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Abbreviations used

ANCOM: Analysis of composition of microbiomes

ASV: Amplicon or exact sequence variant

OR: Odds ratio

rRNA: Ribosomal RNA
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Background: Infants with less diverse gut microbiota seem to
have higher risks of atopic diseases in early life, but any
associations at school age are unclear.
Objectives: This study sought to examine the associations of
diversity, relative abundance, and functional pathways of stool
microbiota with atopic diseases in school-age children.
Methods: We performed a cross-sectional study within an
existing population-based prospective cohort among 1440
children 10 years of age. On stool samples, 16S ribosomal RNA
gene sequencing was performed, and taxonomic and functional
tables were produced. Physician-diagnosed eczema, allergy, and
asthma were measured by questionnaires, allergic sensitization
by skin prick tests, and lung function by spirometry.
Results: The a-diversity of stool microbiota was associated with
a decreased risk of eczema (odds ratio [OR], 0.98; 95% CI, 0.97,
1.00), and b-diversity was associated with physician-diagnosed
inhalant allergy (R2 5 0.001; P 5 .047). Lachnospiraceae,
Ruminococcaceae_UCG-005, and Christensenellaceae_R-
7_group species were associated with decreased risks of eczema,
inhalant allergic sensitization, and physician-diagnosed inhalant
allergy (OR range, 0.88-0.94; 95% CI range, 0.79-0.96 to 0.88-
0.98), while Agathobacter species were associated with an
increased risk of physician-diagnosed inhalant allergy (OR,
1.23; 95% CI, 1.08-1.42). Functional pathways related to heme
and terpenoid biosynthesis were associated with decreased risks
of physician-diagnosed inhalant allergy and asthma (OR range,
0.89-0.86; 95% CI range, 0.80-0.99 to 0.73-1.02). No associations
of stool microbiota with lung function were observed.
Conclusions: The diversity, relative abundance and functional
pathways of stool microbiota were most consistently associated
with physician-diagnosed inhalant allergy in school-age children
and less consistently with other atopic diseases. (J Allergy Clin
Immunol 2021;148:612-20.)

Key words: Cohort, microbiome, atopic dermatitis, allergy, asthma,
lung function

Atopic diseases such as eczema, allergy, and asthma are a
major public health concern. At school age, up to 30% of
children globally are affected by at least 1 of these atopic
diseases.1,2 Genetic susceptibility alone does not explain the
high prevalence of atopic diseases as environmental exposures,
partly through changes in the developing immune system, are
likely to have major influence on the development of atopic dis-
eases.3,4 The hygiene hypothesis suggests that the urbanization
and modern public health practices lead to less microbial expo-
sure, and thereby a less stimulated immune system, and subse-
quently an increased risk of eczema, allergy, and asthma.4 The
gut microbiota has a prominent role in the development and
regulation of the immune system.5 Previous cohort and case-
control studies have demonstrated that the diversity and relative
abundance of stool microbiota, as proxy for gut microbiota, in
early life are associated with the risk of atopic diseases.6 Specif-
ically, children with a less diverse stool microbiota before the
age of 1 year, and with greater relative abundance of Bacteroi-
daceae, Clostridiaceae, and Enterobacteriaceae and lower rela-
tive abundance of Bifidobacteriaceae and Lactobacillaceae,
have a higher risk of eczema, allergy, or asthma until age 3
years.6 Whether stool microbiota are also associated with atopic
diseases in later childhood is less clear. Only few studies have
been performed with limited power to detect the effects of di-
versity and differential relative abundance of stool microbiota
on the risks of eczema, allergy, and asthma on a population-
based level. Lastly, information on the association of stool mi-
crobiota with lower lung function, an underlying mechanism in
asthma, is lacking.

Therefore, we aimed to examine the associations of diversity,
relative abundance, and functional pathways of stool microbiota
with eczema, allergic sensitization, allergy, lung function, and
asthma among 1440 school-age children participating in a
prospective population-based cohort study.
METHODS

Design
This cross-sectional study was embedded in the Generation R Study, a

population-based prospective cohort study from early fetal life onward in

Rotterdam, The Netherlands.7 The study has been approved by the Medical

Ethical Committee of the Erasmus MC University Medical Center Rotterdam.

Written informed consent was obtained from parents or legal guardians. A total

of 1440 children with relevant data for stool microbiota and atopic diseases

were available at a mean age of 9.8 6 0.27 years for the current analysis (see

Fig E1 and the Methods section in this article’s Online Repository at www.

jacionline.org).
Stool microbiota
Stool samples of children participating in the Generation R Study were

collected at home using a Commode Specimen Collection System (Covidien,

Mansfield, Mass) and a feces collection tube (Minigrip Nederlands, Lelystad,

The Netherlands) without preserving agent. Stool samples were stored at 48C
until mailing, and thereafter sent by post to the appropriate laboratory of the

Erasmus MC, and locally stored at2208C. Methods for DNA isolation, RNA

sequencing, and microbiome quality criteria of stool samples have been

described in detail previously and are provided in the Methods section in this

article’s Online Repository (available at www.jacionline.org).8 For current an-

alyses, phylogenetic profiling and denoising was performed using DADA2

software package9 to produce amplicon- or exact sequence variants (ASVs).

High-throughput sequencing produced compositional data; therefore, we

used the term ‘‘relative abundance’’ to refer to the counts of ASV reads gener-

ated by 16S ribosomal RNA (rRNA) gene sequencing.10 The sequence data

were then analyzed for a-diversity metrics (Chao richness index, Shannon di-

versity index, and inverse Simpson index). Pairwise b-diversities were calcu-

lated using Bray-Curtis dissimilarity metrics and Aitchison distance in

centered log-ratio–transformed ASV relative abundances.10 As sensitivity an-

alyses among the same subjects, we compared the observations of the current

data processing approach using the DADA2 pipeline with the results obtained

by our previously in-house–developed wrapper pipeline (microRapTor) based

on QIIME (version 1.9.0),11 TagCleaner (version 0.16),12 PEAR (version

0.9.6),13 and UPARSE (version 8.1)14 software packages. More details are

provided in the Methods section this article’s Online Repository Methods

(available at www.jacionline.org).

http://www.jacionline.org
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TABLE I. Characteristics of children and their mothers

Included

subjects

(n 5 1440)

Not included

subjects

(n 5 3187)

Maternal characteristics

Maternal education, higher 53.8 (719) 49.8 (1436)*

Child characteristics

Sex, female 50.3 (725) 50.4 (1605)

Ethnicity, non-European 30.1 (430) 33.7 (1039)*

Body mass index at age 10 years 17.4 6 2.6 17.7 6 2.8*

Antibiotic use in the past 3

months, yes

3.9 (56) 0.0 (0)

Stool sample

Collection time (d) 2.00 (1.00, 3.00) 1.50 (1.00, 2.00)

DNA isolation batch, number 2 89.0 (1281) 100.0 (3)

a-diversity metrics

Chao index 150.6 6 37.7 150.2 6 31.7

Shannon index 4.0 6 0.41 4.0 6 0.4

Inverse Simpson index 31.9 6 14.3 30.1 6 15.9

Eczema, yes 7.0 (89) 7.0 (182)

Sensitization for food allergens,

yes

6.4 (80) 7.2 (188)

Sensitization for inhalant aller-

gens, yes

30.8 (385) 32.3 (842)

Physician-diagnosed food allergy,

yes

2.3 (29) 2.1 (49)

Physician-diagnosed inhalant al- 11.8 (150) 12.4 (296)
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Atopic diseases
At 10 years of age, information on current physician-diagnosed eczema,

inhalant allergy (for pollen [hay fever], house dust mite, cat, or dog), food

allergy (for cashew nut or peanut), and asthma was obtained from a parental-

reported questionnaire with questions adapted from the ISAAC (International

Study of Asthma andAllergies in Childhood) core questionnaires.15,16 Current

asthma was defined as physician diagnosis of ever asthma, with asthma medi-

cation use and/or wheezing in the past 12 months. Sensitization to the most

relevant inhalant and food allergens on a population level was examined by

skin prick tests. Inhalant allergens included house dust mite, 5-grass mixture,

birch, cat, and dog (ALK-Abell�o BV, Almere, The Netherlands), and food al-

lergens included hazelnut, cashew nut, peanut, and peach.16,17 Lung function

was measured by spirometry at our research center according to American

Thoracic Society /European Respiratory Society criteria, and values of

FEV1 and forced vital capacity were converted into sex-, height-, age-, and

ethnicity-adjusted Z-scores according to Global Lung Function Initiative–

reference values.18-20 The ratio FEV1 and forced vital capacity was dichoto-

mized into obstructive and nonobstructive lung function (Z-score cutoffs of
<_21.64 and >1.64, respectively).20

We assumed that children with 2 or more atopic diseases tend to have a

more severe variant of their atopic diseases.21,22 Therefore, we regrouped chil-

dren into those with only 1 atopic disease (with any eczema, asthma, or

physician-diagnosed food or inhalant allergies) or 2 or more atopic diseases

for sensitivity analyses.

Detailed information on atopic diseases are provided in the Methods sec-

tion in this article’s Online Repository, and descriptives of concurrent atopic

diseases are presented in Table E1 at www.jacionline.org.
lergy, yes

Obstructive lung function, yes 5.1 (67) 4.5 (123)

Asthma, yes 5.0 (64) 6.0 (145)

Values are % (n), mean6 SD, or median (interquartile range) based on observed data. For

the included subjects, data were missing for maternal education (n 5 103), ethnicity

(n 5 13), body mass index (n 5 5), eczema (n 5 147), sensitization for food (n 5 195)
Covariates
Information on lifestyle and socioeconomic confounders, and technical

covariates were obtained from parental questionnaires, medical records, or

measurements at our research center or laboratory, and are provided in detail in

the Methods section in this article’s Online Repository.

and inhalant allergens (n 5 189), physician-diagnosed food (n 5 201) and inhalant

allergy (n 5 170), lung function (n 5 118), and asthma (n 5 172).

*P value for difference < .05.
Statistical analysis
We compared characteristics of those included and not included in our

study using Pearson’s chi-square and independent sample t-tests. Analyzing

high-throughput sequencing data is challenging, and rather than a golden stan-

dard, the use of multiple independent tools are recommended.23 Therefore, we

used both count-based and compositional approaches to examine the associa-

tions of stool microbiota with atopic diseases. All models were adjusted for

lifestyle and socioeconomic confounders, as well as technical covariates. Un-

adjusted analyses are presented in Tables E2, E4, and E6 in this article’s On-

line Repository (available at www.jacionline.org). We considered the adjusted

model as our main model for interpretation of results. Functional pathways

were predicted with PICRUSt2 (Phylogenetic Investigation of Communities

by Reconstruction of Unobserved States).24,25 The statistical analyses were

performed in R (version 4.0.0)26 using the packages microbiome,27 zCompo-

sitions,28 vegan,29 and phyloseq,30 and an analysis of composition of micro-

biomes (ANCOM) was performed with a detection cutoff of 0.60 (see Fig

E2 in this article’s Online Repository at www.jacionline.org).31 Measures of

association are presented as odds ratios (ORs) per unit increase of ASV rela-

tive abundance with their corresponding 95% CIs. Detailed information on

statistical analyses, including which functions and parameters were used,

are provided in the Methods section in this article’s Online Repository.
RESULTS

Subject characteristics
Table I shows the characteristics of the subjects. Compared with

children included in the analysis, those not included had mothers
who were lower educated, were more often of non-European
ethnicity, and had a higher body mass index (Table I). Characteris-
tics of the major phyla, families, and genera of stool microbiota of
the children included in the analyses are presented in Fig 1. Fig E3
in this article’s Online Repository (available at www.jacionline.
org) shows that themajor phyla for childrenwith any atopic disease
and without any atopic diseases are similar.
Diversity of stool microbiota and atopic diseases
In the adjusted analyses, all a-diversity indices and Aitchison

b-diversity showed that the diversity and overall compositional
variation of stool microbiota were not different between those
with and without atopic diseases, except for eczema; namely,
inverse Simpson index was associated with a decreased risk of
eczema (OR, 0.98; 95%CI, 0.97-1.00) (Table II). The Bray-Curtis
b-diversity showed that the overall compositional variation of
stool microbiota was different between children with and without
physician-diagnosed inhalant allergies only (Bray-Curtisb-diver-
sity R2 5 0.001; adjusted P 5 .047) (Table II). We observed no
associations of a-and b-diversity of stool microbiota with 2 or
more atopic diseases, compared to those with only 1 atopic dis-
ease (data not shown). Sensitivity analyses with previous in-
house–developed pipeline showed that a-diversity indices and
Bray-Curtis b-diversity were not associated with any atopic dis-
eases. Aitchison b-diversity showed that overall compositional
variation of stool microbiota was different between children
with and without physician-diagnosed inhalant allergy (Aitchison
b-diversity R2 5 0.001; adjusted P 5 .014).

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 1. Characteristics of stool microbiota of the study population (n5 1440). Left, Number of observed taxa

at each taxonomy level. Within parentheses are the number of unique ASVs identified in each taxonomic

class. Right, Donut plots of average relative abundance of the top major phyla, families, and genera. Within

parentheses are the percentage coverage of the total relative abundance for each phylum, family, and

genus.
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Differential relative abundance of stool microbiota

and atopic diseases
Table E3 in this article’s Online Repository (available at

www.jacionline.org) shows all ASVs of stool microbiota
included in the analyses, which ASVs were associated with
atopic diseases from unadjusted and adjusted ANCOM ana-
lyses, whether they belonged to the top 10% or 25% of the
most abundant ASVs, and the percentage of samples that
contained the ASV. The associated ASVs with atopic diseases
are depicted in Fig E4 in this article’s Online Repository
(available at www.jacionline.org). In the adjusted
ANCOM and logistic regression analyses, Lachnospiraceae_
unknowngenus_5 was associated with a decreased risk
of eczema (OR, 0.88; 95% CI, 0.79-0.96) and with a
decreased risk of sensitization for inhalant allergens (OR,
0.94; 95% CI, 0.89-0.98) (Table III). Ruminococcaceae_
UCG-005_unknownspecies_2 and Christensenellaceae_R-
7_group_unknownspecies_2 were associated with a decreased

http://www.jacionline.org
http://www.jacionline.org


TABLE II. Associations of a- and b-diversity with atopic diseases at 10 years of age

Eczema

(n 5 1217)

Sensitization

for food

allergens

(n 5 1156)

Sensitization

for inhalant

allergens

(n 5 1161)

Physician-

diagnosed

food allergy

(n 5 1169)

Physician-

diagnosed

inhalant allergy

(n 5 1197)

Obstructive

lung function

(n 5 1229)

Asthma

(n 5 1192)

a-diversity, OR (95% CI)

Chao index 1.00 (0.99-1.01) 1.00 (1.00-1.01) 1.00 (1.00-1.00) 1.00 (0.99-1.01) 1.00 (0.99-1.00) 0.99 (0.99-1.00) 1.00 (0.99-1.01)

Shannon index 0.75 (0.45-1.30) 1.46 (0.78-2.88) 1.03 (0.75-1.42) 0.81 (0.35-2.14) 0.78 (0.51-1.20) 0.76 (0.44-1.40) 0.85 (0.46-1.68)

Inverse Simpson index 0.98 (0.97-1.00)* 1.01 (0.99-1.03) 1.00 (0.99-1.01) 0.99 (0.96-1.02) 0.99 (0.98-1.00) 0.99 (0.97-1.00) 0.99 (0.97-1.01)

b-diversity, R2 (P value)

Bray-Curtis 0.001 (.552) 0.001 (.964) 0.001 (.683) 0.001 (.230) 0.001 (.047)* 0.001 (.548) 0.001 (.559)

Aitchison 0.001 (.787) 0.001 (.703) 0.001 (.494) 0.001 (.368) 0.001 (.119) 0.001 (.216) 0.001 (.850)

ORs (95% CIs) are from adjusted logistic regression models for adiversity, and R2 (Benjamin-Hochberg–adjusted P values) are from adjusted permutation analysis of variance

analysis for 999 iterations for b-diversity. Models were adjusted for maternal education, child’s sex, ethnicity, body mass index at 10 years of age, antibiotic use in the past 3

months, DNA isolation batch, and general collection time.

*P < .05.

TABLE III. Differential relative abundance of stool microbiota and atopic diseases at 10 years of age

ASVs OR (95% CI)

Eczema Lachnospiraceae unknowngenus_5 0.88 (0.79-0.96)**

Sensitization for inhalant allergens Lachnospiraceae unknowngenus_5 0.94 (0.89-0.98)**

Physician-diagnosed inhalant allergy Ruminococcaceae_UCG-005 unknownspecies_2 0.89 (0.82-0.96)**

Christensenellaceae_R-7_group unknownspecies_2 0.94 (0.88-0.99)*

Agathobacter unknownspecies 1.23 (1.08-1.42)**

Subjects included for the adjusted ANCOM and adjusted logistic regression analyses for eczema (n 5 1217), sensitization for food allergens (n 5 1156), sensitization for inhalant

allergens (n 5 1161), physician-diagnosed food allergy (n 5 1169), physician-diagnosed inhalant allergy (n 5 1197), lung function (n 5 1229), and asthma (n 5 1192). Models

were adjusted for maternal education, child’s sex, ethnicity, body mass index at 10 years of age, antibiotic use in the past 3 months, DNA isolation batch and general collection

time, and other associated ASVs with the outcome of interest. No associations were found for stool microbial ASVs with sensitization for food allergens, physician-diagnosed food

allergy, lung function, and asthma at 10 years of age.

*P < .05.

**P < .01.
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risk of physician-diagnosed inhalant allergy (OR, 0.89; 95% CI,
0.82-0.96. and OR, 0.94; 95% CI, 0.88-0.99, respectively),
while Agathobacter_unknownspecies was associated with an
increased risk of physician-diagnosed inhalant allergy (OR,
1.23; 95% CI, 1.08-1.42). No associations were observed for
specific ASVs of stool microbiota with sensitization for food
allergens, physician-diagnosed food allergy, lung function, and
asthma in the adjusted ANCOM analyses. No specific ASVs
were associated with 2 or more atopic diseases compared to
only 1 atopic disease in the adjusted ANCOM analyses (data
not shown). Sensitivity analyses with the previous in-house
developed pipeline showed similar results for Lachnospiraceae
genus with sensitization for inhalant allergens (OR, 0.99; 95%
CI, 0.99-1.00) and Ruminococcaceae_UCG-005 species and
Christensenellaceae_R-7_group species with physician-
diagnosed inhalant allergy (OR, 0.99; 95% CI, 0.98-1.00, and
OR, 1.00; 95% CI, 1.00-1.00).
Functional pathways of stool microbiota and atopic

diseases
Table E5 in this article’s Online Repository (available at

www.jacionline.org) shows all identified functional pathways
based on the full ASV table using PICRUSt2 and that were
associated with atopic diseases. In the adjusted ANCOM and
logistic regression analyses, N-acetylneuraminate catabolism
was associated with a decreased risk of sensitization for food
allergens (OR, 0.71; 95% CI, 0.54-0.92) (Table IV).
Ethylmalonyl-coenzyme A, L-leucine degradation I, adenosylco-
balamin biosynthesis I (anaerobic), and aerobic respiration I
(cytochrome c) pathways were associated with a decreased risk
of sensitization for inhalant allergens in the adjusted ANCOM
analyses, but the associations attenuated to nonsignificant in the
adjusted logistic regression analyses (OR range, 0.80-1.16; 95%
CI range, 0.60-1.08 to 0.98-1.41). L-lysine biosynthesis II
pathway was associated with a decreased risk of
physician-diagnosed food allergy (OR, 0.67; 95% CI,
0.52-0.89) in the adjusted ANCOM and logistic regression ana-
lyses. Geranylgeranyl diphosphate biosynthesis I (via
mevalonate) and superpathway of heme b biosynthesis from
glycine were associated with a decreased risk of physician-
diagnosed inhalant allergy (OR, 0.90; 95% CI, 0.83-0.98, and
OR, 0.92; 95% CI, 0.85-0.99, respectively), while the identified
pathways of taxadiene biosynthesis and methylphosphonate
degradation I from adjusted ANCOM analyses attenuated to
nonsignificant in the adjusted logistic regression model (OR,
0.89; 95% CI, 0.78-1.01, and OR, 0.94; 95% CI, 0.85-1.06,
respectively). The superpathway of heme b biosynthesis from
glycine and L-glutamate degradation V (via hydroxyglutarate)
were associated with a decreased risk of asthma (OR, 0.89;
95% CI, 0.80-0.99, and OR, 0.88; 95% CI, 0.79-0.99,
respectively), while the association of taxadiene biosynthesis
with a decreased risk of asthma in adjusted ANCOM analyses
attenuated to nonsignificant in the adjusted logistic regression
(OR, 0.86; 95% CI, 0.73-1.02). No specific functional pathways
of stool microbiota were associated with eczema or lung function.

http://www.jacionline.org


TABLE IV. Associations of functional pathways of stool microbiota with atopic diseases at 10 years of age

Functional pathway OR (95% CI)

Sensitization for food allergens N-acetylneuraminate catabolism; sialic acid degradation 0.71 (0.54-0.92)**

Sensitization for inhalant allergens Ethylmalonyl–coenzyme A pathway 0.80 (0.60-1.08)

L-leucine degradation I pathway 0.91 (0.75-1.09)

Adenosylcobalamin biosynthesis I (anaerobic) pathway 1.16 (0.98-1.41)

Aerobic respiration I (cytochrome c) pathway 1.01 (0.94-1.07)

Physician-diagnosed food allergy L-lysine biosynthesis II pathway 0.67 (0.52-0.89)**

Physician-diagnosed inhalant allergy Taxadiene biosynthesis 0.89 (0.78-1.01)

Geranylgeranyl diphosphate biosynthesis I (via mevalonate) 0.90 (0.83-0.98)*

Superpathway of heme b biosynthesis from glycine 0.92 (0.85-0.99)*

Methylphosphonate degradation I pathways 0.94 (0.85-1.06)

Asthma Superpathway of heme b biosynthesis from glycine 0.89 (0.80-0.99)*

L-glutamate degradation V (via hydroxyglutarate) 0.88 (0.79-0.99)*

Taxadiene biosynthesis 0.86 (0.73-1.02)

Subjects included for the adjusted ANCOM and adjusted logistic regression analyses for eczema (n 5 1217), sensitization for food allergens (n 5 1156), sensitization for inhalant

allergens (n 5 1161), physician-diagnosed food allergy (n 5 1169), physician-diagnosed inhalant allergy (n 5 1197), lung function (n 5 1229), and asthma (n 5 1192). Models

were adjusted for maternal education, child’s sex, ethnicity, body mass index at 10 years of age, antibiotic use in the past 3 months, DNA isolation batch and general collection

time, and other associated pathways with the outcome of interest. No associations were found for stool microbial functional pathways with eczema and lung function at 10 years of

age.

*P < .05.

**P < .01.
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No specific functional pathways were associated with 2 or more
atopic diseases compared to only 1 atopic disease (data not
shown).
DISCUSSION
In this population-based prospective cohort study among

children 10 years of age, we observed that the diversity, relative
abundance, and functional pathways of stool microbiota were
associated with physician-diagnosed inhalant allergy. Associa-
tions of diversity, relative abundance, and functional pathways of
stool microbiota with other atopic outcomes were less consistent.
Comparison with previous studies
Compared to our previous study on diversity, and composi-

tional and functional differences of stool microbiota of children
and adults, the top 4 major phyla and the top 10 major families
remained the same, and of the top 24 most abundant genera were
also in the top 30 genera of the in the current study population.8 In
addition, we gained more unique ASV numbers on each taxo-
nomic level using the DADA2 pipeline with the final dataset,
including 1443 different ASVs in the current study compared to
661 operational taxonomic units in our previous study. We
observed that inverse Simpson index (a-diversity) of stool micro-
biota was associated with a decreased risk of eczema only and not
with other current atopic diseases at 10 years of age. We observed
that the overall composition of stool microbiota, based only on
Bray-Curtis b-diversity, is different in children with and
without physician-diagnosed inhalant allergy at 10 years of age.
A recent systematic review of previous cohort and case-control
studies performed in children mostly before the age of 6 months
showed associations of a-diversity of stool microbiota with
eczema, inhalant and food allergies, and asthma, while studies
performed in older children using modern sequencing methods
showed conflicting results.6 Therefore, the relative abundance
of stool microbiota might be more important in atopic diseases
at school age than the diversity of stool microbiota. The ASVs
that we identified as being associated with atopic diseases at 10
years were in line with results of previous studies among children
younger than 5 years. These demonstrated that genera from Lach-
nospiraceae, Ruminococcaceae, and Prevotellaceae families, and
higher taxonomic order of Clostridiaceae measured at 0 to 2 years
of age were associated with atopic diseases at 0 to 8 years of age.6

However, the direction of associations between specific stool mi-
crobiota and atopic diseases was not consistent. For example, the
family of Lachnospiraceae and the order of Clostridiaceae were
associated with both increased and decreased risks of atopic dis-
eases.6 The differences in results of diversity and relative abun-
dance of stool microbiota with atopic diseases in our and
previous studies might be due to differences in characteristics
of children included in the analysis, such as age and geographic
location, and the prospective or cross-sectional design. It might
be more challenging to find associations of stool microbiota
with atopic diseases in older children, because the complexity
of gut microbiota increases with age, despite its stabilization in
later life.8 Also, the heterogeneity of the bioinformatics and sta-
tistical approaches of the studies due to the compositional
nature of stool microbiota data, and limitation of sequencing tech-
nique could explain the differences in results.10 Homogenization
of microbiota tables is needed to adequately compare results of
gut microbiota with atopic diseases between different studies.
Future studies should analyze gut microbiota at lower taxonomic
levels because specific microbial species within a genus may in-
fluence atopic diseases differently.

No specific functional pathways of stool microbiota were
consistently associated with all atopic diseases, which might be
explained by differences in the etiology of atopic diseases, and
only a small proportion of children that follows the atopic march
in our population-based cohort.32-34 The most consistent observa-
tions included functional pathways related to heme and terpenoid
biosynthesis, which were associated with decreased risks of
physician-diagnosed inhalant allergy and asthma. Taxadiene
biosynthesis, geranylgeranyl diphosphate biosynthesis I (via me-
valonate), and mevalonate pathway I (eukaryotes and bacteria)
are part of the pathway class of biosynthesis of terpenoids, which
are a class of naturally occurring organic compounds, derived
from 5 carbon isoprene units, and often used in cosmetics,
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pharmaceuticals, or biofuels.35 Murine studies showed that me-
valonate biosynthesis plays a role in TH2 cell differentiation
and that inhibiting mevalonate pathway can lower the allergic
inflammation and airway hyperreactivity, making it a possible
novel therapeutic target for atopic diseases.36,37 This is in line
with findings of a recent review suggesting that terpenoids have
anti-inflammatory effects and might be effective in treating respi-
ratory inflammation and atopic dermatitis.38 Although the spe-
cific superpathway of heme b biosynthesis from glycine has not
been previously found to be associated with atopic diseases,
hemeoxygenase-1 protein, which catabolizes heme to biliverdin,
free iron and carbon monoxide, is increased in murine lung tissue
in allergic airway inflammation and in skin lesions of patients
with eczema.39,40 In addition, iron-deficiency has also been
related to increased risk of atopic diseases, possibly through
changes in the gut microbiome.41 Interestingly, we observed
that N-acetylneuraminate catabolism (also known as sialic acid
degradation) pathway was associated with a decreased risk of
sensitization of food allergens. Furthermore, this finding might
explain the increased sialic acid content that a recent study found
on total IgE from individuals with a peanut allergy as compared to
those without any allergies.42 We did not observe an association
of N-acetylneuraminate catabolism with physician-diagnosed
food allergy, which might be due to the used definition of allergy.
Allergic sensitization measured by skin prick tests reflects chil-
dren who are sensitized but partly do not experience symptoms
of food allergy. Another interesting observation included the asso-
ciation of L-glutamate degradation V (via hydroxyglutarate) with
a decreased risk of current asthma. Via this pathway, bacteria are
able to ferment amino acids into short chain fatty acids among
other products. This observation supports the hypothesis of short
chain fatty acids having anti-inflammatory properties and its asso-
ciation with decreased risks of atopic diseases.43,44
Interpretation of results
To the best of our knowledge, our study is among the few

studies to examine the associations of stool microbiota with
atopic diseases in school-age children from the general popula-
tion. Our results contribute to the body of knowledge on the role
of gut microbiota in the development of atopic diseases in later
childhood. We observed no consistent associations of gut micro-
biota with eczema, allergy, and asthma using DADA2 pipeline
and our previously in-house–developed pipeline, which suggests
that the role of gut microbiota on atopic diseases might be limited
in later childhood. The relation between gutmicrobiota and atopic
diseases might be influenced by the severity of the condition,
steroid use, and persistence of atopic diseases. Therefore,
observations might be different in hospital population– or
individual-based levels, when children have multiple and persis-
tent atopic diseases, and greater disease severity. Furthermore,
due to the cross-sectional design of our study, we could not
examine the influence of early life gut microbiota on later life gut
microbiota and subsequently on atopic diseases in later life. Our
observations that diversity and relative abundance of stool
microbiota were not prominently associated with atopic diseases
at school age support the hypothesis of an ‘‘early window of
opportunity’’ in which the gutmicrobiota plays anmore important
role in the maturation of the immune system in early childhood
and to a lesser extent in later childhood.45 This has also been sug-
gested by murine studies that showed that changes in gut
microbiota in neonatal mice, but not in adult mice are associated
with the of development of atopic diseases.46,47 Gut microbiota
protect the host from potential pathogenic colonization,
contribute to the intestinal barrier function, and help develop
and regulate the immune system.5 Especially in early childhood,
when maturation of the gut and immune system is still ongoing,
disruption of systems contributing to the maturation of the gut
and immune system might increase the risk of developing atopic
diseases. Regulatory T cells play an important role in the immune
responses to allergens, the regulation of TH2 cells, and the produc-
tion of IgE.48 Gut microbiota can induce the differentiation of reg-
ulatory T cells and reduce proinflammatory cytokines through
different pathways, such as via the production of short-chain fatty
acids leading to activation of G protein–coupled receptor
signaling pathways and epigenetic changes.45 Also, gut micro-
biota might affect atopic diseases through interaction with other
microbiota, such as on the lung or skin.49,50 Gut bacteria and their
metabolites can migrate to the blood, the lymphatic system, skin,
and lung via an impaired intestinal barrier and can produce short
chain fatty acids that can exhibit antimicrobial effects against, for
example, Staphylococcus aureus, which on the skin and nose has
been associated with increased risk of eczema and eczema
severity.49,50 Our study was designed cross-sectionally and pro-
spective cohort studies should examine the role of early life mi-
crobiome and its longitudinal development on later life atopic
diseases.
Strengths and limitations
The strengths of this study include its cross-sectional design

within a well-characterized population-based prospective study, a
large number of subjects, and examining stool microbiota with
atopic diseases at school age using a combination of composi-
tional and noncompositional approaches. Also, we used novel and
open-source microbiome analysis tools such as DADA2 and
PICRUSt2, which enable better comparison with other (future)
studies, because the used DADA2 pipeline produced sequences
reads with counts that can be compared directly across studies.9,24

However, limitations of this study should also be considered in the
interpretation of the results. Children not included in the analyses
had less favorable socioeconomic factors, were more often of
non-European ethnicity, and had a higher bodymass index, which
could have resulted in selection bias if the associations of gut mi-
crobiota with atopic diseases would have been different in chil-
dren included and not included in the analysis. Nondifferential
misclassification of eczema, asthma, and physician-diagnosed al-
lergies remains possible due to collection via self-reported ques-
tionnaires and might have led to dilution of results. We used
validated questionnaires tominimize this bias.15,51 In addition, re-
sidual confounding might still be present as in any observational
study. Besides inhaled asthma medication, no information was
available on steroid use. However, on a population level most
atopic diseases are of mild severity, and therefore the effect of ste-
roid use on the associations of stool microbiota with atopic dis-
ease will most likely be constrained. Furthermore, although the
16S rRNA gene amplification and shotgun metagenomics ap-
proaches provide different information, the phylogeny and
biomolecular function have been shown to be strongly corre-
lated.25 Shotgun metagenomic sequencing would allow greater
precision in the functional predictions obtained from PIC-
RUSt2.28 Unfortunately, metagenomic profiling was not available
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considering the high costs of performing shotgun sequencing in
our large population-based cohort. Also, high interindividual
variability of the gut microbiota and high dimensionality of the
microbiota data can hinder the power of analysis. Uniform and
harmonized methodological approaches for better identification
and comparison of results between large-scale studies are ur-
gently needed.52 Lastly, although we consider the applied
methods as the most appropriate following the current standards
set in the field, analytical tools in the field of microbiota are still
developing and as such results may depend on the method
applied. While microbiome profiling methods continue to evolve
further, our study already provides some leads that await replica-
tion to confirm the involvement of the gut microbiota in the etiol-
ogy of atopic diseases.
CONCLUSIONS
We observed that the diversity, relative abundance, and

pathways derived from stool microbiota were consistently
associated with physician-diagnosed inhalant allergy and less
consistently with current eczema, food allergy outcomes, and
asthma at school age. The role of stool microbiota on atopic
diseases therefore seems limited in later childhood. Despite the
relatively large sample of our study, we cannot exclude that weak
associations with other atopic diseases were not detected given
the large dimensionality and heterogeneity of the stool
microbiome data, and the low prevalence of some of the atopic
diseases. Additionally, the effect of the stool microbiota on atopic
diseases with a different etiology might differ. Future large-scale
studies should repeatedly examine the longitudinal associations
of stool microbiota and atopic diseases from infancy to school
age. This might clarify any age-specific influences of gut
microbiota on the development of atopic diseases throughout
childhood.
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Clinical implications: This study observed consistent associa-
tions of gut microbiota with inhalant allergy, and less consistent
associations with eczema, food allergy outcomes, lung function,
and asthma, which suggest that the role of gut microbiota on
atopic diseases in later childhood is limited.
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