S rRNA (V3-V6 region) reconstructions were pro-
duced from the short sequencing reads using the
EMIRGE amplicon (Expectation Maximisation Iterative
Reconstruction of Genes from the Environment) algo-
rithm [75–78]. The analysis method is described in the
publication of Ong and colleagues [73] and the updated
tools and pipeline are available at: https://github.com/
CSB5/GERMS_16S_pipeline. EMIRGE leverages 16S
rRNA sequences on the SILVA database for template
guided assembly of reconstructions of the 16S rRNA
amplicon sequences [77, 78]. EMIRGE prevents chimeric
sequences from mapping. The reconstructed 16S rRNA
sequences (at least 99% sequence similarity) are col-
lapsed into OTUs, and Graphmap [79] was used to map
these OTUs to the Greengenes global rRNA database
(dated May, 2013; greengenes/13_5/99_otus.fasta) [80].
OTUs were called at various taxonomic levels of identity
(species, genus, family etc.) [81]. EMIRGE assigns abun-
dance estimates to the reconstructed 16S rRNA se-
quences. The relative abundance of OTUs was
determined for each sample and converted to relative
abundances at various taxonomic level (phylum, family,
genus, species level).

Metagenomics and metatranscriptomics

Nucleic acid extractions DNA and RNA extractions
were carried out with the ZR Fecal DNA MicroPrep and
ZR Fecal RNA MicroPrep kits (Zymo Research), respect-
ively, following the manufacturer’s protocols that are

supplied with the kits. The homogenization step was
performed on a FastPrep-24 instrument (MP Biomedi-
cals). For each extraction, ~ 50-100 mg of feces were
used. For RNA extractions, the optional DNase digestion
step was performed to eliminate traces of contaminating
DNA. Extracted nucleic acids were quantitated with
Invitrogen’s Picogreen (DNA) and Ribogreen (RNA) as-
says prior to next generation sequencing library
preparation.

Library preparation & next-generation sequencing
RNA library preparation was performed according to
Illumina’s TruSeq Stranded mRNA protocol with the
following modifications: The oligo-dT mRNA purifica-
tion step was omitted and instead, 200 ng of total RNA
were directly added to the Elution2-Frag-Prime step.
The PCR amplification step, which selectively enriches
for library fragments that have adapters ligated on both
ends, was performed according to the manufacturer’s
recommendation but the number of amplification cycles
was reduced to 12. All libraries were dual barcoded with
Illumina’s TruSeq HT RNA barcodes to enable library
pooling for sequencing.
DNA library preparation was performed according to

Illumina’s TruSeq Nano DNA Sample Preparation
protocol. The samples were sheared on a Covaris S220
or E220 to ~ 450 bp, following the manufacturer’s rec-
ommendation. All libraries were dual barcoded with Illu-
mina’s TruSeq HT DNA barcodes to enable library
pooling for sequencing.
Finished libraries were quantitated using Invitrogen’s

Picogreen assay and the average library size was deter-
mined on a Bioanalyzer 2100, using a DNA 7500 chip
(Agilent). Library concentrations were then normalized
to 4 nM and validated by qPCR on a ViiA-7 real-time
thermocycler (Applied Biosystems), using the Kapa li-
brary quantification kit for Illumina platforms (Kapa
Biosystems). DNA libraries were then pooled at equimo-
lar concentrations and sequenced on an Illumina
HiSeq2500 sequencer in rapid mode at a read-length of
250 bp paired-end. RNA libraries were also pooled at
equimolar concentrations and sequenced on an Illumina
HiSeq2500 sequencer in rapid mode at a read-length of
100 bp paired-end.

Sequencing data analysis The raw metagenomics and
metatranscriptomics Illumina reads were adapter-
trimmed and quality-trimmed using cutadapt-1.8.1 [82]
with parameter of “-q 20 --trim-n --minimum-length 30
--match-read-wildcards”. Afterwards, for each paired-
end read dataset, the first pair and its corresponding sec-
ond pair were locally assembled/merged using FLASH
1.2.6 [83] with “-m 10 -M 251 -x 0.25” and “-m 10 -M
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101 -x 0.25” parameter for metagenomics and metatran-
scriptomics dataset respectively.
The metagenomics dataset was mapped against the

hg19 human reference genome with bowtie2 2.2.5 [3]
using “--very-sensitive-local” preset as its sensitivity par-
ameter. Any reads that can’t be confidently mapped
against the human genome, which were generated by
“--un” switch, were separated and processed as the non-
host reads. The non-host reads were then aligned against
NCBI non-redundant protein database (downloaded on
3 January 2016) using Diamond version 0.85 [84] with
default parameters. Based on these alignments, the mi-
crobial taxonomical classification was determined using
the Lowest-Common-Ancestor (LCA) algorithm imple-
mented in MEGAN6 [85] (parameters: maxmatches = 25
minscore = 100 minsupport = 25). The subsequent tax-
onomy and KEGG/SEED functional annotation were
done as part of MEGAN6 processing and was based on
MEGAN’s gi2tax-July2016.bin and gi2keggMarch2016.-
bin database files.
The metatranscriptomics dataset was mapped against

hg19 human reference genome with bowtie2 2.2.5 [86]
using “--very-sensitive-local” preset as its sensitivity par-
ameter. The non-human reads were then separated into
its ribosomal RNA and non-ribosomal RNA components
using sortMeRNA 2.1 [87]. The non-ribosomal reads
were then aligned against NCBI non-redundant protein
database (downloaded on 3 January 2016) using Dia-
mond version 0.85 [4] with default parameters. Based on
these alignments, the microbial taxonomical classifica-
tion was determined using the Lowest-Common-
Ancestor (LCA) algorithm implemented in MEGAN6 [5]
(parameters: maxmatches = 25 minscore = 80 minsup-
port = 25). The subsequent taxonomy and KEGG/SEED
functional annotation were done as part of MEGAN6
processing and was based on MEGAN’s gi2tax-
July2016.bin and gi2keggMarch2016.bin database files.
The metagenomics sequencing run produced, on aver-

age, 8.6 million paired-end reads per sample, or 4.3Gb
data per-sample. After quality control and removal of
host sequences, on average, 6,864,061 (79.7%) paired-
end reads were used for downstream metagenomics ana-
lysis. At the end of the classification analysis, on average,
88.93% (66.78–94.97%) of the paired-end reads could be
classified to the kingdom Bacteria.
The metatranscriptomics sequencing run produced, on

average, 11.9 million paired-end reads per sample, or
2.4Gb data per-sample. After quality control and removal
of ribosomal RNA sequences, on average, 1,212,609
(10.12%) paired-end reads were categorized as non-
ribosomal RNA reads and used for downstream metatran-
scriptomics analysis. The resulting analysis shows that, on
average, 60.31% (40–75.28%) of the non-ribosomal RNA
reads could be classified to the kingdom Bacteria.

Targeted fecal metabolites and pH measurements
Sample preparation, SCFA, lactate and pH measure-
ment are described in the publication of Knol and
colleagues [88].
Acetic acid was the main SCFA detected in the clinical

samples as described in the clinical trial publication [18].
Acetic acid, lactic acid and stool pH data (stool physio-
logical parameters) were correlated with the 16S rRNA
data as described in the statistical analysis section.

Metabolite profiling study on pooled stool samples

Sample preparation Individual stool samples were
first lyophilized under vacuum using a freeze dryer
(Christ Alpha) and an equal amount of dry mass
weight for each sample was combined to prepare the
pooled sample for each group. 40 mg of each pooled
sample was added to 80 mg of glass homogenisation
beads (acid washed, 425-600 μm, Sigma-Aldrich, USA)
and processed using a two-phase modified Bligh and
Dyer extraction protocol (Fukawa et al., 2016). Briefly,
polar and lipid metabolites were extracted by sequen-
tial addition of methanol (Optima grade, Fisher Scien-
tific), 3.8 mM tricine solution (Sigma-Aldrich) and
chloroform (Gradient grade, Merck) (1:0.5:1 v/v/v,
total 2 mL) to the sample. The mixture was vortexed
for 2 min following each addition of solvent. The mix-
ture was then centrifuged at 4 °C, 16,000 g for 20 min.
This resulted in separation of the sample into two
fractions – the top methanol-tricine solution layer
contained the polar metabolites while the bottom
chloroform layer contained the lipid species. The top
polar layer was collected and the remaining mixture
was re-extracted using a mixture of methanol and tri-
cine solution (9:10 v/v), followed by centrifugation at
4 °C, 16,000 g for another 10 min. The resulting polar
layer was combined together with the first polar ex-
tract and stored at -80 °C before subsequent mass
spectrometry analysis.

Liquid chromatography and mass spectrometry (LC-
MS) Each polar extract was analysed in triplicate using
an ultra-performance liquid chromatography system
(AQUITY UPLC, Waters) in tandem with a mass spec-
trometer (QExactive, Thermo Scientific). A C18 UPLC
column (ACQUITY UPLC HSS T3 column, 2.1 × 100
mm, 1.8 μm, Waters) was used for separation and the
mobile phase comprised of two solvents. ‘A’ being water
with 0.1% formic acid (Merck) and ‘B’ being methanol
with 0.1% formic acid. The UPLC program is as follows:
the column was first equilibrated for 0.5 min at 0.1% B.
The gradient was then increased from 0.1% B to 50% B
over 8 min before being held at 98% B for 3 min. The
column was washed for a further 3 min with 98%
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acetonitrile (Merck) with 0.1% formic acid and finally
equilibrated with 0.1% B for 1.5 min. The solvent flow
rate was set at 0.4 mL/min; a column temperature of
30 °C was used. The eluent from the UPLC system was
directed into the MS.
High-resolution mass spectrometry was then per-

formed in both positive and negative electrospray
ionization (ESI) modes, with a mass range of 70 to 1050
m/z and a resolution of 70,000. Sheath and auxiliary gas
flow was set at 30.0 and 20.0 (arbitrary units) respect-
ively, with a capillary temperature of 400 °C. The spray
voltages were 1.25 kV for positive and 1.5 kV negative
mode ionization. Mass calibration was performed using
standard calibration solution (for QExactive, Thermo)
prior to injection of the samples. A quality control (QC)
sample comprising of equal aliquots of each sample was
run at regular intervals during the batch LC-MS runs.

LC-MS data processing and analysis The raw LC-MS
data obtained was processed using a XCMS-based
peak finding algorithm [89]. The QC samples were
used to adjust for instrumental drift. Detected mass
peaks were assigned putative metabolite identities by
matching the respective masses (< 10 ppm error) with
the KEGG and Human Metabolome Database
(HMDB). Where possible, the identities of selected
metabolites of interest were confirmed based on mass
spectral comparison with available metabolite
standards.

Statistical analysis
Differences in bacterial community composition as
determined by 16S rRNA sequencing among the four
infant groups were assessed using distance-based re-
dundancy analysis (db-RDA). The dissimilarity data
based on Bray-Curtis distances were first ordinated
using metric scaling and the results were then ana-
lysed using redundancy analysis. These steps were im-
plemented using the capscale function from the vegan
package in R software version 3.4.1 [90]. These ana-
lyses were carried out for each time point.
Permutational Multivariate Analysis of Variance

(PERMANOVA) was applied on the ordination ob-
ject to assess if microbial community composition
differences were statistically significant between
every infant group pairs. The envfit function of the
vegan package was used to fit the vectors represent-
ing different bacteria onto the ordination object (999
permutations). This allowed to investigate and
visualize relationships among the different bacteria
groups influencing the overall microbial community
structure in the dimensional space. The steps
depicted above were applied to the family and genus
datasets.

Prior to assess differences in relative abundances of
bacterial taxa between study groups, bacterial taxa with
an average relative abundance < 0.5% were removed.
Non-parametric Mann-Whitney U tests were then per-
formed at each time point on each pair of study group
combination at family, genus and species level. Pairwise
Wilcoxon test function from the R Stats package was
used for implementation. For all statistical tests per-
formed, adjusted Bonferroni p-values were derived to
correct for multiplicity.
The Shannon index was calculated to assess alpha di-

versity for each sample (using the diversity function
from vegan R package). The Spearman’s rank correlation
coefficients between bacterial groups and stool physio-
logical parameters were calculated together with the as-
sociated significance values. Based on a significance level
of 0.05, Spearman’s rank correlation coefficients were fil-
tered and exported to GraphPad Prism 7 for graphical
representation.
The metagenomics and metatranscriptomics datasets

(40 samples) were considered as one group regardless of
the intervention group to determine Pearson correla-
tions between key species and functional genes. All stat-
istical analysis performed on the metagenomics and
metatranscriptomics data were done with R statistical
package version 3.4.0 using relative abundance data de-
rived from MEGAN6 classification results. The metabo-
lomics dataset represented four pools reflecting the
intervention and reference groups, with each pool con-
sisting of 10 random samples biologically pooled before
metabolomics profiling. Organic acids, stool pH and 16S
rRNA data were similarly grouped by the intervention
and reference groups; differences between group means
were compared descriptively.
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Additional file 1: Figure S1. Prevalence of Bifidobacterium and
Bacteroides per intervention group from day 3 till week 22. Figure S2a.
Box-plots representing the distribution of samples along db-RDA1 at
week 2. Non-parametric Mann-Whitney U tests P < 0.05, P < 0.01 and P <
0.001 are indicated by *, ** and ***, respectively. Figure S2b. Box-plots
representing the distribution of samples along db-RDA1 at week 4. Non-
parametric Mann-Whitney U tests P < 0.05, P < 0.01 and P < 0.001 are indi-
cated by *, ** and ***, respectively. Figure S3. Relative abundance of
Lactic Acid Bacteria (LAB). Stacked bar plot of the relative abundance of
Lactic Acid Bacteria from day 3 till week 22. C: Control, P: Prebiotics, R:
Reference, S: Synbiotic. Figure S4. Top 10 bacterial species identified
among the 40 metagenomics samples from the four groups. Figure S5.
Metabolic pathway derived from the metagenomics dataset depicting
correlations with Bifidobacterium breve (blue) and Klebsiella (red). KEGG
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genes which exhibit Pearson correlation coefficients > 0.6 against the
metagenomics reads assigned to the two species are mapped onto the
KEGG metabolism pathway map. Figure S6. Metabolic pathway derived
from the metatranscriptomics dataset depicting correlations with Bifido-
bacterium breve (blue) and Klebsiella (red). KEGG genes which exhibit Pear-
son correlation coefficients > 0.6 against the metatranscriptomic reads
assigned to the two species are mapped onto the KEGG metabolism
pathway map. Figure S7. Correlation between Bifidobacterium breve and
HMOs metabolism. Linear model plot depicting correlation between Bifi-
dobacterium breve and Lacto-N I Galacto-N-biose metabolism (SEED data).
Figure S8. Heat map of lactose and HMO species present in the pooled
samples for the synbiotic, prebiotics, control and reference groups (in
triplicate). The colour scale is based on the row z-score. Figure S9. Abun-
dance patterns of Bifidobacterium (16S rRNA), milk sugars, acetate and lac-
tic acid as emerged from biological pools and corresponding groups.
Bifidobacterium and acetic acid were detected at their highest levels of
abundance in correspondence to lactose and HMOs being detected at
their lowest, and vice-versa. Raw intensities (for milk sugars), amounts (for
organic acid) and relative abundances (for Bifidobacterium) were normal-
ized between 0 and 1 to allow for a visual comparison. Figure S10a.
Correlation between Klebsiella and respiration. Linear model plot depict-
ing correlation between Klebsiella and Formate deshydrogenase (SEED
data). Figure S10b. Correlation between Klebsiella and reactive oxygen
species metabolism. Linear model plot depicting correlation between
Klebsiella and Glutathion-S-transferase (SEED data). Figure S10c. Correl-
ation between Klebsiella and lipopolysaccharide biosynthesis (LPS). Linear
model plot depicting correlation between Klebsiella and KDO2-Lipid A
biosynthesis (SEED data). Figure S11. Prevalence of human infant type
Bifidobacterium species per group from day 3 till week 22. Figure S12.
Infographic depicting the functional impact of vaginal birth on the infant
gut microbiome. The acquisition of Bifidobacterium during birth allows
the establishment of a hypoxic and acidic gut environment that prevents
the growth of opportunistic pathogens (Enterobacteriacae). Bifidobacter-
ium metabolizes the human milk oligosaccharides present in human milk
through a fermentative metabolism, and acetate, one of the major end-
products of the pathway, is oxidized by the colonocytes (β oxidation) as
a source of energy. This biological phenomenon prevents the increase in
oxygenation in colonic epithelial cells and contributes towards reducing
and acidifying the colonic environment. Figure S13. Infographic depict-
ing the functional impact of C-section birth on the infant gut micro-
biome. C-section birth is characterized by an enrichment of facultative
anaerobes and aerobes (Enterobacteriaceae). The delayed colonization by
Bifidobacterium prevents the establishment of a reduced and acidic gut
environment leading to an increase in oxygenation in colonic epithelial
cells and expansion of Enterobacteriaceae. Members of Enterobacteria-
ceae such as Klebsiella pneumoniae, uses oxygen to thrive in the colonic
environment. They express lipopolysaccharide (LPS) and metabolize react-
ive oxygen species in the colonic environment.

Additional file 2: Supplementary Table 1. Number of subjects per
group and number of 16S rRNA samples per group and time point.

Additional file 3: Supplementary Table 2. 16S rRNA sequencing
outputs.

Additional file 4: Supplementary Table 3. Permutational Multivariate
Analysis of Variance (PERMANOVA) tests.

Additional file 5: Supplementary Table 4. 16S rRNA Family data
(Mean and SD) per group and time point.

Additional file 6: Supplementary Table 5. 16S rRNA Genus data
(Mean and SD) per group and time point.

Additional file 7: Supplementary Table 6. 16S rRNA Species data
(Mean and SD) per group and time point.

Additional file 8: Supplementary Table 7. Non-parametric Mann-
Whitney U tests performed at each time point on each pair of study
group combination at family level.

Additional file 9: Supplementary Table 8. Non-parametric Mann-
Whitney U tests performed at each time point on each pair of study
group combination at genus level.

Additional file 10: Supplementary Table 9. Non-parametric Mann-
Whitney U tests performed at each time point on each pair of study
group combination at species level.

Additional file 11: Supplementary Table 10. Categorization of
bacterial families into functional groups (anaerobic/aerobic metabolism
and Lactic Acid Bacteria).

Additional file 12: Supplementary Table 11. KEGG functional
annotation.

Additional file 13: Supplementary Table 12. SEED functional
annotation.

Acknowledgments
We would like to thank Prof. Willem de Vos for critically reading the final
manuscript and giving his valuable advice. We would like to thank the GIS
(Genome Institute of Singapore) platforms for their support during the
project in the areas of scientific and research computing (led by Chih Chuan
Shih), research pipeline development (led by Andreas Wilm) and the next
generation sequencing platform (led by Wendy Soon). We would like to
acknowledge Seong Soo Lim and Hans Heilig for support in preparation of
16S rRNA sequencing libraries.

Authors’ contributions
MCC and VC were the principle investigators and responsible for the design
and conduct of the clinical trial. AGEN, CWC, RR, SC and NK were involved in
the trial conduct, monitoring and acquisition of the clinical data. SJ and EH
prepared the 16S rRNA sequencing libraries from the clinical samples. CL,
CWC, PFS, MLH, RWP, DIDM, SCS, KYJ, BX, S.C, SYM, HYS, EA, RM, GR, and JK
were involved in the analysis and interpretation of the 16S rRNA sequencing,
metagenomics, metatranscriptomics and metabolomics data. CL wrote the
research article with the contribution of CWC, PFS, MLH, RWP, DIDM, SCS,
HYS, KYJ, BX, EA, RM, GR, and JK. All authors critically reviewed the
manuscript and approved the final manuscript as submitted.

Authors’ information
Danone Nutricia Research, Singapore:
Christophe Lay, Enzo Acerbi
the JULIUS Study Group: Fiona Wong
Genome Institute of Singapore, Singapore:
Collins Wenhan Chu, Paola Florez de Sessions, Song Jie, Eliza Ho, Martin L. Hibberd
Singapore Centre For Environmental Life Sciences Engineering (SCELSE),
Nanyang Technological University, Singapore:
Rikky Wenang Purbojati, Daniela I. Drautz-Moses, Stephan C. Schuster
the JULIUS Study Group: Yanqing Koh, Sachin R. Lohar, Ivan Tan
Bioprocessing Technology Institute, Singapore
Yee Jiun Kok, Xuezhi Bi, Shuwen Chen, Shi Ya Mak, Ying Swan Ho
KK Women’s and Children’s Hospital, Singapore
Mei Chien Chua, Anne E. N. Goh, Wen Chin Chiang, Rajeshwar Rao
the JULIUS Study Group: Wong Anng Anng, Chen Jie
King Chulalongkorn Memorial Hospital, Faculty of Medicine,
Chulalongkorn University, Bangkok, Thailand
Surasith Chaithongwongwatthana, Nipon Khemapech, Voranush
Chongsrisawat
Danone Nutricia Research, Utrecht, The Netherlands
Rocio Martin, Guus Roeselers, Jan Knol
the JULIUS Study Group: Nana Bartke, Kaouther Ben-Amor, Ingrid B Renes#
#Department of Pediatrics, Emma Children’s Hospital AMC, Amsterdam, The
Netherlands
London School of Hygiene and Tropical Medicine, London, United
Kingdom
Martin L. Hibberd
Wageningen University, Wageningen, The Netherlands
Jan Knol

Funding
Danone Nutricia Research funded the clinical study and the analyses of the
clinical samples using multi-omics. The Genome Institute of Singapore re-
ceived an industrial alignment fund, IAF111135, from the Agency for Science,
Technology and Research (A*STAR) from Singapore to analyse the clinical
samples using 16S rRNA sequencing. The Bioprocessing Technology Institute

Lay et al. BMC Microbiology          (2021) 21:191 Page 14 of 17



(BTI) thanks the Agency for Science, Technology and Research (A*STAR) for
their funding support (IAF project no. 111199) of HYS and BX for omics data
analysis.

Availability of data and materials
Some of the datasets used and/or analysed during the current study are
available in the supplementary information documents, additional datasets
are available from the corresponding author on reasonable request. Raw 16S
rRNA data are available at https://www.ebi.ac.uk, accession number is
PRJEB44790. Shotgun Metagenomics and Metatranscriptomics data are
available athttps://www.ncbi.nlm.nih.gov, accession number is PRJNA726032.

Declarations

Ethics approval and consent to participate
This was an exploratory, randomized, double-bind, controlled study con-
ducted between June 2011 and April 2013 in Singapore and Thailand. All
participating centres obtained approval of their independent local Ethical Re-
view Board (SingHealth Centralised Institutional Review Board in Singapore
(reference number is CIRB Ref: 2010/832/E) and Institutional Review Board,
Faculty of Medicine, Chulalongkorn University in Thailand (reference number
is IRB No. 437/55)). Written informed consent was obtained from all parents
before randomization. The study was registered in the Dutch Trial Register
(http://www.trialregister.nl/NTR Number: 2838).

Consent for publication
Not applicable.

Competing interests
Christophe Lay, Enzo Acerbi, Rocio Martin, Guus Roeselers, Nana Bartke,
Kaouther Ben-Amor, Ingrid B Renes, Fiona Wong and Jan Knol are employees
of Danone Nutricia Research.

Author details
1Danone Nutricia Research, Singapore, Singapore. 2Genome Institute of
Singapore, Singapore, Singapore. 3Singapore Centre For Environmental Life
Sciences Engineering (SCELSE), Nanyang Technological University, Singapore,
Singapore. 4Bioprocessing Technology Institute, Singapore, Singapore. 5KK
Women’s and Children’s Hospital, Singapore, Singapore. 6King Chulalongkorn
Memorial Hospital, Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand. 7Danone Nutricia Research, Utrecht, The Netherlands. 8London
School of Hygiene and Tropical Medicine, London, UK. 9Wageningen
University, Wageningen, The Netherlands.

Received: 9 April 2020 Accepted: 17 May 2021

References
1. Moore T, Arefadib N, Deery A, West S. The first thousand days: an evidence

paper; 2017.
2. Wopereis H, Oozeer R, Knipping K, Belzer C, Knol J. The first thousand days -

intestinal microbiology of early life: establishing a symbiosis. Pediatr Allergy
Immunol. 2014;25(5):428–38. Epub 2014/06/06. https://doi.org/10.1111/pa
i.12232.

3. Arrieta MC, Arevalo A, Stiemsma L, Dimitriu P, Chico ME, Loor S, et al.
Associations between infant fungal and bacterial dysbiosis and childhood
atopic wheeze in a nonindustrialized setting. J Allergy Clin Immunol. 2017;
Epub 2017/12/16.

4. Stokholm J, Blaser MJ, Thorsen J, Rasmussen MA, Waage J, Vinding RK, et al.
Maturation of the gut microbiome and risk of asthma in childhood. Nat
Commun. 2018;9(1):141. Epub 2018/01/13. https://doi.org/10.1038/s41467-01
7-02573-2.

5. Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, et al.
Neonatal gut microbiota associates with childhood multisensitized atopy
and T cell differentiation. Nat Med. 2016;22(10):1187–91. Epub 2016/09/13.
https://doi.org/10.1038/nm.4176.

6. Arrieta MC, Stiemsma LT, Dimitriu PA, Thorson L, Russell S, Yurist-
Doutsch S, et al. Early infancy microbial and metabolic alterations affect
risk of childhood asthma. Sci Transl Med. 2015;7(307):307ra152 Epub
2015/10/02.

7. Stewart CJ, Ajami NJ, O'Brien JL, Hutchinson DS, Smith DP, Wong MC, et al.
Temporal development of the gut microbiome in early childhood from the
TEDDY study. Nature. 2018;562(7728):583–8. Epub 2018/10/26. https://doi.
org/10.1038/s41586-018-0617-x.

8. Vatanen T, Franzosa EA, Schwager R, Tripathi S, Arthur TD, Vehik K, et al. The
human gut microbiome in early-onset type 1 diabetes from the TEDDY
study. Nature. 2018;562(7728):589–94. Epub 2018/10/26. https://doi.org/10.1
038/s41586-018-0620-2.

9. Zimmermann P, Messina N, Mohn WW, Finlay BB, Curtis N. Association
between the intestinal microbiota and allergic sensitization, eczema, and
asthma: a systematic review. J Allergy Clin Immunol. 2019;143(2):467–85.
Epub 2019/01/03. https://doi.org/10.1016/j.jaci.2018.09.025.

10. Feehley T, Plunkett CH, Bao R, Choi Hong SM, Culleen E, Belda-Ferre P, et al.
Healthy infants harbor intestinal bacteria that protect against food allergy.
Nat Med. 2019; Epub 2019/01/16.

11. Wegienka G, Havstad S, Zoratti EM, Kim H, Ownby DR, Johnson CC.
Combined effects of prenatal medication use and delivery type are
associated with eczema at age 2 years. Clin Exp Allergy. 2015;45(3):660–8.
Epub 2014/12/04. https://doi.org/10.1111/cea.12467.

12. Tun HM, Bridgman SL, Chari R, Field CJ, Guttman DS, Becker AB, et al. Roles
of birth mode and infant gut microbiota in intergenerational transmission
of overweight and obesity from mother to offspring. JAMA Pediatr. 2018;
Epub 2018/02/21.

13. Metsala J, Lundqvist A, Virta LJ, Kaila M, Gissler M, Virtanen SM. Prenatal and
post-natal exposure to antibiotics and risk of asthma in childhood. Clin Exp
Allergy. 2015;45(1):137–45. Epub 2014/06/20. https://doi.org/10.1111/cea.123
56.

14. 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(4):665–70. Epub 2014/10/10. https://
doi.org/10.1038/ijo.2014.180.

15. Cho I, Yamanishi S, Cox L, Methe BA, Zavadil J, Li K, et al. Antibiotics in early
life alter the murine colonic microbiome and adiposity. Nature. 2012;
488(7413):621–6. Epub 2012/08/24. https://doi.org/10.1038/nature11400.

16. Hong P-Y, Lee BW, Aw M, Shek LPC, Yap GC, Chua KY, et al. Comparative
analysis of fecal microbiota in infants with and without eczema. PLoS One.
2010;5(4):e9964. https://doi.org/10.1371/journal.pone.0009964.

17. Chavarro JE, Martín-Calvo N, Yuan C, Arvizu M, Rich-Edwards JW, Michels KB,
et al. Association of birth by cesarean delivery with obesity and type 2
diabetes among adult women. JAMA Netw Open. 2020;3(4):e202605.

18. Chua MC, Ben-Amor K, Lay C, Neo AGE, Chiang WC, Rao R, et al. Effect of
synbiotic on the gut microbiota of cesarean delivered infants: a
randomized, double-blind, multicenter study. J Pediatr Gastroenterol Nutr.
2017;65(1):102–6. Epub 2017/06/24. https://doi.org/10.1097/MPG.
0000000000001623.

19. Miller JE, Goldacre R, Moore HC, Zeltzer J, Knight M, Morris C, et al. Mode of
birth and risk of infection-related hospitalisation in childhood: a population
cohort study of 7.17 million births from 4 high-income countries. PLoS Med.
2020;17(11):e1003429.

20. 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(4):559–66. Epub 2013/08/09. https://doi.org/10.1136/
gutjnl-2012-303249.

21. Backhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al.
Dynamics and stabilization of the human gut microbiome during the first
year of life. Cell Host Microbe. 2015;17(5):690–703. Epub 2015/05/15. https://
doi.org/10.1016/j.chom.2015.04.004.

22. Stokholm J, Thorsen J, Chawes BL, Schjorring S, Krogfelt KA, Bonnelykke K,
et al. Cesarean section changes neonatal gut colonization. J Allergy Clin
Immunol. 2016;138(3):881–9 e2. Epub 2016/04/06. https://doi.org/10.1016/j.
jaci.2016.01.028.

23. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, O'Shea CA, et al.
Evolution of gut microbiota composition from birth to 24 weeks in the
INFANTMET cohort. Microbiome. 2017;5(1):4. Epub 2017/01/18. https://doi.
org/10.1186/s40168-016-0213-y.

24. Korpela K, Costea PI, Coelho LP, Kandels-Lewis S, Willemsen G, Boomsma DI,
et al. Selective maternal seeding and environment shape the human gut
microbiome. Genome Res. 2018; Epub 2018/03/03.

25. Makino H, Kushiro A, Ishikawa E, Kubota H, Gawad A, Sakai T, et al. Mother-
to-infant transmission of intestinal bifidobacterial strains has an impact on

Lay et al. BMC Microbiology          (2021) 21:191 Page 15 of 17

https://www.ebi.ac.uk
https://www.ncbi.nlm.nih.gov
http://www.trialregister.nl/NTR
https://doi.org/10.1111/pai.12232
https://doi.org/10.1111/pai.12232
https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.1038/s41467-017-02573-2
https://doi.org/10.1038/nm.4176
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1016/j.jaci.2018.09.025
https://doi.org/10.1111/cea.12467
https://doi.org/10.1111/cea.12356
https://doi.org/10.1111/cea.12356
https://doi.org/10.1038/ijo.2014.180
https://doi.org/10.1038/ijo.2014.180
https://doi.org/10.1038/nature11400
https://doi.org/10.1371/journal.pone.0009964
https://doi.org/10.1097/MPG.0000000000001623
https://doi.org/10.1097/MPG.0000000000001623
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.jaci.2016.01.028
https://doi.org/10.1016/j.jaci.2016.01.028
https://doi.org/10.1186/s40168-016-0213-y
https://doi.org/10.1186/s40168-016-0213-y


the early development of vaginally delivered infant's microbiota. PLoS One.
2013;8(11):e78331. Epub 2013/11/19. https://doi.org/10.1371/journal.pone.
0078331.

26. Wampach L, Heintz-Buschart A, Fritz JV, 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. 2018;9(1):5091.
Epub 2018/12/07. https://doi.org/10.1038/s41467-018-07631-x.

27. Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, et al. Stunted
microbiota and opportunistic pathogen colonization in caesarean-section
birth. Nature. 2019;574(7776):117–21. Epub 2019/09/20. https://doi.org/10.1
038/s41586-019-1560-1.

28. Rautava S, Luoto R, Salminen S, Isolauri E. Microbial contact during
pregnancy, intestinal colonization and human disease. Nat Rev
Gastroenterol Hepatol. 2012;9(10):565–76. Epub 2012/08/15. https://doi.
org/10.1038/nrgastro.2012.144.

29. Troy EB, Kasper DL. Beneficial effects of Bacteroides fragilis polysaccharides
on the immune system. Front Biosci (Landmark Ed). 2010;15:25–34 Epub
2009/12/29.

30. Lundell AC, Bjornsson V, Ljung A, Ceder M, Johansen S, Lindhagen G, et al.
Infant B cell memory differentiation and early gut bacterial colonization. J
Immunol. 2012;188(9):4315–22. Epub 2012/04/12. https://doi.org/10.4049/
jimmunol.1103223.

31. Dogra S, Sakwinska O, Soh SE, Ngom-Bru C, Bruck WM, Berger B, et al.
Dynamics of infant gut microbiota are influenced by delivery mode and
gestational duration and are associated with subsequent adiposity. mBio.
2015;6(1) Epub 2015/02/05.

32. Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, Cox LM, Amir A,
Gonzalez A, et al. Partial restoration of the microbiota of cesarean-born
infants via vaginal microbial transfer. Nat Med. 2016;22(3):250–3. Epub 2016/
02/02. https://doi.org/10.1038/nm.4039.

33. Committee Opinion No. 725: Vaginal Seeding. Obstet Gynecol. 2017;130(5):
e274–e8 Epub 2017/10/25.

34. WB W. Bergey's manual of systematics of archaea and bacteria 2015.
35. Tanaka S, Kobayashi T, Songjinda P, Tateyama A, Tsubouchi M, Kiyohara C, et al.

Influence of antibiotic exposure in the early postnatal period on the
development of intestinal microbiota. FEMS Immunol Med Microbiol. 2009;
56(1):80–7. Epub 2009/04/24. https://doi.org/10.1111/j.1574-695X.2009.00553.x.

36. Nogacka A, Salazar N, Suarez M, Milani C, Arboleya S, Solis G, et al. Impact of
intrapartum antimicrobial prophylaxis upon the intestinal microbiota and
the prevalence of antibiotic resistance genes in vaginally delivered full-term
neonates. Microbiome. 2017;5(1):93. Epub 2017/08/10. https://doi.org/10.11
86/s40168-017-0313-3.

37. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard KM.
Maturation of the infant microbiome community structure and function
across multiple body sites and in relation to mode of delivery. Nat Med.
2017;23(3):314–26. Epub 2017/01/24. https://doi.org/10.1038/nm.4272.

38. Zimmermann P, Curtis N. Effect of intrapartum antibiotics on the intestinal
microbiota of infants: a systematic review. Arch Dis Child Fetal Neonatal Ed.
2019; Epub 2019/07/13.

39. Tapiainen T, Koivusaari P, Brinkac L, Lorenzi HA, Salo J, Renko M, et al.
Impact of intrapartum and postnatal antibiotics on the gut microbiome and
emergence of antimicrobial resistance in infants. Sci Rep. 2019;9(1):10635.
Epub 2019/07/25. https://doi.org/10.1038/s41598-019-46964-5.

40. Kamal SS, Hyldig N, Krych L, Greisen G, Krogfelt KA, Zachariassen G, et al.
Impact of early exposure to cefuroxime on the composition of the gut
microbiota in infants following cesarean delivery. J Pediatr. 2019;210:99–105
e2. Epub 2019/05/06. https://doi.org/10.1016/j.jpeds.2019.03.001.

41. Martin R, Makino H, Cetinyurek Yavuz A, Ben-Amor K, Roelofs M, Ishikawa E,
et al. Early-life events, including mode of delivery and type of feeding,
siblings and gender, shape the developing gut microbiota. PLoS One. 2016;
11(6):e0158498. Epub 2016/07/01. https://doi.org/10.1371/journal.pone.01
58498.

42. Matsuki T, Yahagi K, Mori H, Matsumoto H, Hara T, Tajima S, et al. A key
genetic factor for fucosyllactose utilization affects infant gut microbiota
development. Nat Commun. 2016;7(1):11939. Epub 2016/06/25. https://doi.
org/10.1038/ncomms11939.

43. Freitas AC, Hill JE. Bifidobacteria isolated from vaginal and gut microbiomes
are indistinguishable by comparative genomics. PLoS One. 2018;13(4):
e0196290. Epub 2018/04/24. https://doi.org/10.1371/journal.pone.0196290.

44. Mikami K, Takahashi H, Kimura M, Isozaki M, Izuchi K, Shibata R, et al.
Influence of maternal bifidobacteria on the establishment of bifidobacteria

colonizing the gut in infants. Pediatr Res. 2009;65(6):669–74. Epub 2009/05/
12. https://doi.org/10.1203/PDR.0b013e31819ed7a8.

45. Makino H, Kushiro A, Ishikawa E, Muylaert D, Kubota H, Sakai T, et al.
Transmission of intestinal Bifidobacterium longum subsp. longum strains
from mother to infant, determined by multilocus sequencing typing and
amplified fragment length polymorphism. Appl Environ Microbiol. 2011;
77(19):6788–93. Epub 2011/08/09. https://doi.org/10.1128/AEM.05346-11.

46. Peirotén A, Arqués JL, Medina M, Rodríguez-Mínguez E. Bifidobacterial
strains shared by mother and child as source of probiotics. Benefic
Microbes. 2018;9(2):231–8. https://doi.org/10.3920/BM2017.0133.

47. Alcon-Giner C, Dalby MJ, Caim S, Ketskemety J, Shaw A, Sim K, et al.
Microbiota supplementation with Bifidobacterium and Lactobacillus
modifies the preterm infant gut microbiota and metabolome: an
observational study. Cell Rep Med. 2020;1(5):100077. https://doi.org/10.1016/
j.xcrm.2020.100077.

48. Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H, et al.
Antibiotics, birth mode, and diet shape microbiome maturation during early
life. Sci Transl Med. 2016;8(343):343ra82 Epub 2016/06/17.

49. Shin H, Pei Z, Martinez KA 2nd, Rivera-Vinas JI, Mendez K, Cavallin H, et al.
The first microbial environment of infants born by C-section: the operating
room microbes. Microbiome. 2015;3(59):015–0126.

50. Million M, Tidjani Alou M, Khelaifia S, Bachar D, Lagier JC, Dione N, et al.
Increased gut redox and depletion of anaerobic and methanogenic
prokaryotes in severe acute malnutrition. Sci Rep. 2016;6(1):26051. Epub
2016/05/18. https://doi.org/10.1038/srep26051.

51. Subramanian S, Huq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al.
Persistent gut microbiota immaturity in malnourished Bangladeshi children.
Nature. 2014;510(7505):417–21. Epub 2014/06/05. https://doi.org/10.1038/na
ture13421.

52. The HC, Florez de Sessions P, Jie S, Pham Thanh D, Thompson CN, Nguyen
Ngoc Minh C, et al. Assessing gut microbiota perturbations during the early
phase of infectious diarrhea in Vietnamese children. Gut Microbes. 2017:1–
17 Epub 2017/08/03.

53. Zwittink RD, Renes IB, van Lingen RA, van Zoeren-Grobben D, Konstanti P,
Norbruis OF, et al. Association between duration of intravenous antibiotic
administration and early-life microbiota development in late-preterm
infants. Eur J Clin Microbiol Infect Dis. 2018;37(3):475–83. Epub 2018/01/26.
https://doi.org/10.1007/s10096-018-3193-y.

54. Rigottier-Gois L. Dysbiosis in inflammatory bowel diseases: the oxygen
hypothesis. ISME J. 2013;7(7):1256–61. Epub 2013/05/17. https://doi.org/10.1
038/ismej.2013.80.

55. Zeng MY, Inohara N, Nunez G. Mechanisms of inflammation-driven bacterial
dysbiosis in the gut. Mucosal Immunol. 2017;10(1):18–26. Epub 2016/08/25.
https://doi.org/10.1038/mi.2016.75.

56. Litvak Y, Mon KKZ, Nguyen H, Chanthavixay G, Liou M, Velazquez EM, et al.
Commensal enterobacteriaceae protect against salmonella colonization
through oxygen competition. Cell Host Microbe. 2019;25(1):128–39 e5. Epub
2019/01/11. https://doi.org/10.1016/j.chom.2018.12.003.

57. Rivera-Chavez F, Zhang LF, Faber F, Lopez CA, Byndloss MX, Olsan EE, et al.
Depletion of butyrate-producing clostridia from the gut microbiota drives
an aerobic luminal expansion of Salmonella. Cell Host Microbe. 2016;19(4):
443–54. Epub 2016/04/15. https://doi.org/10.1016/j.chom.2016.03.004.

58. Byndloss MX, Olsan EE, Rivera-Chavez F, Tiffany CR, Cevallos SA, Lokken KL,
et al. Microbiota-activated PPAR-gamma signaling inhibits dysbiotic
Enterobacteriaceae expansion. Science. 2017;357(6351):570–5. Epub 2017/
08/12. https://doi.org/10.1126/science.aam9949.

59. Byndloss MX. Microbial management. Science. 2020;369(6500):153.
60. Feehley T, Belda-Ferre P, Nagler CR. What's LPS got to do with it? A role for

gut LPS variants in driving autoimmune and allergic disease. Cell Host
Microbe. 2016;19(5):572–4. Epub 2016/05/14. https://doi.org/10.1016/j.
chom.2016.04.025.

61. Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. Acetate-producing
bifidobacteria protect the host from enteropathogenic infection via
carbohydrate transporters. Gut Microbes. 2012;3(5):449–54. Epub 2012/07/
25. https://doi.org/10.4161/gmic.21214.

62. Fukuda S, Toh H, Hase K, Oshima K, Nakanishi Y, Yoshimura K, et al.
Bifidobacteria can protect from enteropathogenic infection through
production of acetate. Nature. 2011;469(7331):543–7. Epub 2011/01/29.
https://doi.org/10.1038/nature09646.

63. Friedman ES, Bittinger K, Esipova TV, Hou L, Chau L, Jiang J, et al. Microbes
vs. chemistry in the origin of the anaerobic gut lumen. Proc Natl Acad Sci U

Lay et al. BMC Microbiology          (2021) 21:191 Page 16 of 17

https://doi.org/10.1371/journal.pone.0078331
https://doi.org/10.1371/journal.pone.0078331
https://doi.org/10.1038/s41467-018-07631-x
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1038/nrgastro.2012.144
https://doi.org/10.1038/nrgastro.2012.144
https://doi.org/10.4049/jimmunol.1103223
https://doi.org/10.4049/jimmunol.1103223
https://doi.org/10.1038/nm.4039
https://doi.org/10.1111/j.1574-695X.2009.00553.x
https://doi.org/10.1186/s40168-017-0313-3
https://doi.org/10.1186/s40168-017-0313-3
https://doi.org/10.1038/nm.4272
https://doi.org/10.1038/s41598-019-46964-5
https://doi.org/10.1016/j.jpeds.2019.03.001
https://doi.org/10.1371/journal.pone.0158498
https://doi.org/10.1371/journal.pone.0158498
https://doi.org/10.1038/ncomms11939
https://doi.org/10.1038/ncomms11939
https://doi.org/10.1371/journal.pone.0196290
https://doi.org/10.1203/PDR.0b013e31819ed7a8
https://doi.org/10.1128/AEM.05346-11
https://doi.org/10.3920/BM2017.0133
https://doi.org/10.1016/j.xcrm.2020.100077
https://doi.org/10.1016/j.xcrm.2020.100077
https://doi.org/10.1038/srep26051
https://doi.org/10.1038/nature13421
https://doi.org/10.1038/nature13421
https://doi.org/10.1007/s10096-018-3193-y
https://doi.org/10.1038/ismej.2013.80
https://doi.org/10.1038/ismej.2013.80
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1016/j.chom.2018.12.003
https://doi.org/10.1016/j.chom.2016.03.004
https://doi.org/10.1126/science.aam9949
https://doi.org/10.1016/j.chom.2016.04.025
https://doi.org/10.1016/j.chom.2016.04.025
https://doi.org/10.4161/gmic.21214
https://doi.org/10.1038/nature09646


S A. 2018;115(16):4170–5. Epub 2018/04/04. https://doi.org/10.1073/pnas.171
8635115.

64. Friel JK, Friesen RW, Harding SV, Roberts LJ. Evidence of oxidative stress in
full-term healthy infants. Pediatr Res. 2004;56(6):878–82. Epub 2004/10/08.
https://doi.org/10.1203/01.PDR.0000146032.98120.43.

65. Nejad RK, Goodarzi MT, Shfiee G, Pezeshki N, Sohrabi M. Comparison
of oxidative stress markers and serum cortisol between normal labor
and selective cesarean section born neonates. J Clin Diagn Res. 2016;
10(6):BC01–3. Epub 2016/08/10. https://doi.org/10.7860/JCDR/2016/1
6935.7974.

66. Low JSY, Soh SE, Lee YK, Kwek KYC, Holbrook JD, Van der Beek EM, et al.
Ratio of Klebsiella/Bifidobacterium in early life correlates with later
development of paediatric allergy. Benefic Microbes. 2017;8(5):681–95. Epub
2017/10/13. https://doi.org/10.3920/BM2017.0020.

67. 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(4):236–40. https://doi.org/10.1159/000111102.

68. Huda MN, Lewis Z, Kalanetra KM, Rashid M, Ahmad SM, Raqib R, et al. Stool
microbiota and vaccine responses of infants. Pediatrics. 2014;134(2):e362–72.
Epub 2014/07/09. https://doi.org/10.1542/peds.2013-3937.

69. Stokholm J, Thorsen J, Blaser MJ, Rasmussen MA, Hjelmso M, Shah S, et al.
Delivery mode and gut microbial changes correlate with an increased risk
of childhood asthma. Sci Transl Med. 2020;12(569) Epub 2020/11/13.

70. Vatanen T, Kostic AD, d'Hennezel E, Siljander H, Franzosa EA, Yassour M,
et al. Variation in microbiome LPS immunogenicity contributes to
autoimmunity in humans. Cell. 2016;165(4):842–53. Epub 2016/05/03.
https://doi.org/10.1016/j.cell.2016.04.007.

71. Ta LDH, Chan JCY, Yap GC, Purbojati RW, Drautz-Moses DI, Koh YM, et al. A
compromised developmental trajectory of the infant gut microbiome and
metabolome in atopic eczema. Gut Microbes. 2020;12(1):1–22. Epub 2020/
10/08. https://doi.org/10.1080/19490976.2020.1801964.

72. Tun HM, Peng Y, Chen B, Konya TB, Morales-Lizcano NP, Chari R, et al.
Ethnicity associations with food sensitization are mediated by gut
microbiota development in the first year of life. Gastroenterology. 2021;
16(21):00523–0.

73. Ong SH, Kukkillaya VU, Wilm A, Lay C, Ho EX, Low L, et al. Species
identification and profiling of complex microbial communities using
shotgun Illumina sequencing of 16S rRNA amplicon sequences. PLoS One.
2013;8(4):e60811. Epub 2013/04/13. https://doi.org/10.1371/journal.pone.
0060811.

74. Chng KR, Tay AS, Li C, Ng AH, Wang J, Suri BK, et al. Whole metagenome
profiling reveals skin microbiome-dependent susceptibility to atopic
dermatitis flare. Nat Microbiol. 2016;1(9):16106. Epub 2016/08/27. https://doi.
org/10.1038/nmicrobiol.2016.106.

75. Ho EXP, Cheung CMG, Sim S, Chu CW, Wilm A, Lin CB, et al. Human
pharyngeal microbiota in age-related macular degeneration. PLoS One.
2018;13(8):e0201768. Epub 2018/08/09. https://doi.org/10.1371/journal.pone.
0201768.

76. Ta LDH, Yap GC, Tay CJX, Lim ASM, Huang CH, Chu CW, et al. Establishment
of the nasal microbiota in the first 18 months of life: correlation with early-
onset rhinitis and wheezing. J Allergy Clin Immunol. 2018;142(1):86–95.
Epub 2018/02/17. https://doi.org/10.1016/j.jaci.2018.01.032.

77. Miller CS, Baker BJ, Thomas BC, Singer SW, Banfield JF. EMIRGE:
reconstruction of full-length ribosomal genes from microbial community
short read sequencing data. Genome Biol. 2011;12(5):R44. Epub 2011/05/21.
https://doi.org/10.1186/gb-2011-12-5-r44.

78. Miller CS, Handley KM, Wrighton KC, Frischkorn KR, Thomas BC, Banfield JF.
Short-read assembly of full-length 16S amplicons reveals bacterial diversity
in subsurface sediments. PLoS One. 2013;8(2):e56018. Epub 2013/02/14.
https://doi.org/10.1371/journal.pone.0056018.

79. Sovic I, Sikic M, Wilm A, Fenlon SN, Chen S, Nagarajan N. Fast and sensitive
mapping of nanopore sequencing reads with GraphMap. Nat Commun.
2016;7(1):11307. Epub 2016/04/16. https://doi.org/10.1038/ncomms11307.

80. McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A,
et al. An improved Greengenes taxonomy with explicit ranks for ecological
and evolutionary analyses of bacteria and archaea. ISME J. 2012;6(3):610–8.
Epub 2011/12/03. https://doi.org/10.1038/ismej.2011.139.

81. Yarza P, Yilmaz P, Pruesse E, Glockner FO, Ludwig W, Schleifer KH, et al.
Uniting the classification of cultured and uncultured bacteria and archaea
using 16S rRNA gene sequences. Nat Rev Microbiol. 2014;12(9):635–45.
Epub 2014/08/15. https://doi.org/10.1038/nrmicro3330.

82. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17(1):3 Epub 2011-08-02.

83. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63. Epub
2011/09/10. https://doi.org/10.1093/bioinformatics/btr507.

84. Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using
DIAMOND. Nat Methods. 2014;12:59.

85. Huson DH, Mitra S, Ruscheweyh H-J, Weber N, Schuster SC. Integrative
analysis of environmental sequences using MEGAN4. Genome Res. 2011;
21(9):1552–60. https://doi.org/10.1101/gr.120618.111.

86. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9(4):357–9. Epub 2012/03/06. https://doi.org/10.1038/nmeth.1
923.

87. Kopylova E, Noe L, Touzet H. SortMeRNA: fast and accurate filtering of
ribosomal RNAs in metatranscriptomic data. Bioinformatics. 2012;28(24):
3211–7. Epub 2012/10/17. https://doi.org/10.1093/bioinformatics/bts611.

88. Knol J, Scholtens P, Kafka C, Steenbakkers J, Gro S, Helm K, et al. Colon
microflora in infants fed formula with galacto- and fructo-oligosaccharides:
more like breast-fed infants. J Pediatr Gastroenterol Nutr. 2005;40(1):36–42.
https://doi.org/10.1097/00005176-200501000-00007.

89. Smith CA, Want EJ, O'Maille G, Abagyan R, Siuzdak G. XCMS: processing
mass spectrometry data for metabolite profiling using nonlinear peak
alignment, matching, and identification. Anal Chem. 2006;78(3):779–87.
https://doi.org/10.1021/ac051437y.

90. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O'Hara RB, et al.
Package ‘vegan’—community ecology package, version 2.0–4. 2012.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lay et al. BMC Microbiology          (2021) 21:191 Page 17 of 17

https://doi.org/10.1073/pnas.1718635115
https://doi.org/10.1073/pnas.1718635115
https://doi.org/10.1203/01.PDR.0000146032.98120.43
https://doi.org/10.7860/JCDR/2016/16935.7974
https://doi.org/10.7860/JCDR/2016/16935.7974
https://doi.org/10.3920/BM2017.0020
https://doi.org/10.1159/000111102
https://doi.org/10.1542/peds.2013-3937
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1080/19490976.2020.1801964
https://doi.org/10.1371/journal.pone.0060811
https://doi.org/10.1371/journal.pone.0060811
https://doi.org/10.1038/nmicrobiol.2016.106
https://doi.org/10.1038/nmicrobiol.2016.106
https://doi.org/10.1371/journal.pone.0201768
https://doi.org/10.1371/journal.pone.0201768
https://doi.org/10.1016/j.jaci.2018.01.032
https://doi.org/10.1186/gb-2011-12-5-r44
https://doi.org/10.1371/journal.pone.0056018
https://doi.org/10.1038/ncomms11307
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1101/gr.120618.111
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1097/00005176-200501000-00007
https://doi.org/10.1021/ac051437y

