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Background: Early life gut microbiota is involved in several biological processes,
particularly metabolism, immunity, and cognitive neurodevelopment. Perturbation in the
infant’s gut microbiota increases the risk for diseases in early and later life, highlighting the
importance of understanding the connections between perinatal factors with early life
microbial composition. The present research paper is aimed at exploring the prenatal and
postnatal factors influencing the infant gut microbiota composition at six months of age.

Methods: Gut microbiota of infants enrolled in the longitudinal, prospective,
observational study “A.MA.MI” (Alimentazione MAmma e bambino nei primi MIlle
giorni) was analyzed. We collected and analyzed 61 fecal samples at baseline
(meconium, T0); at six months of age (T2), we collected and analyzed 53 fecal
samples. Samples were grouped based on maternal and gestational weight factors,
type of delivery, type of feeding, time of weaning, and presence/absence of older
siblings. Alpha and beta diversities were evaluated to describe microbiota composition.
Multivariate analyses were performed to understand the impact of the aforementioned
factors on the infant’s microbiota composition at six months of age.

Results: Different clustering hypotheses have been tested to evaluate the impact of
known metadata factors on the infant microbiota. Neither maternal body mass index
nor gestational weight gain was able to determine significant differences in infant
microbiota composition six months of age. Concerning the type of feeding, we
observed a low alpha diversity in exclusive breastfed infants; conversely, non-
exclusively breastfed infants reported an overgrowth of Ruminococcaceae and
Flavonifractor. Furthermore, we did not find any statistically significant difference
resulting from an early introduction of solid foods (before 4 months of age). Lastly,
our sample showed a higher abundance of clostridial patterns in firstborn babies when
compared to infants with older siblings in the family.
gy | www.frontiersin.org March 2021 | Volume 11 | Article 5902021

https://www.frontiersin.org/articles/10.3389/fcimb.2021.590202/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.590202/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.590202/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:hellas.cena@unipv.it
mailto:maria.deangelis@uniba.it
https://doi.org/10.3389/fcimb.2021.590202
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.590202
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.590202&domain=pdf&date_stamp=2021-03-26


Raspini et al. Early Microbiota Colonization

Frontiers in Cellular and Infection Microbiolo
Conclusion: Our findings showed that, at this stage of life, there is not a single factor able
to affect in a distinct way the infants’ gut microbiota development. Rather, there seems to
be a complex multifactorial interaction between maternal and neonatal factors determining
a unique microbial niche in the gastrointestinal tract.
Keywords: newborn, neonatal microbiota, maternal factors, breast milk, weaning, older siblings, delivery
INTRODUCTION

Research on the human gut microbiome has gained attention in
the past years due to the vital contribution of microorganisms to
host health across the life span. Microbial colonization indeed
plays a pivotal role in stimulating immune system development,
nutrient metabolism, and promoting differentiation of mucosal
structure and function (Kumbhare et al., 2019). The interaction
between host and microbiota is essential during the first years of
life because substantial shifts in the abundance and structure
occur in this critical stage of the infants’ life. The intestinal
microbiota undergoes dynamic development during the first
years of life, determining adult microbiota composition and,
consequently, impacting health. Many factors influence the
shaping of gut microbiota in this critical window of plasticity,
including gestational age, maternal pre-pregnancy BMI, weight
gain during pregnancy, mode of birth, feeding types, weaning,
birth environment, besides ethnic/geographical background
(Nagpal et al., 2017; Raspini et al., 2020).

Among these factors overweight and obesity are of great
concern since the number of pregnant women affected by
overweight or obesity has increased both in high income and
middle-income countries (Chen et al., 2018). In the US more
than half of all pregnant women are affected by obesity (Flegal
et al., 2012). These subjects are likely to face several
complications such as gestational diabetes, hypertension, and
delivery by cesarean section (Catalano and Shankar, 2017).
Furthermore, it has been demonstrated that their offspring is
likely to develop obesity in later life (Whitaker, 2004; Pirkola
et al., 2010; Deierlein et al., 2011; Mehta et al., 2011; Gaillard
et al., 2013) as well as non-communicable diseases (NCDs)
(Glastras et al., 2018). These undesired effects are, at least
partly, modulated by the related changes in gut microbial
composition during pregnancy and lactation (Collado et al.,
2012; Singh et al., 2017). Such changes impact on maternal
and offspring health, altering host metabolic pathways and
remodeling the expression of genes regulating them (Gaillard
et al., 2013; Galley et al., 2014; Gallardo et al., 2015; Gohir et al.,
2015; Kumbhare et al., 2019). Furthermore, evidence shows that
breastfeeding is one of the key players in preventing alteration in
gut microbiota composition, which likely contributes to the
development of autoimmune and metabolic disorders later in
life (Ho et al., 2018). Human milk contains remarkable bioactive
compounds, including human milk oligosaccharides, HMOs,
beneficial to infants as they not only promote a better growth
but also strengthen the immune system of the newborn, reducing
the risk of diarrhea and consequent dehydration, protecting
against allergies and metabolic disorders (Ho et al., 2018).
gy | www.frontiersin.org 2
Longitudinal studies have indicated that the infant’s microbial
structure varies significantly with the suspension of breast/
formula feeding and, consequently, with the introduction of
solid foods (Thompson et al., 2015). The weaning process
represents the final path of infant gut microbial shaping,
characterized by significant shifts in taxonomic groups, and the
increase in gut microbial diversity, into a stable adult
composition. In this process, diet plays a key role in
modulating the microbial community (Stewart et al., 2018;
Kumbhare et al., 2019). As solid foods are included in the diet,
the microbiota starts evolving from a simple environment,
Bifidobacteria-rich (microorganisms that metabolize HMOs),
to a different one, rich in species such as Bacteroides, able to
metabolize starches present in a more complex dietary pattern
(Moore and Townsend, 2019). Moreover, previous studies
(Flores et al., 2014; Tamburini et al., 2016) have shown that
the newborns’ environment is also a natural source of germs that
may colonize different body sites. For example, cohabitation
boosts bacterial exchange probability from touching shared
surfaces, using shared objects, and breathing indoor air (Flores
et al., 2014; Tamburini et al., 2016). Other investigations, indeed,
have examined the association between the presence of older
siblings and increased diversity and richness of the gut microbial
during early childhood, which could contribute to the
substantiation of the hygiene hypothesis (Strachan, 1989; Azad
et al., 2013; Laursen et al., 2015).

According to those findings, the present study explored
prenatal factors, including maternal BMI and weight gain
during pregnancy, as well as newborn postnatal exposure
factors, including mode of feeding, time of weaning, and the
presence of siblings in the family that might influence the infant
gut microbiota composition at age 6 months to identify major
active actors.
MATERIALS AND METHODS

Study Design
The present study is part of the longitudinal, prospective,
observational study A.MA.MI (Alimentazione MAmma e
bambino nei primi MIlle giorni), ClinicalTrials.gov identifier:
NCT04122612. The study was approved by the Human Ethics
Committee (EC) of Fondazione IRCCS Policlinico S. Matteo of
Pavia (Protocol number: 20180022618; 6/12/2018), and it was
conducted on a group of mother–infant pairs referred to the
Neonatal Unit, Fondazione IRCCS Policlinico San Matteo, Pavia
(Italy) from birth to 1 year of age, according to the Good Clinical
Practice guidelines. Written informed consent of the parents/
March 2021 | Volume 11 | Article 590202
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legal guardian was provided. The Human EC of Fondazione
IRCCS Policlinico S. Matteo of Pavia approved this procedure
after ascertaining its compliance with the dictates of the
Declaration of Helsinki (IV Adaptation).

The complete study design and the study protocol were
previously described elsewhere (Raspini et al., 2020).

53 fecal samples were collected and analyzed at 6 months of
infants’ age, corresponding to the 3rd sampling of the A.MA.MI
project (T2) (resuming data are presented in Table S1). Analyses
were also performed at baseline (meconium, T0) on 61 samples
(we did not receive eight T2 fecal samples). To evaluate the early
microbiota colonization, we investigated maternal factors, such
as pre-pregnancy body mass index (BMI) and gestational weight
gain (WG) and perinatal factors as type of delivery, type of
feeding, time of weaning, and environmental influences (due to
the presence of older siblings in the household).

We collected anthropometric data as maternal height and
pre-gestational weight to calculate body mass index
(BMI; kg/m2). Based on pre-gestational BMI, women were
then stratified as Normal Weight (NW—BMI ≤ 24.9 kg/m2) or
Overweight/with Obesity (OW/OB—BMI ≥ 25 kg/m2) while
gestational weight gain (WG) was defined as body weight
increase from pre-pregnancy to delivery and compared with
recommended WG ranges by IOM guidelines for each pre-
pregnancy BMI category (NW, 11.5–16 kg; OW, 7–11.5 kg;
and OB, 5–9 kg) (Rasmussen and Yaktine, 2009).

The samples were grouped based on maternal pre-pregnancy
BMI (NW: normal pre-pregnancy BMI or OW: excessive BMI),
gestational weight gain (NWG normal gestational WG or EWG:
excessive gestational WG), delivery mode (VD: vaginal delivery
or CS: caesarean section) type of feeding (EBF: exclusively
breastfed or NeBF: not exclusively breastfed, which include
exclusively formula-fed infants and mixed fed infants),
weaning (evaluating the solid food introduction if before or
after 4 months of age; ≤4 or >4, respectively), and presence
(nFB)/absence (FB) of older siblings.

Samples Analysis
Stool samples were shipped on dry ice to Genomix4Life Srl (C/O
Laboratory of Molecular and Genomic Medicine—Campus of
Medicine and Surgery, Baronissi, Salerno, Italy, a spin-off of the
University of Salerno, Fisciano, Italy) where 16S rRNA gene
amplicon analysis was carried out. To ensure the personal
privacy, samples had only the study ID number; no clinical or
personal information was shipped.

16S rRNA Metagenomic Sequencing
Library Preparation, Gene Amplicon
Sequencing and Analysis
Next-generation sequencing (NGS) experiments, comprising
DNA extraction and primary bioinformatics analysis, were
performed by Genomix4life S.R.L. (Baronissi, Salerno, Italy).
DNA extraction was performed with Invimag Stool kit
(Stratec) using an extraction negative control. Final yield and
quality of extracted DNA were determined by using NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA)
and Qubit Fluorometer 1.0 (Invitrogen Co., Carlsbad, CA). 16S
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
rRNA gene amplification was performed with primers: Forward:
5 ′ -CCTACGGGNGGCWGCAG-3 ′ and Reverse : 5 ′ -
GACTACHVGGGTATCTAATCC-3′ (Klindworth et al.,
2013), which target the hypervariable V3 and V4 regions of the
16S rRNA gene. Each PCR reaction was assembled according to
Metagenomic Sequencing Library Preparation (Illumina, San
Diego, CA). A negative control is included in the workflow; it
consists of all reagents used during sample processing (16S
amplification and library preparation) but does not contain a
sample to assess potential contamination. Libraries were
quantified using Qubit fluorometer (Invitrogen Co., Carlsbad,
CA) and pooled to an equimolar amount of each index-tagged
sample to a final concentration of 4 nM, including the Phix
Control Library. Pooled samples were subject to cluster
generation and sequenced on MiSeq platform (Illumina, San
Diego, CA) in a 2 × 300 paired-end format. The raw sequence
files generated (fast files) underwent quality control analysis with
FastQC. The 16S metagenomics analysis performs the taxonomic
classification of 16S rRNA targeted amplicon reads after OTU
clustering based on the 97% of similarity (3% of divergence). The
algorithm is a high-performance implementation of the
Ribosomal Database Project (RDP) Classifier described in
Wang et al., 2007 (http://dx.doi.org/10.1128%2FAEM.00062-
07). Taxonomic databases used to perform taxonomic
classification are RefSeq RDP 16S v3 May 2018 DADA2 32bp.

The obtained sequences were uploaded to a public database, and
the following extremes refer to the submission to NCBI database
(http://www.ncbi.nlm.nih.gov/bioproject/675753, extremes:
Submission ID: SUB8491261; BioProject ID: PRJNA675753).

Statistical Analyses
Data were summarized using descriptive statistics, such as means
and standard deviations, median, or interquartile range (IQR), as
appropriate, for quantitative variables and relative frequencies
for qualitative ones.

Multivariable association between 16S rRNA gene data
abundances at different taxonomic levels occurring in infants’
microbiota (relative to prenatal and postnatal factors) was
performed using the MaAsLin2 R package (https://
huttenhower.sph.harvard.edu/maaslin/). Meanwhile, unless
specifically described, data and group differences were analyzed
and compared by paired or unpaired, two-tailed Student’s t-test.

To investigate the intestinal microbiota development of
infants, principal component analysis (PCA) was used to
evaluate the beta diversity occurring within our population to
assess differences in the microbial composition [baseline
(meconium), T0, vs six months of age, T2]. The dudi.pca
function within the “ade4” R package (https://cran.r-project.
org/web/packages/ade4/) was used to perform a PCA of data
frames. The resulting PCA and dudi class objects were plotted
with the “factoextra” R package (https://cran.r-project.org/web/
packages/factoextra/index.html).

Looking for evidence of clustering among our samples, those
genera with a median relative abundance lower than 0.1 were
purged out and in first instance discriminant analysis of principal
component (DAPC) without any a priori clustering condition
was computed. The “DAPC” and the “find.clusters” functions
March 2021 | Volume 11 | Article 590202
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within the adegenet R package v2.1.1 (https://cran.r-project.org/
web/packages/adegenet/index.html) were used to compute the
DAPC and determine the optimal cluster assignment.

Then, the same multivariate analysis was run on genera
abundances by superimposing as a priori condition; the
belonging of each sample according to metadata information
was on maternal factors (BMI and gestational WG), delivery
mode (VD and CS), feeding (BF and FF), weaning (≤4 and >4
months), and presence of older siblings (FB and nFB). Thus, in
order to ascertain if DAPC classification was consistent with the
original clusters and based on the discriminant functions, the
“assignplot” function in the R “adegenet” package was used to
calculate the proportions of successful reassignments.
RESULTS

The amplicon 16S rRNA sequencing analysis, performed on the
53 fecal samples of infants at 6 months of age (T2), determined a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
number of reads singularly assigned taxonomy that passed the
quality control (QC) filter corresponding to 97,753.21 ±
22,044.56 (mean ± standard deviation) per sample. Of these,
the 91.70 ± 2.13% (mean ± s.d.) was assigned at least to the genus
level. To investigate factors influencing early microbiota
colonization of infants during the first 6 months of life,
samples were grouped based on: maternal factors [pre-
pregnancy body mass index (BMI) and gestational weight gain
(WG)], type of delivery, diet-related factors (the type of feeding
and weaning), and presence/absence of older siblings in
the household.

Alpha diversity, evaluated using the Shannon index and the
number of operational taxonomic units (OTUs), was
determined according to the different aforementioned factors
(Figure 1). We observed that only EBF determined a lowering
in Shannon index values (P = 0.018) when compared to not
exclusively breastfed ones (NeBF). Any other of the evaluated
factors determined significant differences concerning
alpha diversity.
FIGURE 1 | Box plots of the alpha diversity (Shannon index and number of operational taxonomic units (OTUs) identified) among T2 fecal samples (infants at 6
months of age) grouped according to different factors influencing early microbiota composition. Maternal factors: maternal pre-pregnancy body mass index (BMI) and
gestational weight gain (WG). NW [n.37]: normal pre-pregnancy BMI (BMI < 25 kg/m2), OW [n.12]: excessive pre-pregnancy BMI (BMI ≥ 25 kg/m2); EWG [n.20]:
excessive gestational WG, NWG [n.29]: optimal gestational WG). Food-related factors: Feeding (EBF [n.31]: exclusive breast-feeding, NeBF [n.21]: not exclusively
breast fed, mixed fed or exclusively formula fed) and Weaning (≤4 [n.41]: before 4 months of age, >4 [n.9]: after 4 months of age). Environmental factors: Delivery
mode (CS [n.7]: cesarean section, VD [n.46]: vaginal delivery) and presence of Older siblings (FB [n.30]: first-born, nFB [n.22]: not first-born). *P = p-value.
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https://cran.r-project.org/web/packages/adegenet/index.html
https://cran.r-project.org/web/packages/adegenet/index.html
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Raspini et al. Early Microbiota Colonization
Factors Affecting Early Microbial
Colonization of Infant Gut Microbiota
Starting from prenatal factors, maternal pre-pregnancy BMI
within recommended values (BMI < 25 kg/m2) or higher
(BMI ≥ 25 kg/m2) and gestational WG, optimal or excessive
according to IOM reference values, were used to evaluate
influence of maternal weight on gut microbiota composition in
offspring till six months of age. At the phylum level, we did not
find statistically significant differences concerning maternal
features in both pre-pregnancy BMI and gestational WG
(Figures 2i, ii). According to BMI and WG, any significant
difference was found at the deeper taxonomic levels, specifically
family and genus (data not shown).

Differently, evaluating infants’ microbiota composition at six
months of age considering delivery mode (VD vs CS), an
increased amount of Bacteroidetes in VD was detected (P =
0.021; Table 1, Figure 2iii). Despite this result at the phylum
level, no other statistically significant difference at deeper
taxonomic levels was detected.

Evaluating type of feeding, specifically EBF or not NeBF (mixed
or exclusively formula-fed), no differences were found at the
phylum level Figure 2iv. Interestingly, the family of
Ruminococcaceae was strongly associated with the NeBF group
(P < 0.0001, qvalue = 0.011; Table 1). According to the family
abundances, Ruminococcaceae subclusters were more abundant in
FF, specifically Flavonifractor and the Clostridium cluster IV of
Firmicutes. Also, other genera of Firmicutes mainly characterized
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
the microbiota of FF infants, specifically Faecalicoccus (and other
taxa of Erysipelotrichaceae Incertae Sedis), Romboutsia, and
Oribacterium (P < 0.005). Contrarily, Staphylococcus was higher
in EBF than in NeBF (P = 0.003; Table 1).

The introduction of solid foods at least at 2 months of age
[infants weaned before 4 months of age (≤4)] was not sufficient
to determine significant shifts in the microbiota composition
when compared to infants weaned after the 4th month of age
Figure 2v.

Among environmental factors, the presence of older siblings
in the household did not determine differences at the phylum
level Figure 2vi. The main feature of firstborn babies (FBs) was a
higher abundance of Clostridiaceae, Clostridiales Incertae Sedis
XIII, and Peptostreptococcaceae (P<0.003) than infants with older
siblings (nFBs).

Thus, to evaluate the significant multivariable association
among all infants, considering metadata (maternal BMI,
gestational WG, type of delivery, feeding, weaning, and the
presence of older siblings) as fixed effects in a regression
model, we run MaAsLin2 software using family and genus
relative abundances. Among all samples and relative metadata,
Ruminococcaceae better discriminated NeBF samples (P < 10-3;
Table S1). However, this result was not confirmed for adjusted
p-values (qval > 0.05). In the same line, Flavonifractor confirmed
the previous discrimination in NeBF samples (Table S2).

As previously reported, prenatal factors (both maternal pre-
pregnancy BMI and gestational WG) did not show any
FIGURE 2 | Influence of different factors on early microbiota composition at the phylum level (16S rRNA gene amplicon sequencing) in T2 fecal samples (infants at 6
months of age). Starting from the left: i) and ii) Maternal factors: maternal pre-pregnancy body mass index (BMI) and gestational weight gain (WG), respectively. NW
[n.37]: normal pre-pregnancy BMI (BMI < 25 kg/m2), OW [n.12]: excessive pre-pregnancy BMI (BMI ≥ 25 kg/m2); EWG [n.20]: excessive gestational WG, NWG
[n.29]: optimal gestational WG). iii) Delivery mode (CS [n.7]: caesarean section, VD [n.46]: vaginal delivery). iv) Feeding (EBF [n.31]: exclusive breast-feeding, NeBF
[n.21]: not exclusively breast fed, mixed fed or exclusively formula fed). v) Weaning (≤4 [n.41]: before 4 months of age, >4 [n.9: after 4 months of age). vi) Presence of
older siblings (FB [n.30]: first-born, nFB [n.22]: not first-born).
March 2021 | Volume 11 | Article 590202
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significant difference. For this reason, we developed a statistical
analysis using as fixed metadata only postnatal factors (mode of
delivery, type of feeding, weaning, and the presence of older
siblings). Among families, it was confirmed that Ruminococcaeae
positively correlated with NeBF infants (Figure 3). Additionally,
five families were negatively associated with vaginally delivered
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
i n f an t s : Ce l l u l omonadac ea e , Coryneba c t e r i a c ea e ,
Actinomycetaceae, Streptomycetaceae, and Micromonosporaceae
(Figure 3). The presence of Colwelliaceae was negatively associated
with infants weaned before 4 months of age. Meanwhile,
Staphylococcaceae and Clostridiales Incertae Sedis XIII were
negatively associated with nFB gut microbiota (Figure 3).
March 2021 | Volume 11 | Article 59020
TABLE 1 | Statistically different phyla, families, and genera (16S rRNA gene amplicon sequencing) found in fecal samples of infants at 6 months of age (T2).

Taxon metadata feature value coef Stderr N pval qval [factor] IQR (median) [factor] IQR (median)

[CS] [VD]
Phylum Delivery Bacteroidetes VD 0.85 0.36 53 0.021 0.209 0.38–0.87 (0.45) 0.44–37.1 (14.86)

(FB) (nFB)
Family Firstborn Clostridiales

Incertae Sedis XIII
nFB −0.12 0.03 53 0.001 0.108 0.01–0.01 (0.01) 0.00–0.01 (0.01)

Firstborn Clostridiaceae nFB −0.50 0.16 53 0.003 0.130 0.31–4.06 (0.81) 0.19–0.55 (0.23)
Firstborn Peptostreptococcaceae nFB −0.62 0.19 53 0.002 0.130 0.04–0.88 (0.32) 0.02–0.08 (0.04)
Firstborn Planctomycetaceae nFB 0.10 0.03 53 0.003 0.130 ND* 0.00–0.01 (0.00)

[EBF] [NeBF]
Feeding Ruminococcaceae NeBF 0.63 0.15 53 <0.0001 0.011 0.12–0.22 (0.15) 0.19–2.19 (1.41)

Genus Delivery Propionibacterium VD −0.22 0.05 53 <0.001 0.031 [CS]
0.00–0.01 (0.00)

[VD]
ND*

Delivery Thiomicrospira VD −0.15 0.04 53 <0.001 0.031 0.00–0.01 (0.01) ND*
Delivery Streptacidiphilus VD −0.23 0.07 53 0.002 0.210 0.00–0.02 (0.01) 0.00–0.01 (0.00)

[EBF] [NeBF]
Feeding Flavonifractor NeBF 0.99 0.25 53 <0.001 0.112 0.00–0.01 (0.00) 0.01–1.25 (0.06)
Feeding Erysipelotrichaceae

Incertae Sedis
NeBF 0.79 0.25 53 0.003 0.218 0.01–0.01 (0.01) 0.01-1.24 (0.09)

Feeding Romboutsia NeBF 0.59 0.18 53 0.002 0.218 0.00–0.01 (0.00) 0.00–0.22 (0.02)
Feeding Staphylococcus NeBF −0.51 0.17 53 0.003 0.218 0.01–0.15 (0.02) 0.00–0.01 (0.01)
Feeding Faecalicoccus NeBF 0.21 0.06 53 0.002 0.218 ND* 0.00–0.01 (0.00)
Feeding Sulfurimonas NeBF 0.15 0.05 53 0.003 0.218 0.00–0.01 (0.00) 0.01–0.01 (0.01)
Feeding Clostridium_IV NeBF 0.47 0.16 53 0.005 0.232 0.01–0.04 (0.01) 0.02–0.11 (0.06)
Feeding Oribacterium NeBF 0.22 0.08 53 0.005 0.232 0.01–0.02 (0.01) 0.02–0.03 (0.02)
VD, vaginal delivery; CS, caesarean section; EBF, exclusive breastfed; NeBF, combined or exclusive formula-feeding; FB, first-born; nFB, not first-born; IQR, interquartile range (25th–75th

percentile). *ND: not detected within all samples belonging to the considered group.
FIGURE 3 | MaAsLin2 significant results and associations between postnatal factors (delivery, feeding, weaning, and presence of older siblings) and gut microbiota
composition at the family level of infants at six months of age (T2). Based on normalized obtained significant results, the color scale-bar showed a positive
relationship (red) and a negative one (blue) between taxa and factors, ranging from the highest positive normalization (+3) to the lowest one (−3).
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However, all the aforementioned results did not confirm the
significance for adjusted p-values (P < 0.05; qval > 0.05).

Among NeBF (Figure 4), Flavonifractor exhibited a trend
similar to Ruminococcaceae in NeBF. Moreover, three genera
were negatively associated with vaginally delivered infants
(Corynebacterium, Propionibacterium, and Streptacidiphilus),
while Staphylococcus was negatively associated with nFB
microbiota. Otherwise, as reported in family results, also at the
genus level the significance was not confirmed for adjusted p-
values (P < 0.05; qval > 0.05).

Multivariate Analyses
To compare infant microbiota composition from birth to six
months of age, we performed a multivariate analysis (PCA)
between T2 and baseline T0 (meconium) samples. We analyzed
maternal pre-pregnancy BMI (Figure 5A), maternal gestational
WG (Figure 5B), and delivery type (Figure 5C), using as
variables the genera with a median relative abundance greater
than 0.1% at least in one of the sampled times (T0 or T2).

As shown by the PCA group ellipses, in all of the three
considered conditions, time of sampling impacts deeper on
sample stratification than on related metadata (BMI, WG, and
delivery). Among the variables, Fusobacterium, Leptotrichia,
Mycobacterium, Serratia, and Rothia had a deeper impact on
T0-sample spatial distribution, whereas the genera
Bifidobacterium, Siccibacter, Photorabdus, Veillonella, and
Vibrio mainly characterized infants’ gut microbiota at T2.

Considering both T0 groups (NW and OW), the presence of
four samples (three NW and one OW), that seem to be outliers,
determined a not complete overlapping of both T0 clouds. On
the other side, Bifidobacterium, Siccibacter, and Photorabdus
relative abundances contributed to shifting a subset of NW
samples at T2, therefore, determining elongation of the NW
cloud (Figure 5A).

We also observed that at both times T0 and T2 the ellipses of
NWG and EWG overlapped, and therefore, no PCA differences
were associated with weight gain (Figure 5B).
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Considering the type of delivery, CS and VD samples
exhibited a more heterogeneous microbiota at T0, whereas at
T2 the two delivery conditions allowed the construction of
reduced and almost completely overlapped clouds (Figure 5C).

Therefore, a multivariate analysis was also run only on T2
fecal sample-set (infants at 6 months of age) performing a PCA
and using bacterial genera (16S rRNA gene amplicon sequences)
with a median value of relative abundance greater than 0.1% and
therefore contributing to describe at least 50% of the whole
population, resulting in 17 bacterial genera (Figure S1b). The
two PCA principal components (Dim1 and Dim2; Figure S1a)
described 52% of the total variance. The cos2 graduated scale
values computed with R factoextra package described the quality
of the sample. The best PCA sample quality is determined by
high cos2 relative values. Observing the homogeneity of the
sample in the PCA score plot where only a few linear distances
marked some samples as outliers, it has been decided to perform
another and more sensitive multivariate analysis. To understand
how the aforementioned factors (maternal and diet-related ones,
as well as environmental ones) affected infants’ early microbial
colonization, the samples were clustered. By using the same
filtered (median > 0.1%) set of genera, (whose vectors have been
plotted in PCA biplot pf samples and variables, Figure S1b),
discriminant analysis of the principal components (DAPC) was
considered. Hence, a DAPC without superimposing any a priori
condition was performed. As a result of the best fit cluster
number identification, the “find.clusters” R function provided
that four was the best-supported cluster number for the sample
set. This information was used to run the DAPC. In the DAPC
scatter plot (Figure S2) only cluster “4” was poorly populated
(three samples), while the other three clusters (1, 2, and 3)
included at least nine samples and were all placed into different
quarters of the axes.

In a second approach, each sample was assigned the
membership group, as a priori condition, and the same was
repeated for all metadata. The tested conditions (both maternal
factors, type of delivery, dietary features, and presence of older
FIGURE 4 | MaAsLin2 significant results and associations between postnatal factors (delivery, feeding, weaning, and presence of older siblings) and gut microbiota
composition at the genus level of infants at six months of age (T2). Based on normalized obtained significant results, the color scale-bar showed a positive
relationship (red) and a negative one (blue) between taxa and factors, ranging from the highest positive normalization (+2) to the lowest one (−2).
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sibling) resulted in the configuration of overlapping clusters
(Figures 6A–F). Looking at the DAPC score plot concerning
maternal BMI (Figure 6A), it was possible to observe that the
samples belonging to NW were more divergent among
themselves, ensuing an enlargement of the ellipse and,
therefore, determining a partial overlapping on the OW-ellipse.
Otherwise, none of the NW samples was assigned to the OW
group; specifically 66% of OW samples should be included in the
NW group (Figure 6A1).

Similarly, when evaluating theWG variable, we found that the
EWG ellipse was included in the NWG one (Figure 6B). For 40%
of the EWG samples, the a priori assignment was not verified,
thus implying a better fit to the NWG group. On the opposite,
17% of EWG was not verified as part of the a priori assigned
group (Figure 6B1).

The analysis based on the delivery mode reported a
divergence of the ellipses of VD and CS (Figure 6C),
displaying the relative centers in a different quarter of the
DAPC system. Evaluating the “assign plot” scores in five out of
seven CS samples, we observed a better fit to the VD group, while
DAPC K-means analyses membership was not confirmed only in
6.5% of VD samples (Figure 6C1).

Concerning the feeding, the percentages of overlapping were
only 19% in EBF, whereas 50% of NeBF looked like they were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
fitted to the EBF group (Figure 6D1); meanwhile, seven out of
nine infants weaned after 4 months of life might be included in
the ≤4 group and no one of this second group (≤4) showed a
controversial membership (Figure 6E1).

We also analyzed the presence/absence of older siblings
considering the “hygiene hypothesis” (Strachan, 1989). For
these superimposed groups, the ellipsoid centers of the two
clusters (FB and nFB) were placed into different plot quarters
(Figure 6F). Also, by inspecting the relative “assign plot” sample
membership probabilities, we observed the a priori clustering
condition was not verified in 23 and 32% of FB and nFB,
respectively (Figure 6F1).
DISCUSSION

A great relevance is widely assigned to the gastrointestinal (GI)
microbiome composition’s impact on health (Young, 2017), and
it is well known that early microbial colonization could
significantly contribute to long-term healthy and unhealthy
consequences during lifespan (Tamburini et al., 2016). Infant
GI microbiota colonization is crucial for healthy growth and is
primarily involved in gut maturation and immune system
development; indeed, altered colonization has been associated
A B C

FIGURE 5 | Principal component analysis (PCA) of bacterial genera with a median abundance >0.1% (16S rRNA gene amplicon sequencing) of infants’ T0
(meconium) and T2 (six months of age). Infants were grouped based on the relative metadata: (A) maternal pre-pregnancy BMI (NW, normal BMI, or OW, mothers
with overweight/obesity), (B) maternal gestational weight gain (NWG, normal WG, or EWG, excessive WG), and (C) type of delivery (VD, vaginally delivered, or CS, by
caesarean section).
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with a high risk of disease outbreaks later in life (Stiemsma and
Michels, 2018). In this line, the present longitudinal and
observational study was aimed at evaluating the influence of
maternal factors (pre-pregnancy BMI and gestational WG),
perinatal factors such as type of delivery, infant’s diet (the type
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
of feeding and weaning timing), and the presence/absence of
older siblings in the household, on GI microbiota composition of
babies after six months of life (T2).

Concerning the prenatal factors, such as maternal pre-
pregnancy BMI and gestational WG, evidence showed that
A

B

C

D

E

F

FIGURE 6 | Discriminant analysis of principal components (DAPC) and relative score-plots. (A–F) report the DAPC score plots based on the relative abundances
(16S rRNA gene amplicon) of genera with median values >0.1% found in infants at 6 months. Panel: (A) NW, normal BMI (<25 kg/m2); OW, women overweight/
obesity (BMI ≥ 25 kg/m2); (B) NWG, optimal weight gain; EWG, excessive weight gain; (C) VD, vaginally delivered; CS, delivered by cesarean section; (D) BF,
exclusive breast-feeding; FF, combined or exclusive formula-feeding; (E) ≤4, infants weaned before 4 months of age; >4, infants weaned after 4 months of age.
Panel (F) FB, first-born; nFB, not first-born. (A1–F1) respectively indicate whether the infants (rows) could be assigned based on discriminant functions by K-means
analysis. The cell colors represent the membership probabilities (K-means analysis) to belong to each cluster (red = 1, orange = 0.75, yellow = 0.25, white = 0) and
blue crosses indicate the originally belonging cluster.
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children born from mothers with overweight/obesity have an
increased risk to develop obesity during their life (Ajslev et al.,
2011) even if the factors behind this relationship are not fully
understood. In our study, sampling infants at 6 months of age,
we did not find differences in alpha diversity according to
maternal factors (pre-pregnancy BMI and gestational WG).
Additionally, we detected only partial and not significant
differences in Firmicutes and Bacteroidetes abundances in
offspring in line with previous studies, which reported no
difference in F/B ratio in obese versus lean humans and
rodents (Duncan et al., 2008; Jumpertz et al., 2011; Zhang
et al., 2012). Other evidence observed Firmicutes overabundant
in obese mice (Ley et al., 2005) and that microbiota of obese mice
and lean littermates encoded different metabolic pathways
(Turnbaugh et al., 2006). On the contrary, Collado and
coworkers observed high abundances of Bacteroidetes subtaxa
in overweight mothers and relative offspring (Collado et al., 2008;
Collado et al., 2010); therefore, we emphasize that the reason
stands behind the deeper taxonomic levels (i.e., genus and
species), where taxa and relative genes directly contribute to
obesity onset.

In line with Collado et al., a significant overabundance of
Parabacteroides and Bacteroides in fecal samples of children born
from mothers with an excessive BMI has been reported also in
another study (Cerdò et al., 2018). Both these Bacteroidetes genera
are microbes that may frequently be vertically transmitted from
mothers to offspring (Nayfach et al., 2016; Li et al., 2020), and for
this reason, the presence of these taxa in thematernalGImicrobiota
may affect their presence also in newborns (Collado et al., 2010).
Considering vertical transmission of microbes, we found that
Bacteroidetes mainly characterized the gut microbiota of
vaginally delivered infants. As Jakobsson et al. reported
(Jakobsson et al., 2014), vaginally delivered infants were more
characterized by high abundance of Bacteroidetes and relative
subtaxa (e.g., Bacteroides) than CS delivered ones. Interactions
between Bacteroidetes and host seem to be crucial at the
beginning of life due to the fact that Bacteroides may be able to
correct the presence of the underdeveloped immune system in
germ-free mice (Ivanov et al., 2008).

Overall, the main key factor able to improve and boost up the
immune system certainly is exclusive breastfeeding. The World
Health Organization (WHO) recommends that infants should be
exclusively breastfed during the first 6 months of life (Butte et al.,
2002) for the beneficial effects of breastfeeding on the immune
system programming (Laouar, 2020). In the present study, NeBF
samples reported higher values of Shannon index compared to
EBF ones. In adults’ microbiota, high values of alpha diversity are
positively related to ecosystem resistance, resilience, and health
(Shade et al., 2012); however, in the early phases of life, it has been
previously observed that formula-feeding determines high values
of alpha diversity indices (Bezirtzoglou et al., 2011; Fan et al.,
2013). Breastfed infants, indeed, are principally characterized by
Bifidobacterium species (Gueimonde et al., 2007); therefore, their
presence markedly affects, reducing, alpha diversity (Bezirtzoglou
et al., 2011). This class of probiotics is markedly able to metabolize
HMOs or HMO constituents (Duranti et al., 2019), prevailing on
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
other taxa, and this is the power of human milk feeding. In the
present study, we did not observe a high abundance of
Bifidobacteriaceae (or relative subtaxa) in EBF infants, probably
due to the fact that our NeBF group included also infants fed with
combine feeding (mixed feeding, i.e., formula and breast milk).
This condition could have reduced the clustering of our samples
based on the type of feeding. However, despite this possible
overlapping, we observed that our NeBF group was mainly
characterized by high abundances of Ruminococcaceae, in
particular Flavonifractor, and taxa assigned to the Clostridium
cluster IV. This is in line with previous studies (Fan et al., 2013;
Tannock et al., 2013; Sagheddu et al., 2016; Durrani et al., 2020), in
which Ruminococcacae or Lachnospiraceae has been reported to
be higher in the absence of competition with Bifidobacteriaceae,
replacing them as butyrogenic bacteria in the gut environment of
NeBF babies (Bui et al., 2020; Vacca et al., 2020). At the genus level,
the high abundances of Ruminococcaceae determined a positive
association between NeBF and Flavonifractor. The presence of
Flavonifractor in NeBF infants has been previously found in
different manuscripts (Zheng et al., 2016; Borewicz et al., 2019).
This genus has been associated with a high level of circulating
cytokines (Huang et al., 2019) and fecal microbiota of infants with
food allergies (Ling et al., 2014). Recently, Bui et al. described an
enrichment of the microbial pathways able to degrade Nϵ-
fructosyllysine in stools of formula-fed infants, whereas fecal
microbiota of exclusively breastfed was not able to grow on Nϵ-
fructosyllysine medium (Bui et al., 2020). The authors also
observed that in the gut microbiota of EBF infants there was a
lack of Intestinimonas–Flavonifractor–Pseudoflavonifractor group,
a clade that mainly characterized stools of formula-fed infants. The
transfer of theNϵ-fructosyllysine/lysine pathway genes seems to be
vertical, from mothers to offspring (Yassour et al., 2016), but the
selective outgrowth of Nϵ-fructosyllysine/lysine-fermenting
microorganisms predominated in formula-fed infants, suggesting
that the type of milk might influences their outgrowth. We also
found a positive association between NeBF and Erysipelotrichaceae
Incertae Sedis (Table 1). In previous studies, also this taxon has
been reported mainly in formula-fed gut microbiota (Wang et al.,
2015; Borewicz et al., 2019) probably acting as Ruminococcaceae
and Lachnospiraceae in the butyrate metabolism (Vital et al.,
2017). Similar to Flavonifractor, Erysipelotrichaceae Incertae
Sedis is likely linked to adverse outcomes concerning asthma
and allergy later development (Dzidic et al., 2017).

Concerning weaning, previous research studies have shown
that timing of solid food introduction likely plays a relevant role
in the development of childhood overweight and obesity, with an
increased risk when weaning process starts before 4 months of
age (Wang et al., 2016; Differding et al., 2020). However, the
aforementioned differences have been observed in babies aged at
least 2 years. In our study on younger ones, we did not find any
statistically significant difference resulting from an early
introduction of solid foods. That result could undoubtedly
emerge from the different feeding types (exclusive breast-,
mixed-, or exclusive formula feeding) in the first six months of
life, determining overlap in the microbiota composition.
However, in our opinion, early weaning does not define any
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advantage in terms of GI microbiota maturation at six months of
age. Therefore, considering the literature cited above,
breastfeeding remains the gold standard for optimal nutrition
in the first six months of age and microbiota shaping interests.

As regards early microbiota colonization, other research studies
have shown some differences according to the presence/absence of
older siblings in the household. Starting from the “hygiene
hypothesis” (Strachan, 1989), different hypothesis focused on the
impact of exposure to infections during the first years on aberrant
immune responses later in life. Strachan observed that the presence
of older siblings in the household decreased the risk to develop
allergies in infants (Strachan, 2000). According to the results so far
collected, in our study, babies with an older sibling at sixmonths of
age displayed lower amounts (P<0.05) of Clostridiaceae,
Peptostreptococcaceae, Clostridiales Incertae Sedis XIII, clusters
that typically colonize the gut lumen in the first days after birth
(Penders et al., 2014;Milani et al., 2017).Other evidence reportedan
early maturation of the microbial colonization mediated by the
“adult”-associated genus Faecalibacterium (Laursen et al., 2017).
Therefore, we suggest that the presence of older siblings in the
household contributes to expose infants to “other and new”
environmental bacterial patterns and indirectly reduces the
abundances of the neonatal microbial colonizer. Analyzing all
postnatal factors and their effects on the gut microbial
composition, both Staphylococcaceae and Staphylococcus were
reported to have a negative and significant relationship with nFB
(Figures 3 and 4). Staphylococcus is an early gut colonizer in
neonates and in particular in BF infants (Balmer and Wharton,
1989); thus, thepresenceofolder siblings seems to influence anearly
shift towards an “adult”microbiota profile in nFB compared to FB.

Taking into account the low power of the considered variables
in clustering our samples when T0 and T2 were compared
(Figure 5) to discern if some factors determined a clear
microbial clustering, we also run a multivariate analysis only
on T2 samples. According to maternal factors, we observed that
both BMI and WG reported the greatest overlapping of the
relative ellipses (Figures 6A, B). Based on DAPC results, infants
lost or reduced the significant relevance of prenatal features
probably because of the postnatal events that occurred in the last
6 months of life. Also, the type of delivery did not show great
strength in clustering our samples despite interesting results
linked to over-presence of Bacteroidetes in VD were found.
For those reasons the programmed T3 sampling of the
A.MA.MI project (12 months of life of infants) will be essential
to increase evidence of long-term effects linked to this finding.

As expected, the main finding obtained from the sampling of
the gut microbiota of six-month-old babies is related to dietary
features. One of the limits of our study is that the NeBF group
includes both exclusive and combined formula-fed infants;
therefore we were not able to observe how exclusive
breastfeeding could be able to improve the gut environment
harboring or could suppress specific bacterial patterns; we could
only assume this effect by looking at alpha diversity findings.
Indeed, it is clear how feeding has great relevance in this
transitional time point, highlighting these primary results.
Although Ruminococcaceae are often associated with beneficial
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outcomes (Liu et al., 2020) based on their roles in butyrate
metabolism in adults (Biddle et al., 2013), their presence in our
cohort was not necessarily beneficial. Thus, the different and
widely reported involvement of Bifidobacteriaceae in gut health
remains a key factor to be considered in formula feeding.

Further, considering that we have studied infants only until
six months of age, we cannot give evidence about a positive or
negative contribution of early weaning in the infant’s
gut microbiota.

Lastly, also DAPC performance based on the presence of
older siblings showed interesting findings. Although no apparent
clustering was found, DAPC determined a cluster separation of
two groups (FB and nFB) into different system planes and
associated admissible overlapping percentages with parents’
care. Thus, it is easily presumed that, although parents of
firstborns could be more apprehensive, the attention and care
provided are strictly correlated to the family’s cultural level and
life experience. Moreover, the indirect contribution deriving
from older siblings is not negligible under the point of view of
the household “contamination” with other microbes.

Our study has some important strengths. First of all, our
research was not based only on single-factor analysis able to
shape early microbial composition. We adopted a multifactorial
approach, taking into account the main prenatal and postnatal
factors, providing a more extensive framework on this critical
window of plasticity. Data analysis and result interpretation
required multidisciplinary expertise in microbiology, clinical
nutrition, pediatrics and biostatistics science, with a well-
integrated approach. Nonetheless, some limitations need to be
acknowledged. Only infant GI microbiota, and not maternal one,
was analyzed. This determined a partial loss in fully interpreting
the results, particularly those linked to maternal pre-pregnancy
BMI, gestational WG, and the mode of delivery. Additionally, we
did not investigate maternal antibiotic therapy during lactation,
which might have influenced infant GI microbiota colonization.
Lastly, the sample size was small and did not allow us to create
homogenous groups for all the considered variables.
CONCLUSION

The first year of life is crucial for healthy growth; several factors
affect gut microbiota development in newborns in this critical
time window. Prenatal factors and postnatal ones directly
contribute to infants’ gut microbiota maturation determining
possible disease outbreaks later in life. The type of milk feeding
undoubtedly has a pivotal role in our population, preserving
different microbiota composition after at least two months from
solid food introduction. Although we found some differences in
grouping samples considering maternal factors, diet-related
ones, and presence/absence of older siblings, these did not help
to identify specific actors to determine an absolute clustering of
the belonging samples. Undoubtedly, exclusive breastfeeding
preserved the gut microbiota composition mainly characterized
by bifidobacteria, a condition that a formula feeding, both
exclusive and combined, did not harbor. The risks associated
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with overgrowth of specific and not beneficial taxa at six months
of life could indirectly contribute to future disease onset,
therefore determining adverse long-term effects.

Our findings contribute to add evidence of the complex
multifactorial interaction of different maternal and neonatal
factors on GI microbiota composition at this age. Based on
these considerations, the programmed “at one year”-sampling
becomes essential to bring evidence on how the different prenatal
and postnatal factors drive the intestinal microbiota.
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Ramos, A., Galicia-Esquivel, M., et al. (2015). Maternal obesity increases
oxidative stress in the newborn. Obesity 23 (8), 1650–1654. doi: 10.1002/
oby.21159

Galley, J. D., Bailey, M., Dush, C. K., Schoppe-Sullivan, S., and Christian, L. M.
(2014). Maternal obesity is associated with alterations in the gut microbiome in
toddlers. PloS One 9 (11), e113026. doi: 10.1371/journal.pone.0113026

Glastras, S. J., Chen, H., Pollock, C. A., and Saad, S. (2018). Maternal obesity
increases the risk of metabolicdisease and impacts renal health in offspring.
Biosci. Rep. 38 (2), BSR20180050. doi: 10.1042/BSR20180050

Gohir, W., Whelan, F. J., Surette, M. G., Moore, C., Schertzer, J. D., and Sloboda,
D. M. (2015). Pregnancy-related changes in the maternal gut microbiota are
dependent upon the mother’s periconceptional diet. Gut Microbes 6 (5), 310–
320. doi: 10.1080/19490976.2015.1086056

Gueimonde, M., Laitinen, K., Salminen, S., and Isolauri, E. (2007). Breast milk: a
source of bifidobacteria for infant gut development and maturation?
Neonatology 92 (1), 64–66. doi: 10.1159/000100088

Ho, N. T., Li, F., Lee-Sarwar, K. A., Tun, H. M., Brown, B. P., Pannaraj, P. S., et al.
(2018). Meta-analysis of effects of exclusive breastfeeding on infant gut
microbiota across populations. Nat. Commun. 9 (1), 1–13. doi: 10.1101/292755

Huang, S., Mao, J., Zhou, L., Xiong, X., and Deng, Y. (2019). The imbalance of gut
microbiota and its correlation with plasma inflammatory cytokines in
pemphigus vulgaris patients. Scand. J. Immunol. 90 (3), e12799. doi:
10.1111/sji.12799

Ivanov, I. I., de Llanos Frutos, R., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R.
B., et al. (2008). Specific microbiota direct the differentiation of IL-17-
producing T-helper cells in the mucosa of the small intestine. Cell Host
Microbe 4 (4), 337–349. doi: 10.1016/j.chom.2008.09.009
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13
Jakobsson, H. E., Abrahamsson, T. R., Jenmalm, M. C., Harris, K., Quince, C.,
Jernberg, C., et al. (2014). Decreased gut microbiota diversity, delayed
Bacteroidetes colonisation and reduced Th1 responses in infants delivered by
caesarean section. Gut 63 (4), 559–566. doi: 10.1136/gutjnl-2012-303249

Jumpertz, R., Le, D. S., Turnbaugh, P. J., Trinidad, C., Bogardus, C., Gordon, J. I.,
et al. (2011). Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. Am. J. Clin. Nutr. 94 (1), 58–
65. doi: 10.3945/ajcn.110.010132

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for
classical and next-generation sequencing-based diversity studies. Nucleic
Acids Res. 41 (1), e1. doi: 10.1093/nar/gks808

Kumbhare, S. V., Patangia, D. V., Patil, R. H., Shouche, Y. S., and Patil, N. P.
(2019). Factors influencing the gut microbiome in children: from infancy to
childhood. J. Biosci. 44 (2), 49. doi: 10.1007/s12038-019-9860-z

Laouar, A. (2020). Maternal leukocytes and infant immune programming during
breastfeeding. Trends Immunol. 41 (3), 225–239. doi: 10.1016/j.it.2020.01.005

Laursen, M. F., Zachariassen, G., Bahl, M. I., Bergström, A., Høst, A., Michaelsen,
K. F., et al. (2015). Having older siblings is associated with gut microbiota
development during early childhood. BMCMicrobiol. 15 (1), 154. doi: 10.1186/
s12866-015-0477-6

Laursen, M. F., Laursen, R. P., Larnkjær, A., Mølgaard, C., Michaelsen, K. F.,
Frøkiær, H., et al. (2017). Faecalibacteriumgut colonization is accelerated by
presence of older siblings. mSphere 2, e00448–e00417. doi: 10.1128/
mSphere.00448-17

Ley, R. E., Backhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., and
Gordon, J. I. (2005). Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci.
U.S.A. 102, 11070–11075. doi: 10.1073/pnas.0504978102

Li, W., Tapiainen, T., Brinkac, L., Lorenzi, H. A., Moncera, K., Tejesvi, M., et al.
(2020). Vertical transmission of gut microbiome andantimicrobial resistance
genes in infants exposed to antibiotics at birth. J. Infect. Dis., 2:jiaa155. doi:
10.1093/infdis/jiaa155

Ling, Z., Li, Z., Liu, X., Cheng, Y., Luo, Y., Tong, X., et al. (2014). Altered fecal
microbiota composition associated with food allergy in infants. Appl. Environ.
Microbiol. 80 (8), 2546–2554. doi: 10.1128/AEM.00003-14

Liu, H., Zhang, M., Ma, Q., Tian, B., Nie, C., and Chen, Z. (2020). Health beneficial
effects of resistant starch on diabetes and obesity via regulation of gut
microbiota: a review. Food Funct. 11 (7), 5749–5767.

Mehta, S. H., Kruger, M., and Sokol, R. J. (2011). Being too large for gestational age
precedes childhood obesity in African Americans. Am. J. Obstet. Gynecol. 204
(3), 265–2e1. doi: 10.1016/j.ajog.2010.12.009

Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., et al. (2017).
The first microbial colonizers of the humangut: composition, activities, and
health implications of the infant gut microbiota. Microbiol. Mol. Biol. Rev. 81
(4), e00036–17. doi: 10.1128/MMBR.00036-17

Moore, R. E., and Townsend, S. D. (2019). Temporal development of the infant gut
microbiome. Open Biol. 9 (9), 190128. doi: 10.1098/rsob.190128

Nagpal, R., Tsuji, H., Takahashi, T., Nomoto, K., Kawashima, K., Nagata, S., et al.
(2017). Ontogenesis of the gut microbiota composition in healthy, full-term,
vaginally born and breast-fed infants over the first 3 years of life: A quantitative
bird’s-eye view. Front. Microbiol. 8, 1388. doi: 10.3389/fmicb.2017.01388

Nayfach, S., Rodriguez-Mueller, B., Garud, N., and Pollard, K. S. (2016). An
integrated metagenomics pipeline for strain profiling reveals novel patterns of
bacterial transmission and biogeography. Genome Res. 26 (11), 1612–1625. doi:
10.1101/gr.201863.115

Penders, J., Gerhold, K., Thijs, C., Zimmermann, K., Wahn, U., Lau, S., et al.
(2014). New insights into the hygiene hypothesis in allergic diseases: mediation
of sibling and birth mode effects by the gut microbiota. Gut Microbes 5 (2),
239–244. doi: 10.4161/gmic.27905

Pirkola, J., Pouta, A., Bloigu, A., Hartikainen, A. L., Laitinen, J., Järvelin, M. R.,
et al. (2010). Risks of overweight and abdominal obesity at age 16 years
associated with prenatal exposures to maternal prepregnancy overweight and
gestational diabetes mellitus. Diabetes Care 33 (5), 1115–1121. doi: 10.2337/
dc09-1871

Rasmussen, K. M., and Yaktine, A. L. (2009) Institute of Medicine (US) and
National Research Council (US) Committee to Reexamine IOM Pregnancy
Weight Guidelines. Weight Gain During Pregnancy: Reexamining the
March 2021 | Volume 11 | Article 590202

https://doi.org/10.4161/gmic.21215
https://doi.org/10.2337/dc10-1766
https://doi.org/10.1111/ijpo.12642
https://doi.org/10.1111/ijpo.12642
https://doi.org/10.1038/ijo.2008.155
https://doi.org/10.1111/1462-2920.14705
https://doi.org/10.1016/j.jaci.2016.06.047
https://doi.org/10.1007/s11274-013-1404-3
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1186/s13059-014-0531-y
https://doi.org/10.1002/oby.20088
https://doi.org/10.1002/oby.21159
https://doi.org/10.1002/oby.21159
https://doi.org/10.1371/journal.pone.0113026
https://doi.org/10.1042/BSR20180050
https://doi.org/10.1080/19490976.2015.1086056
https://doi.org/10.1159/000100088
https://doi.org/10.1101/292755
https://doi.org/10.1111/sji.12799
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1007/s12038-019-9860-z
https://doi.org/10.1016/j.it.2020.01.005
https://doi.org/10.1186/s12866-015-0477-6
https://doi.org/10.1186/s12866-015-0477-6
https://doi.org/10.1128/mSphere.00448-17
https://doi.org/10.1128/mSphere.00448-17
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1093/infdis/jiaa155
https://doi.org/10.1128/AEM.00003-14
https://doi.org/10.1016/j.ajog.2010.12.009
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1098/rsob.190128
https://doi.org/10.3389/fmicb.2017.01388
https://doi.org/10.1101/gr.201863.115
https://doi.org/10.4161/gmic.27905
https://doi.org/10.2337/dc09-1871
https://doi.org/10.2337/dc09-1871
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Raspini et al. Early Microbiota Colonization
Guidelines. Rasmussen KM, Yaktine AL, editors. Washington, DC: National
Academies Press (US).

Raspini, B., Porri, D., De Giuseppe, R., Chieppa, M., Liso, M., Cerbo, R. M., et al.
(2020). Prenatal and postnatal determinants in shaping offspring’s microbiome
in the first 1000 days: study protocol and preliminary results at one month of
life. Ital. J. Pediatr. 46, 1–14. doi: 10.1186/s13052-020-0794-8

Sagheddu, V., Patrone, V., Miragoli, F., Puglisi, E., and Morelli, L. (2016). Infant
early gut colonization by Lachnospiraceae: High frequency of Ruminococcus
gnavus. Front. Pediatr. 4, 57. doi: 10.3389/fped.2016.00057

Shade, A., Peter, H., Allison, S. D., Baho, D., Berga, M., Bürgmann, H., et al. (2012).
Fundamentals of microbial community resistance and resilience. Front.
Microbiol. 3, 417. doi: 10.3389/fmicb.2012.00417

Singh, S., Karagas, M. R., and Mueller, N. T. (2017). Charting the maternal and
infant microbiome: what is the role of diabetes and obesity in pregnancy? Curr.
Diabetes Rep. 17 (2), 11. doi: 10.1007/s11892-017-0836-9

Stewart, C. J., Ajami, N. J., O’Brien, J. L., Hutchinson, D. S., Smith, D. P., Wong, M. C.,
et al. (2018). Temporal development of the gut microbiome in early childhood from
the TEDDY study. Nature 562 (7728), 583–588. doi: 10.1038/s41586-018-0617-x

Stiemsma, L. T., and Michels, K. B. (2018). The role of the microbiome in the
developmentalorigins of health and disease. Pediatrics 141 (4), e20172437. doi:
10.1542/peds.2017-2437

Strachan, D. P. (1989). Hay fever, hygiene, and household size. BMJ 299 (6710),
1259. doi: 10.1136/bmj.299.6710.1259

Strachan, D. P. (2000). Family size, infection and atopy: the first decade of the
‘hygiene hypothesis ’ . Thorax 55 (Suppl 1) , S2. doi : 10.1136/
thorax.55.suppl_1.S2

Tamburini, S., Shen, N., Wu, H. C., and Clemente, J. C. (2016). The microbiome in
early life: implications for health outcomes. Nat. Med. 22 (7), 713–722. doi:
10.1038/nm.4142

Tannock, G. W., Lawley, B., Munro, K., Pathmanathan, S. G., Zhou, S. J.,
Makrides, M., et al. (2013). Comparison of the compositions of the stool
microbiotas of infants fed goat milk formula, cow milk-based formula, or
breast milk. Appl. Environ. Microbiol. 79 (9), 3040–3048. doi: 10.1128/
AEM.03910-12

Thompson, A. L., Monteagudo-Mera, A., Cadenas, M. B., Lampl, M. L., and
Azcarate-Peril, M. A. (2015). Milk-and solid-feeding practices and daycare
attendance are associated with differences in bacterial diversity, predominant
communities, and metabolic and immune function of the infant gut
microbiome. Front. Cell. Infect. Microbiol. 5, 3. doi: 10.3389/fcimb.2015.00003

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 444 (7122), 1027. doi: 10.1038/nature05414

Vacca, M., Celano, G., Calabrese, F. M., Portincasa, P., Gobbetti, M., and
De Angelis, M. (2020). The Controversial Role of Human Gut
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14
Lachnospiraceae. Microorganisms 8 (4), 573. doi: 10.3390/micro
organisms8040573

Vital, M., Karch, A., and Pieper, D. H. (2017). Colonic butyrate-producing
communities inhumans: an overview using omics data. Msystems 2(6),
e00130–17. doi: 10.1128/mSystems.00130-17

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73 (16), 5261–5267. doi: 10.1128/
AEM.00062-07

Wang, M., Li, M., Wu, S., Lebrilla, C. B., Chapkin, R. S., Ivanov, I., et al. (2015).
Fecal microbiota composition of breast-fed infants is correlated with human
milk oligosaccharides consumed. J. Pediatr. Gastroenterol. Nutr. 60 (6), 825.
doi: 10.1097/MPG.0000000000000752

Wang, J., Wu, Y., Xiong, G., Chao, T., Jin, Q., Liu, R., et al. (2016). Introduction of
complementary feeding before 4 months of age increases the risk of childhood
overweight or obesity: a meta-analysis of prospective cohort studies. Nutr. Res.
36 (8), 759–770. doi: 10.1016/j.nutres.2016.03.003

Whitaker, R. C. (2004). Predicting preschooler obesity at birth: the role of
maternal obesity in early pregnancy. Pediatrics 114 (1), e29–e36. doi:
10.1542/peds.114.1.e29

Yassour, M., Vatanen, T., Siljander, H., Hämäläinen, A. M., Härkönen, T.,
Ryhänen, S. J., et al. (2016). Natural history of the infant gut microbiome
and impact of antibiotic treatment on bacterial strain diversity and stability.
Sci. Trans. Med. 8 (343), 343ra81–343ra81. doi: 10.1126/scitranslmed.aad0917

Young, V. B. (2017). The role of the microbiome in human health and disease: an
introduction for clinicians. Bmj 356, j831. doi: 10.1136/bmj.j831

Zhang, C., Zhang, M., Pang, X., Zhao, Y., Wang, L., and Zhao, L. (2012). Structural
resilience of the gut microbiota in adult mice under high-fat dietary
perturbations. ISME J. 6 (10), 1848–1857. doi: 10.1038/ismej.2012.27

Zheng, H., Liang, H., Wang, Y., Miao, M., Shi, T., Yang, F., et al. (2016). Altered
gut microbiota composition associated with eczema in infants. PloS One 11
(11), e0166026. doi: 10.1371/journal.pone.0166026

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Raspini, Vacca, Porri, De Giuseppe, Calabrese, Chieppa, Liso,
Cerbo, Civardi, Garofoli, De Angelis and Cena. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
March 2021 | Volume 11 | Article 590202

https://doi.org/10.1186/s13052-020-0794-8
https://doi.org/10.3389/fped.2016.00057
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1007/s11892-017-0836-9
https://doi.org/10.1038/s41586-018-0617-x
https://doi.org/10.1542/peds.2017-2437
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1136/thorax.55.suppl_1.S2
https://doi.org/10.1136/thorax.55.suppl_1.S2
https://doi.org/10.1038/nm.4142
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.3389/fcimb.2015.00003
https://doi.org/10.1038/nature05414
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1097/MPG.0000000000000752
https://doi.org/10.1016/j.nutres.2016.03.003
https://doi.org/10.1542/peds.114.1.e29
https://doi.org/10.1126/scitranslmed.aad0917
https://doi.org/10.1136/bmj.j831
https://doi.org/10.1038/ismej.2012.27
https://doi.org/10.1371/journal.pone.0166026
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Early Life Microbiota Colonization at Six Months of Age: A Transitional Time Point
	Introduction
	Materials and Methods
	Study Design
	Samples Analysis
	16S rRNA Metagenomic Sequencing Library Preparation, Gene Amplicon Sequencing and Analysis
	Statistical Analyses

	Results
	Factors Affecting Early Microbial Colonization of Infant Gut Microbiota
	Multivariate Analyses

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


