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BACKGROUND & AIMS: Establishment of the gastrointestinal
microbiota during infancy affects immune system development
and oral tolerance induction. Perturbations in the microbiome
during this period can contribute to development of immune-
mediated diseases. We monitored microbiota maturation and
associations with subsequent development of allergies in infants
and children. METHODS: We collected 1453 stool samples, at 5,
13, 21, and 31weeks postpartum (infants), and once at school age
(6–11 years), from 440 children (49.3% girls, 24.8% born by ce-
sarean delivery; all children except for 6 were breastfed for
varying durations; median 40 weeks; interquartile range, 30–53
weeks). Microbiota were analyzed by amplicon sequencing. Chil-
dren were followed through 3 years of age for development of
atopic dermatitis; data on allergic sensitization and asthma were
collected when children were school age. RESULTS: Diversity of
fecal microbiota, assessed by Shannon index, did not differ
significantly among children from 5 through 13 weeks after
birth, but thereafter gradually increased to 21 and 31 weeks.
Most bacteria within the Bacteroidetes and Proteobacteria phyla
were already present at 5 weeks after birth, whereas many
bacteria of the Firmicutes phylum were acquired at later times in
infancy. At school age, many new Actinobacteria, Firmicutes, and
Bacteroidetes bacterial taxa emerged. The largest increase in
microbial diversity occurred after 31 weeks. Vaginal, compared
with cesarean delivery, was most strongly associated with an
enrichment of Bacteroides species at 5 weeks through 31 weeks.
From 13 weeks onward, diet became the most important
determinant of microbiota composition; cessation of breast-
feeding, rather than solid food introduction, was associated with
changes. For example, Bifidobacteria, staphylococci, and strep-
tococci significantly decreased on cessation of breastfeeding,
whereas bacteria within the Lachnospiraceae family (Pseudobu-
tyrivibrio, Lachnobacterium, Roseburia, and Blautia) increased.
When we adjusted for confounding factors, we found fecal
microbiota composition to be associated with development of
atopic dermatitis, allergic sensitization, and asthma. Members of
the Lachnospiraceae family, as well as the genera Faecalibacte-
rium and Dialister, were associated with a reduced risk of atopy.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT
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CONCLUSIONS: In a longitudinal study of fecal microbiota of
children from 5 weeks through 6 to 11 years, we tracked
changes in diversity and composition associated with the
development of allergies and asthma.
 Establishment of the gastrointestinal microbiota during

infancy affects immune system development and oral
tolerance induction.

NEW FINDINGS

In a longitudinal study of fecal microbiota of children from
5 weeks through 6–11 years, we tracked changes in
microbiota diversity and composition associated with
birth mode, diet, and development of allergies and

AT
Keywords: Eczema; Microbial Diversity; Microbial Age; Specific
IgE.

olonization of the intestinal tract during the neonatal
asthma.

LIMITATIONS

This was a post-hoc analysis of participants in an
interventional study. Studies are needed to determine
whether these microbes cause or are a result of the
observed associations

IMPACT

Based on analyses of fecal samples, the intestinal
microbiota increases in diversity from age 13 weeks
through 6–11 years. Changes associate with vaginal vs
cesarean section delivery, the end of breastfeeding, and
development of allergies and asthma.

* Authors share co-first authorship; § Authors share co-senior authorship.

Abbreviations used in this paper: AD, atopic dermatitits; COPSAC,
Copenhagen Prospective Study on Asthma in Childhood; DMM, Dirichlet
Multinomial Mixture; FDR, false discovery rate; GI, gastrointestinal; Ig,
immunoglobulin; MAX, microbial-by-age z-score; ORadjusted, adjusted
odds ratio; OUT, operational taxonomic unit; rRNA, ribosomal RNA.
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Cperiod is of crucial importance for the maturation of
the mucosal immune system and the induction of oral tol-
erance.1–3 Animal studies have provided compelling evi-
dence to support a causal role of the intestinal microbiota
and its metabolites, especially in early life, in the etiology of
allergic diseases.3–6

Numerous epidemiological studies7–12 also suggest that
the infant intestinal microbiota plays an important role in the
manifestation of allergic diseases and asthma, although actual
results vary considerably between studies. Approximately
half of the studies that examined intestinal microbial di-
versity in infancy and childhood reported a lower diversity
among children with (subsequent) allergies, whereas the
remaining studies found no evidence for such an associa-
tion.13 Moreover, despite that many specific microbial taxa
have been linked to allergies and asthma, it remains unclear
which bacterial taxa prevent or promote disease onset.14

Lack of early stool sampling and different ages of stool
sample collection, different microbiological profiling
methods, and an inadequate control for potential
confounders have been suggested to contribute to the
heterogeneity between study results.9,13 In addition, cross-
sectional studies are prone to reverse causality, that is,
changes in the microbiota composition as a result of the
disease manifestation, and only very few studies have
sufficient clinical follow-up to link infant microbiota matu-
ration to the subsequent development of asthma.11

Initial microbial colonization starts on rupture of the
amniotic membranes and subsequent passage through the
birth canal when the infant is seeded by maternal microbial
strains, a process that is impeded in case of a cesarean de-
livery.15,16 Subsequently, microbial populations evolve as
the diet changes and the host develops. Given the highly
dynamic and complex process of microbial assembly, suc-
cession, and maturation, repeated sampling is important to
allow analysis of the overall development of the indigenous
infant microbial ecology.17 Moreover, many of the antenatal
and postnatal factors that influence microbial community
assembly during infancy, such as birth mode and the pres-
ence of older siblings and furry pets in the household, have
also been associated with the development of allergic dis-
eases and asthma,9,13,18,19 highlighting the importance to
account for potential confounding factors.

In the present study, we aimed to monitor microbial
assembly, succession, and maturation during the first year
of life and identify hereditary, perinatal, environmental,
lifestyle, and dietary factors that drive microbiota develop-
ment. Through the application of various multivariable
longitudinal models, including joint modeling, we next
examined the dynamics in microbial diversity, composition,
and community structure in association with the subse-
quent risk of developing atopic dermatitis and asthma until
school age.

Our findings indicate that alterations in microbial di-
versity and composition precede the onset of allergic man-
ifestations, while emphasizing the importance of possible
confounders.
Methods
Design and Clinical Outcome Measurements

Originally this study was designed as a randomized placebo-
controlled clinical trial to examine the impact of a bacterial
lysate, containing heat-killed Escherichia coli and Enterococcus
faecalis, on the primary prevention of atopic dermatitis (AD)
(registration no. ISRCTN60475069, ISRCTN registry).20 How-
ever, we did not find any evidence that the intervention affected
themicrobiota composition and therefore pooled both treatment
arms in the downstream statistical analyses.

Infants were clinically examined by a pediatrician on signs
of AD at the ages of 1, 21, and 31 weeks and again at 1, 2, and 3
years of age, as described previously.20

https://doi.org/10.1053/j.gastro.2020.01.024
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The school-age follow-up of the study population (at 6–11
years) took place in 2013, including clinical examination, lung
function testing, skin prick tests, and serum analyses of specific
immunoglobulin (Ig)E to the most common aeroallergens
(house dust mite, dog, cat, mold [Alternaria, Cladosporium],
birch, and grass pollen). Children were classified as having
current asthma in case of a doctor’s diagnosis in combination of
any indicative symptoms in the past 12 months (wheezing,
shortness of breath, nocturnal awakening due to shortness of
breath and/or wheezing). Allergic sensitization was assessed
by Skin Prick Test and serum sensitization for the previously
mentioned allergens.

The study and follow-up were approved by the hospital’s
local review board Charité Ethics Committee in 2002 and 2012.
Parents and participants gave written informed consent.

Microbial Profiling of Fecal Samples
Fecal DNA was isolated by a combination of bead beating

and column-based purification as described in detail
previously.21

Barcoded universal primers adapted from Bartram and
collegues22 were used to amplify the variable 3 region of the
16S ribosomal RNA (rRNA) gene. Amplicons were sequenced
using the Illumina (San Diego, CA) MiSeq platform using
MAZ ¼ Microbial age�median of microbial age of healthy children of same chronologic age
ðstandard deviation of microbial age of healthy children of the same chronologic ageÞ
2 � 250 paired-end reads. The resulting sequencing data were
processed using the short-read library 16S rRNA gene
sequencing pipeline (sl1p)23 (for description, see the
supplementary methods).

This resulted in a total of 93,475,612 reads from 1468
samples that were clustered into 7961 operational taxonomic
units (OTUs). Removal of OTUs that were observed in only a
single sample and discarding OTUs with a fraction of the total
number of sequences below 0.001, retained most sequences
(92,997,277) while significantly reducing the number of OTUs
to 873. Finally, we eliminated 15 samples with a low coverage
(<15,000 reads) and normalized the data using Rhea.24 To not
discard informative information, normalization in Rhea is per-
formed by dividing OTU counts per sample for their total count
(sample depth) and then multiplying the obtained relative
abundance for the lowest sample depth (15,540 reads).
Statistical Analysis
All the statistical analyses were performed 2-sided using R,

version 3.4.3.
Gastrointestinal (GI) microbiota richness and

maturation. The Chao1 index, as measure for the estimated
microbial richness, and the Shannon index, as microbial di-
versity metric, were computed using the R package vegan
2.5.3.25

To compare the microbial community structure of samples,
we used the unweighted UniFrac, which incorporates phylo-
genetic distances between observed organisms. The R package
GUniFrac 1.126 was used to compute the unweighted UniFrac
metric.

Ordination of samples based on the unweighted UniFrac
dissimilarity was visualized using principal coordinate analysis
using the capscale function of the vegan package.

The Friedman test was used to test for significant differ-
ences in Chao1, Shannon, and loadings scores on the principal
coordinates between all time points, followed by Dunn’s test for
post hoc pairwise comparisons between individual time points.
The P values were finally false discovery rate (FDR) adjusted
for multiple comparisons.

To track the dynamics of individual OTUs within the 4 main
bacterial phyla, we created Sankey plots using Sankeymatic. For
readability of the Sankey plots, the OTU table was further
filtered to OTUs that were present in �10% of the samples
during 1 or more time points.

We next investigated the maturity of the GI microbiota by
computing the microbial-by-age z-score (MAZ) of the sample as
described previously.27 Shortly, we started feeding a random
forest with a training set made of the microbial community
composition of healthy children after filtering out all OTUs with
a prevalence less than 5%. Once the model was trained, we
used it to predict the age of all the samples. Finally, the z-score
was computed using the following formula:
Dirichlet Multinomial Mixture (DMM) clustering, an unsu-
pervised clustering method that uses Laplace approximation to
identify groups of communities (enterotypes) with similar
composition, was performed as previously described.28 We
then analyzed the transition of infants through these DMM
clusters with age.29

Analysis of factors shaping the GI microbiota. We
examined which hereditary, perinatal, environmental, lifestyle,
and dietary factors were associated with the establishment of
the microbiome during infancy (see supplementary methods
for detailed description).

To examine which of these factors were associated with the
DMM clusters at baseline and/or with the transition of DMM
clusters between the ages of 5 and 31 weeks, multinomial lo-
gistic regression analyses were used. Only factors that were
significantly associated with the (transition of) DMM clusters in
the univariable analyses were included in the final multivari-
able model.

We next used multivariate association with linear models
(MaAsLin)30 to examine the association between these factors
with and individual microbial taxa and multivariable linear
regression models to examine the association with the micro-
bial diversity and maturity.

The effect size and significance of each of the covariates on
the microbial community structure was determined using the
envfit function in vegan.25 Ordination was performed using the
principal coordinate analysis based on unweighted UniFrac
metric obtained as described previously. The significance value
was determined based on 999 permutations. All P values
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derived from envfit were adjusted for multiple comparisons
using FDR adjustment (Benjamini–Hochberg procedure).

To understand which of the covariates had the strongest
impact on the overall microbial community structure, we per-
formed a permutational analysis of variance based on un-
weighted UniFrac. Only covariates that were statistically
significant in the envfit analyses were included in the permu-
tational analysis of variance.

Analysis on association between microbiota and
allergic manifestations. To examine how the longitudinal
variation of the microbial diversity (Shannon index) and matu-
rity (MAZ) of the GImicrobiota affects the time to development of
AD, we applied a joint model31 using the JM function of the
JMpackage32 (for details, see the supplementary methods).

To examine the impact of microbial diversity and maturity on
asthma and allergic sensitization at school age, a generalized linear
model was built using lme41.1.19. The same covariates as included
in the JM were incorporated as potential confounding factors.
Because both asthma and sensitization were binary outcomes, a
binomial distribution was chosen for the generalized linear model.

To identify if specific bacterial genera were differentially
abundant in children with and without allergic manifestations,
we used the MetaLonDa package.33 To ensure meaningful P
values, we performed 999 permutations. To select only the
significant associations, we chose a threshold of .05 for the P
values after FDR adjustment.
Results
Study Population Characteristics

The study, initially designed as a randomized, placebo-
controlled trial on the primary prevention of AD by an
orally applied lysate of heat-killed Escherichia coli and
Enterococcus faecalis, consisted of healthy newborns (n ¼
606) with a single or double heredity for atopy.20 During the
first 3 years of life, children were deeply phenotyped by
physical examination and the collection of detailed ques-
tionnaires at 7 clinical visits. At school age, children were
contacted again to determine the establishment of asthma
and allergic sensitization.

For the present study, only children with at least 3 fecal
samples collected during the first year and/or feces collected
at school age were included (n¼ 440). Of these children, 217
(49.3%) were girls, 187 (42.5%) had older siblings, 109
(24.8%) were born by cesarean delivery, and 29 (6.6%) were
reportedly treatedwith antibiotics in thefirst 31weeks of life.
All except 6 children received breastfeeding, although the
duration of breastfeeding varied considerably, with a median
duration of 40 weeks (interquartile range 30–53). Solid food
was introduced at a median age of 25 weeks (interquartile
range 22–27) (Supplementary Table S1).
Development of the Microbiota Between Early
Infancy and School Age

We first examined the compositional changes in the
microbiota during infancy and compared this to the school-
age microbiota composition. Samples collected at the age of
5 (n ¼ 306), 13 (n ¼ 287), 21 (n ¼ 268), and 31 (n ¼ 307)
weeks postpartum and again at school age (n ¼ 300) were
profiled by amplicon sequencing of the 16S rRNA hyper-
variable V3 gene region. On quality filtering and removal of
samples with low sequencing depth (n ¼ 15), 1453 samples
with a median sequencing depth of 62,420 reads/sample
(range 15,540–168,848) were retained for downstream
analysis and clustered into 873 OTUs.

Microbial diversity, assessed by the Shannon index, was
not significantly different between ages 5 and 13 weeks, but
thereafter gradually increased from 13 to 21 and 31 weeks
after birth (Figure 1A). The largest increase in microbial di-
versity occurred after the age of 31weeks, as indicated by the
steep increase in the Shannon index at school age (P¼ 7.99�
10–28). Similar findings were observed for the microbial
richness as assessed by the Chao1 (Supplementary Table 2).

Principal coordinate analyses indicated that the micro-
bial community structure as assessed by the unweighted
UniFrac metric also gradually shifted during infancy, with
the most prominent shift between the ages of 21 and 31
weeks (Figure 1B, P ¼ 1.58 � 10–27, Supplementary
Table 3). The school-age samples, however, clustered
separately and showed less interindividual variation as
compared with the infant samples.

Tracking individual OTUs based on their presence or
absence revealed different dynamics within the dominant
phyla (Supplementary Figure 1). Most OTUs within the phyla
of Actinobacteria, Bacteroidetes, and Proteobacteria found
during infancy were already present at 5 weeks after birth,
whereas almost half of the OTUs within the phylum of Fir-
micutes were acquired only at later infant time points. At
school age, many new Actinobacteria, Firmicutes, and Bac-
teroidetes OTUs emerged on top of the OTUs already present
during infancy. In contrast, only few new OTUs emerged
within the phylum Proteobacteria at school age, whereas a
significant portion of the infant OTUs were lost thereafter.

We next examined the bacterial genera that contribute
most to the temporal dynamics in microbial diversity and
community structure. Toward school age, the prevalence in
many of the genera within the phylum of Proteobacteria
dramatically decreased, whereas the prevalence of genera
within the phylum of Firmicutes, and in particular within
the Lachnospiraceae and Ruminococcaceae families strongly
increased (Figure 1C). Moreover, with the exception of
Bifidobacterium, the relative abundance of all of the major
bacterial genera changed significantly (Friedman test, all P
values <.001, Supplementary Table 4) throughout infancy
and childhood (Supplementary Figure 2A and B). Escherichia
was the most abundant genus at 5 weeks of age followed by
Bifidobacterium and Streptococcus. Escherichia still
remained the most abundant genus at 31 weeks of age but
was now followed by Bacteroides and Veillonella. At school
age, the most abundant genera were Blautia, Faecalibacte-
rium, and Ruminococcus.
The Length of Breastfeeding Represents the
Main Driver of the Infant’s Microbiota
Composition

To identify covariates associated with the microbiota
dynamics during infancy, we continued our analyses
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focusing on the infant samples. DMM modeling on OTU-level
data formed 6 clusters (based on lowest Laplace approxi-
mation) (Figure 2A and B).

To illustrate the progression of samples through each
DMM cluster with age, we applied a transition model as
described previously.29

Clusters 1 and 3 were the most dominant at the age of 5
weeks and thereafter transitions were chaotic, consistent with
the previously identified developmental phase of the micro-
biome during the first 14 months of life.29 Although cluster 1
remained dominant until the age of 31 weeks, cluster 3
gradually disappeared in favor of clusters 4 and 5 (Figure 2C).
Multinomial logistic regression analyses indicated that the
initial microbiota cluster at 5 weeks of age was mainly deter-
mined by birth mode. The chance that a newborn’s microbiota
belonged to cluster 3 was strongly increased among infants
born by cesarean delivery (Supplementary Table 5). This
cluster was remarkably different with respect to the abun-
dance of several of the driving OTUs. In particular, a Klebsiella
OTU exhibited a high abundance at the expense of an Escher-
ichia OTU that dominated many of the other clusters. In
addition, Citrobacter, Leclercia, and Raoultella OTUs were
characteristic for cluster 3 (Figure 2B).

Analysis of the most common transition trajectories
revealed that for children starting in cluster 1 as well as for
children starting in cluster 3, transition toward clusters 4
and 5 significantly increased when breastfeeding was
ceased (Supplementary Table 5).

These results were further supported by the overall
bacterial profiles throughout infancy. At the age of 5 weeks,
the largest amount of variance was explained by birth mode
(Figure 3A). At the genus level, vaginal as compared with
cesarean delivery was most strongly associated with an
enrichment of Bacteroides spp at 5 weeks and until the age
of 31 weeks (Supplementary Table 6).

At the ages of 13, 21, and 31 weeks, breastfeeding
explained by far the greatest variance in bacterial commu-
nity profiles (Figure 3B–D). Permutational multivariate an-
alyses of variance confirmed that the duration of
breastfeeding had a stronger impact than the introduction of
solid foods (Figure 3E, Supplementary Table 7). Bifidobac-
teria, staphylococci, and streptococci, among others, signif-
icantly decreased on cessation of breastfeeding, whereas
many bacteria within the Lachnospiraceae family (eg,
Pseudobutyrivibrio, Lachnobacterium, Roseburia, Blautia)
increased (Supplementary Table 6).

A longer duration of breastfeeding was also associated
with a lower microbial diversity (Supplementary Table 8),
=
Figure 1.Microbiota maturation throughout infancy and childho
diversity (Shannon index) gradually increased throughout infan
Friedman, P values for post hoc analyses using Dunn’s test are
based on unweighted UniFrac dissimilarity indicates a gradual sh
and a completely distinct structure at school age (P ¼ 6.0 � 10–5

are depicted in Supplementary Table 3). (C) Cladogram dep
microbiota. Background and branch colors reflect the different p
abundance of a genus across all infant time points, whereas the
genus at the individual time points (with opaque color indicat
prevalence of 0%).
as well as with a lower MAZ (Supplementary Table 9). The
MAZ is calculated by training a machine-learning algorithm
on the microbiota composition of a dataset with known
biological age, thereafter the age of samples is predicted
based on its microbiota composition. A lower MAZ is thus
indicative for a delayed microbial maturation.

Furthermore, the exposure to older siblings was asso-
ciated with an increase in several genera within the phylum
of Actinobacteria (Bifidobacterium and Corynebacterium at 5
weeks and Eggerthella at 21 weeks, Supplementary Table 6)
and a higher microbial diversity at 31 weeks of age
(Supplementary Table 9). Finally, besides dietary factors,
the microbial community structure was most strongly
associated with the presence of AD at time of sample
collection.

Alterations in Microbial Composition, Diversity,
and Maturity Precede Manifestations of Atopy

To further investigate whether differences in microbiota
development precede the onset of atopic disease, we applied
several longitudinal analyses while controlling for potential
confounding factors by adjusting for other covariates.

We first applied multivariate joint models on the mi-
crobial diversity and maturity in association with AD. Joint
models have become increasingly popular as a statistical
framework to concurrently analyze longitudinal data (eg,
biomarker evolution) and survival data (eg, time to disease
onset).31 They have, to our knowledge, not been applied in
the microbiome research field so far. While accounting for
known risk factors for AD, we found that the temporal
pattern of microbial diversity was independently and
inversely associated with AD (hazard ratio 0.21; P ¼ 1.15 �
10–4, Figure 4A and B, Supplementary Table 10), indicating
that a lower microbial diversity throughout infancy is
associated with an increased risk of AD. For the temporal
pattern of microbial maturity, expressed as microbial age z-
scores, we found a statistically significant positive associa-
tion with AD (hazard ratio 1.14; P ¼ 1.94 � 10–5; Figure 4C
and D, Supplementary Table 11).

Next, we used the recently introduced metagenomics
longitudinal differential abundance (MetaLonDa) method33

to identify time intervals of differentially abundant bacte-
rial genera between infants who did or did not develop AD.

Among children who did not develop AD during follow-
up, the relative abundance of Atopobium (days 25.6 to 79.4,
FDRadjusted P ¼ 7.65 � 10–3), Corynebacterium (days 126.1
to 151.2, FDRadjusted P ¼ 9.68 � 10–3), both members of the
phylum Actinobacteria, and Prevotella (days 104.6 to 133.3,
od (n ¼ 1453 stool samples from 440 children). (A) Microbial
cy and has markedly risen at school age (P ¼ 7.72 � 10–53,
depicted in the table). (B) Principal coordinate analysis (PCoA)
ift in microbial community structure along PC1 during infancy
1, Friedman, P values for post hoc analyses using Dunn’s test
icting the bacterial genera detected in the children’s fecal
hyla. The height of the outer ring reflects the average relative
color density of the 5 inner rings reflects the prevalence of the
ing a prevalence of 100% and fully transparent indicating a



Figure 2. Community typing by DMMs of infant samples revealed 6 clusters (n ¼ 1154 stool samples from 312 children).
(A) Heat map showing the relative abundance of the 30 most important/dominant OTUs per DMM cluster. (B) Principal
component analysis on OTU-level data with samples colored according to DMM cluster. Ellipses indicate the 95% confidence
interval. Vertical and horizontal bar charts depict OTUs with the highest loadings on PC1 and PC2, respectively. The OTUs with
the highest positive and negative loadings on PC1 and PC2 are plotted in the PCA. (C) Transition model showing the pro-
gression of samples through the 6 DMM clusters from one sampling time point to the next time point.
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FDRadjusted P < .001) were temporarily enriched when
compared with children who developed AD. Most pro-
nounced were, however, the associations of Lachnobacte-
rium and Faecalibacterium, which were significantly
enriched during the entire period of fecal sampling among
children who remained free from AD (Figure 4E–G,
Supplementary Table 12).

We next examined whether the infant microbiota
composition was also associated with allergic manifesta-
tions at school age, including allergic sensitization and
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asthma. Blood samples for the determination of allergic
sensitization at school age were available for 292 of the 440
children included in the present study. Like for AD, we
found a higher diversity of the infant microbiota to be
associated with decreased risk of allergic sensitization at
school age (Shannon index at 31 weeks adjusted odds ratio
[ORadjusted] 0.19; P ¼ 7.33 � 10–3, Supplementary Figure 3A,
Supplementary Table 13). A higher microbial maturity very
early in life was associated with an increased risk of allergic
sensitization (MAZ at 5 weeks ORadjusted 1.46, P ¼ 5.01 �
10–3, Supplementary Figure 3B, Supplementary Table 14),
again in line with findings for AD. We could not, however,
identify individual bacterial genera with differential abun-
dance over a significant period of time between children
who did or did not develop allergic sensitization.

A clear association between microbial diversity and
asthma could not be detected. Yet, in line with allergic
sensitization and AD, a higher microbial maturity at the age
of 5 weeks was also associated with an increased risk for
asthma (MAZ at 5 weeks ORadjusted 1.43; P ¼ 7.78 � 10–3,
Supplementary Figure 3C and D, Supplementary Tables 15
and 16). Multiple bacterial genera were differentially
abundant over time in children who did or did not develop
asthma. The genera that were differentially abundant across
the entire period during which the microbiota composition
was monitored included Lachnobacterium, Lachnospira
(both members of the Lachnospiraceae family), and Dialister
(Veillonellaceae), which were all significantly enriched in
healthy as compared with asthmatic children
(Supplementary Figure 3E–G, Supplementary Table 17).
Discussion
This study aimed to longitudinally analyze the process of

GI microbial community assembly, succession, and matu-
ration throughout the most critical time window of immune
development, and linked microbiota maturation during this
time to the development of clinical signs of allergic disease,
while carefully controlling for potential confounding factors.

Our results indicate a dynamic microbiota during infancy
that is far from completely matured at 31 weeks of age. In
early infancy, the microbial composition was most strongly
affected by birth mode, whereas from 13 weeks onward diet
became the most important factor. Our data support pre-
vious reports, showing that Bacteroides are most strongly
affected by birth mode.29,34–36 The difference in microbial
community structure and lower abundance of Bacteroides in
cesarean delivery as compared with vaginal-delivered in-
fants persisted up to the age of 31 weeks and withstood
mutual adjustment for other determinants, including
breastfeeding. This suggests that the impact of cesarean
delivery could not be compensated by breastfeeding. Given
the increased risk of future diseases, including allergies and
asthma,37,38 among children born by cesarean delivery,
more research is warranted to elucidate the need for and
efficacy of restoring the natural microbial colonization
process on cesarean delivery.

We furthermore showed that cessation of breastfeeding
was more strongly associated with microbial composition
and maturity than solid food introduction. In line with
previous studies,11,35,39 these results suggest that the
introduction of solid food does not appear to result in a
profound shift in microbial community structure as long as
breastfeeding is continued. Only when breastfeeding is
ceased, maturation of the microbiota is accelerated with a
decrease in degraders of human milk oligosaccharides and
an increase in microbial diversity and compositional
changes toward bacterial genera specialized in degrading
complex dietary carbohydrates. The generally observed
lower microbial diversity in infants during breastfeeding40

seems at first contradictory to the concept that a “healthy”
and resilient microbiome is highly diverse.41 However, in
line with most prospective studies,42 we did not find a direct
association between breastfeeding duration and the risk of
AD. The fact that breastfeeding reduces the risk of several
other diseases, including metabolic diseases, which on the
other hand are also associated with a lower microbial di-
versity, suggests that the context is of crucial importance
when considering microbial diversity. For example, loss of
microbiota diversity generally opens up niches for oppor-
tunistic invaders,41 whereas the plethora of bioactive com-
ponents transferred by breastfeeding protect against
colonization by such opportunistic pathogens.43 This further
underscores the need for meticulous adjustment for diet as
a confounding factor in the association between microbiota
and disease outcomes.

Using various multivariable longitudinal analyses, we
furthermore demonstrated that the microbial community
structure, diversity, and maturity, as well as the relative
abundance of several individual genera were associated
with the subsequent development of allergic manifestation.
We know from previous animal studies and large longitu-
dinal human cohorts that intestinal microbial dysbiosis in
allergic diseases is mainly observed within a critical window
in early life.44 The comparability between studies is, how-
ever, hampered by the highly dynamic microbial commu-
nities within this early time window, which likely results in
different associations at different sampling time points. The
main strengths of the present study are its prospective
design, repeated sample collection, and the deep clinical
phenotyping.

The regular physical examinations of the children
throughout the first 3 years of life in combination with the
collection of detailed questionnaire data allowed not only
deep clinical phenotyping, but also an accurate assessment
of the time of disease onset. The follow-up into school age
further facilitated a reliable classification of children who
developed allergic asthma, as it is well known that wheezing
symptoms at an earlier age are often transient and caused
by episodic viral infections.45

We observed a lower microbial diversity to be associated
with AD development and allergic sensitization, but not with
asthma. This is consistent with previous studies that also
reported a reduced microbial diversity in association with
AD46–49 and sensitization.7,50 In contrast, a link between
microbial diversity and wheeze or asthma often could not be
observed.51–53 Although atopic manifestations are common
comorbidities, these results support previous conclusions



Figure 3.Microbiota com-
munity structure is most
strongly influenced by
breastfeeding (n ¼ 961
stool samples from 312
children). (A–D) Polar plots
visualizing the amount of
variance of microbial com-
munities at 5 weeks (A) , 13
weeks (B), 21 weeks (C),
and 31 weeks (D) of age
that could be explained by
18 covariates as analyzed
using EnvFit. The height of
the bars reflects the
amount of variance (r2)
explained by each covari-
ate. Covariates are colored
to highlight parental health
status and ethnicity (pur-
ple), perinatal covariates
(orange), diet and medica-
tion (red), and environ-
mental exposures (green).
Asterisks indicate signifi-
cant covariates (FDR P <
.05) at each time point.
(E) Permutational multivar-
iate analysis of variance
combining all covariates
that were significantly
associated with microbial
community variation at any
given time point in the
EnvFit analyses. The size
of the dots reflects the R2.
Only samples without
missing data on the
included covariates were
included in permutational
multivariate analysis of
variance (5 weeks: n ¼
238, 13 weeks: n ¼ 233, 21
weeks: n ¼ 231, 31 weeks:
n¼ 259). Asterisks indicate
statistical significance with
*P < .05, ** P < .01, *** P <
.001.
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from the Copenhagen Prospective Study on Asthma in
Childhood (COPSAC) that extrapolation of risk factors be-
tween different atopic disorders may not always be
justified.54

The increased risk of AD, sensitization, and asthma
among children with a higher microbial maturity might at
first seem in contrast with the previously mentioned results
for microbial diversity and with findings of previous studies.
Indeed recent results from COPSAC2010 linked a low mi-
crobial maturity with later onset of asthma in children born
to asthmatic mothers.11 In our study, the microbial maturity
was, however, only significantly increased at 5 weeks of age
in children who developed sensitization (as determined by
skin prick tests and serum IgE levels to the most common
aeroallergens) and asthma. Also, for children with AD, we
observed a microbial maturity (MAZ) that was significantly
higher at the earliest recorded time point but gradually
decreased and became even lower at the age of 31 weeks
when compared with the MAZ of children who did not
develop AD. This temporally higher MAZ in very young



Figure 4.Microbiota composition, diversity, and maturity is linked to the subsequent development of AD (n ¼ 961 stool
samples from 312 children). (A) Volcano plot depicting the regression coefficients from the joint model on the association
between the Shannon index and AD. The dashed line depicts the threshold for statistical significance at P < .05. Variables
depicted below the dashed line were statistically significantly associated with AD in the final model. Positive coefficients
(variables to the right of the vertical line) were associated with an increased AD risk. Negative coefficients (variables to the left
of the vertical line) were associated with a decreased AD risk. The hazard ratio is given by the exponent of the coefficient (eg,
for Shannon index: e

ˇ

-1.57 results in a hazard ratio of 0.21). (B) Development of microbial diversity (Shannon index) throughout
infancy among children that did (red line) or did not (green line) develop AD, as modeled by Loess regression. Gray areas
represent the 95% confidence intervals. (C) Volcano plot depicting the regression coefficients from the joint model on the
association between the MAZ and the development of AD. The dashed line depicts the threshold for statistical significance at
P < .05. (D) Development of microbial maturity (MAZ score) throughout infancy among children who did (red line) or did not
(green line) develop AD as modeled by Loess regression. Gray areas represent the 95% confidence intervals. (E–G) Time
intervals of differential abundance in Faecalibacterium (E), Lachnobacterium (F), and Prevotella (G) between infants who did or
did not develop AD as identified from MetaLonda analyses. Significantly different time intervals (FDRadjusted P < .05) are
depicted by gray shading.
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infants might therefore suggest a dysregulated colonization
process (eg, with some bacterial taxa arriving [too] early),
rather than a more mature overall microbial community
structure.

Next to differences in microbial diversity and maturity,
we were able to identify microbial taxa that were differen-
tially abundant among infants who did or did not develop
allergic disease manifestations. Lachnobacterium and Fae-
calibacterium were significantly decreased throughout in-
fancy among children who developed AD. Also, Lachnospira
and Dialister, next to Lachnobacterium, were significantly
decreased among children who developed asthma.

The fact that these bacterial taxa were not only differ-
entially abundant at a single time point but throughout in-
fancy strengthens the likelihood of a causal role in the
protection against allergic disease. Altogether, our results
indicate that microbial perturbations in early life are also
associated with asthma at school age, although perturba-
tions are not identical to those observed in children who
developed AD. In line with our findings, analysis on the
microbiota composition at 3 months of age within the Ca-
nadian Healthy Infant Longitudinal Development (CHILD)
Study revealed Lachnospira and Faecalibacterium to be
significantly decreased among children at risk for allergic
wheeze at the age of 1 year.52 Moreover, a lower relative
abundance of, among others, Lachnospiraceae incertae sedis,
Faecalibacterium, and Dialister at the age of 1 year in chil-
dren from COPSAC2010 was associated with an increased
risk of asthma at 5 years.11

Fermentation products of these bacteria are a possible
explanation for the protective effect of these bacteria. Ace-
tate is one of the fermentation products of Lachnospira and
to a lesser account Lachnobacterium. Animal studies have
previously shown that acetate feeding leads to a marked
suppression of allergic airway disease in a mouse-model for
human asthma. The underlying cellular mechanism was
related to the effect of acetate on Treg cells, particularly
through epigenetic modification of the Foxp3 protomotor.5

Faecalibacterium (prausnitzii) is well known for its anti-
inflammatory effects, among others, through the production
of butyrate55 and a microbial anti-inflammatory molecule
that inhibits the nuclear factor-kB pathway.56 Two recent
studies have identified another lactate-consuming butyrate-
producing genus, Anaerostipes, associated with a decreased
risk of food allergy57 and eczema.58 The very low abundance
of this genus in our population could potentially explain the
lack of association in our study.

The application of several types of longitudinal data
analysis, including the joint modeling of longitudinal and
survival data, which had previously not been used for
microbiota data analyses, enabled us to demonstrate that
alterations in microbial diversity, maturity, and composition
preceded the clinical manifestations of atopic diseases.
Although this statistical framework reveals the temporality
of associations, thereby suggesting causal relationships,
causality can never be proven in an observational study. For
example, microbial perturbations could be an epiphenom-
enon of exposure to yet another unknown risk factor for
allergy. Also, it cannot be ruled out that early preclinical
manifestation of allergies or genetic predisposition for al-
lergy might impact the microbiota composition. Moreover,
our findings on fecal collections might not fully reflect al-
terations in the microbiome on allergy development at the
level of (small) intestinal mucosa.

It is therefore of importance not only to replicate find-
ings in similar cohorts, but also to conduct future experi-
mental studies building on these findings to reveal the
underlying biological mechanisms and prove causality.

In conclusion, our results demonstrate the importance of
birth mode and diet on the early maturation of the infant
microbiota and demonstrate that, on careful adjustment of
important confounding factors, alterations in the microbial
colonization process of the infant intestinal tract precede
the development of AD, sensitization, and asthma. In
particular, members of the Lachnospiraceae family, as well
as the genera Faecalibacterium and Dialister appear to
protect against allergies. These findings further support the
future development of evidence-based intervention strate-
gies targeting the microbiota to prevent or treat allergic
diseases in early life.

Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2020.01.024.
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