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Abstract
Background: Atopic eczema often develops in the first year of life, when the composi-
tion of the gut microbiota is most plastic as illustrated by the decrease in bifidobac-
teria after weaning. This may provide the opportunity for microbial stimuli and their 
environmental determinants to alter the disease course.
Objectives: To determine the role of the genus Bifidobacterium for atopic eczema in 
early childhood.
Methods: We analysed the bacterial composition in fecal samples of 618 children of 
the PASTURE (“Protection against Allergy—Study in Rural Environments”) birth cohort 
using 16S rRNA amplicon sequencing of fecal samples collected at 2 and 12 months of 
age. Atopic eczema was defined as a parent-reported doctor's diagnosis until 2 years, 
and patterns of rash symptoms were classified by latent class analysis. We applied 
mediation models to assess direct and microbiota-mediated effects of environmental 
determinants on atopic eczema.
Results: The Bifidobacterium composition observed at 2 months was inversely related 
to atopic eczema (OR = 0.68 [0.53–0.87], p = .002) and persistent rash. This associa-
tion was not seen at 12 months, when the composition of Bifidobacterium amplicon 
sequence variants (ASVs) was altered. The effect of beneficial ASVs at 2 months 
(OR = 0.72 [0.57–0.91]) was lost at 12 months (OR = 0.97 [0.76–1.24]), when distinct 
bifidobacteria tended to be positively related to late-onset rash.
Conclusions: The subgenus composition of Bifidobacterium undergoes substantial 
changes in the first year of life. The protective effect of Bifidobacterium depends on 
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1  |  INTRODUC TION

Perturbation of the gut microbiome is associated with several 
chronic diseases such as atopic eczema (AE).1,2 Disruption of the mi-
crobial homeostasis in the gut involves immunologic, metabolomic 
and neuroendocrine pathways associated with the gut-skin axis.3

AE often begins in the first year of life and follows different tra-
jectories,4–9 opening various windows of opportunity for microbial 
stimuli to alter the disease course and to provide a potential to de-
termine life-long health.9–11 One consistently demonstrated illustra-
tion of this effect is the long-lasting protection against asthma by a 
timely maturation of the gut microbiome in the first year of life,12,13 
which was recently extended to AE and other allergic diseases.14

The formation of gut microbiota begins at birth, and it has the 
greatest compositional plasticity in the first year of life when it 
transits from a Bifidobacterium-dominated composition, seen in 
exclusively breastfed infants, towards increased complexity during 
weaning.15 Thereafter, microbes continuously diversify in species 
abundance until age 2–3 years, whereupon the microbiota resemble 
an adult-like pattern.16

Though the predominant presence of Bifidobacterium at a crit-
ical period of immune maturation is well known, its involvement 
in the bacterial maturation process and relation to AE remains 
controversial.17,18

Here, we sought to evaluate how compositional matura-
tion within Bifidobacterium influences the development of AE in 
early childhood. The Protection against Allergy—Study in Rural 
Environments (PASTURE) cohort offered the opportunity to study 
the interplay of environmental determinants, the composition of the 
gut microbiome, and the development of AE in a large multi-center 
birth cohort.

2  |  METHODS

2.1  |  Study population

The PASTURE birth cohort enrolled children from rural areas of 
Austria, Finland, France, Germany, and Switzerland, of whom 50% 
were born to mothers living on a family-run livestock farm.19 Briefly, 
women were invited to participate during their third trimester of 
pregnancy. Their children were recruited at birth and followed up for 
at least 6 years.20 Additional detailed information on the children's 
health, nutrition, and farm-related exposures was gathered by using 

weekly diaries and monthly questionnaires covering the 9th to 52nd 
weeks of life (Appendix S1).20–22

All aspects of the study were approved by the local institutional 
review boards in each country (Austria: Ethikkommission für das Land 
Salzburg; Finland: The Research Ethics Committee, Hospital District 
of Northern Savo; Germany: Ethik-Kommission der Bayerischen 
Landesärztekammer; Switzerland: Kantonale Ethik-Kommission St. 
Gallen; France: Comité Consultatif pour la Protection des Personnes 
en Recherche Biomédicale (CCPPRB) Commission Informatique et 
Libertés (CNIL)). Written informed consent was obtained from the 
parents or guardians.

2.2  |  Health outcomes

Atopic eczema (AE) was defined as a parent's report of a doctor's 
diagnosis until 2 years, if not further specified. A parent's report of a 
doctor's diagnosis of AE ever at 6 years of age was additionally used 
in sensitivity analyses. Itchy rash was defined as parent-reported 
itchy rash with scratching or rubbing the skin since the last follow-up 
at 12, 18, 24, 36, 48, 60, and 72 months, respectively.

2.3  |  Microbiome analyses

Fecal samples were collected from the child's diaper at 2 and 
12 months. DNA was extracted from the fecal samples by the bead-
beating method (Appendix  S1). Amplification and sequencing of 

the ASV composition at the respective age of the infant, highlighting the importance 
of timing in prevention strategies targeting infant-microbe interactions.

K E Y W O R D S
atopic eczema, Bifidobacterium, compositional maturation, late-onset rash, persistent rash, 
subgenus composition, transient rash, window of opportunity

Key message

The composition of amplicon sequencing variants (ASV) 
within the genus Bifidobacterium undergoes substantial 
changes in the first year of life. The protective effect of 
Bifidobacterium depends on the ASV composition at the 
respective age of the infant and an early window of op-
portunity, which is closer to 2 rather than 12 months of life. 
This might explain why several intervention studies for at-
opic eczema failed: Either they might have used the wrong 
Bifidobacterium strains or beneficial Bifidobacterium strains 
might have been applied after the window of opportunity 
had closed.
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the V4 region of the 16S rRNA gene were performed as described 
previously using primers F515 and R806.23–26 Sequencing was per-
formed on an Illumina MiSeq instrument in multiple runs. The result-
ing reads were denoised using DADA2 as implemented in QIIME2 
(https://​docs.​qiime2.​org/​2024.​10).27,28 Taxonomy was assigned 
using a Naive Bayes classifier trained on the Silva 138 99% database, 
which was largely compatible with a previous classification using 
Greengenes (Figure S1).12

2.4  |  Statistical analysis

Statistical analysis was performed with R 4.3.1,29 particularly with 
the phyloseq package.30 Latent class analysis (LCA) on rash from 1 to 
6 years was performed using the R package poLCA.31

Similar to the eigengene analysis,32 we used the first axes of 
genus-specific principal component analyses (PCA) on ASVs at 
months 2 and 12, respectively. In a joint PCA, ASVs of month 2 and 
month 12 of the genus Bifidobacterium were entered in the same 
PCA. Regression models were used to determine associations be-
tween microbial variables and the outcomes or the environmental 
determinants. To compare indirect and direct effects, mediation 
models were calculated in Mplus.33 Network analyses were carried 
out using the R package NetCoMi (v1.0.3).34

3  |  RESULTS

3.1  |  Study population and health outcomes

Of the 930 children of the Austrian, Finnish, German, and Swiss 
PASTURE subpopulations, 618 children (66%) had full information 
for 16S rDNA from fecal samples collected at 2 and at 12 months 
(Figure  S2). In the 565 children (95%) with data on AE (Table  S1), 
the prevalence of a doctor's diagnosis of AE until 2 years was 15%. 
AE was already diagnosed in 0.5% and 8.5% of children at 2 and 
12 months, respectively. When asked at age 6 years, parents recalled 
an AE diagnosis in 10% of the participants. For a more symptom-
based approach to AE, we performed a latent class analysis (LCA) 
for itchy rash and detected a persistent (6% of all children) and a 
transient (10%) class, whose course was indistinguishable during the 
first 2 years but separated clearly thereafter (Figure S3). At about the 
same time point, a late-onset (12%) class emerged.

3.2  |  The development of Bifidobacterium 
within the first year

Figure  1 illustrates the relative abundance of all common gen-
era at both time points. As expected, the gut microbiota at 

F I G U R E  1 Composition of the gut microbiome at 2 and 12 months. Shown are the relative abundance values of the common (mean 
relative abundance ≥0.5%) genera at 2 or 12 months. “Rare” summarizes all taxa with a mean relative abundance below 0.5% at 2 or 
12 months, respectively. N = 618. Lower and upper hinges of the boxes denote the first and third quartiles, respectively; the bold central line 
represents the median; the whiskers extend to the most extreme data point within a distance of 1.5 times the interquartile range from the 
hinges; extreme values lie beyond the whiskers and are marked by circles.
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2 months were clearly dominated by the genus Bifidobacterium, 
whereas at 12 months the composition was more diverse, although 
Bifidobacterium still had the highest mean relative abundance (27%). 
Because of the predominance of Bifidobacterium, we focused on this 
genus and calculated for each time point a PCA based on all ASVs 
within the genus Bifidobacterium and used the primary axes (PA-2, 
PA-12) of the PCAs as representants of the Bifidobacterium composi-
tion at the respective time points.

Different ASVs correlated with PA-2 and PA-12 (Figure  S4). 
PA-2 correlated most strongly with ASV-03, which was among the 
most common ASVs at 2 months (Figure 2A) and was assigned to 
B. bifidum by an exploratory BLAST search (Table S2) supported 
by Terminal Restriction Fragment Length Polymorphism (TRFLP, 
Figure 2B).

PA-12 correlated most strongly with ASV-02 and ASV-04, 
which were compatible with B. pseudocatenulatum and B. adoles-
centis, respectively. The correlations between the main ASVs of 
Bifidobacterium were also different between the two time points as 
illustrated by differentially strong edges of the corresponding net-
works (Figure S5).

3.3  |  The effect of Bifidobacteria on atopic eczema 
within distinct time windows

PA-2 was inversely related to AE (OR = 0.68 [0.53–0.87], Figure 3A) 
consistently in all centers (Figure S6). Likewise, PA-2 was inversely 
related to persistent rash (OR = 0.60 [0.42–0.84], Figure 3A). When 
excluding children with AE diagnosed already at 2 months, the esti-
mates hardly changed (OR 0.71 [0.56–0.91] and 0.60 [0.43–0.84], 
respectively). The strong association of PA-2 with AE was independ-
ent from other measures of the intestinal microbiome at 2 months: 
α-diversity and the abundance of other bacterial genera were not 
associated with AE (Table S3, Figure S7).

In contrast to 2 months, Bifidobacterium at 12 months (PA-12) 
was not protective; rather, it was positively related to late-onset 
rash (OR = 1.28 [0.99–1.64]). Excluding children with AE already 
diagnosed at 12 months slightly increased the estimate (OR = 1.34 
[1.03–1.73]).

From this analysis it was not clear whether the opposite effects 
were caused by the ASV composition or by the time point. To dis-
entangle these effects, we summed up the relative abundance of 

F I G U R E  2 Bifidobacterium ASVs at 
2 and 12 months. (A) Boxplot of the 
relative abundance of the most abundant 
(ASV01 to ASV07) and low abundant 
ASVs (summation variable, mean relative 
abundance <0.5%) within the genus 
Bifidobacterium only. Lower and upper 
hinges of the boxes denote the first and 
third quartiles, respectively; the bold 
central line represents the median; the 
whiskers extend to the most extreme 
data point within a distance of 1.5 
times the interquartile range from the 
hinges; extreme values lie beyond the 
whiskers and are marked by circles. For 
description of ASVs see Table S2, N = 618. 
(B) Correlation of ASVs with TRFLP with 
respect to relative abundance. ASVs are 
named according Table S2. N = 618.
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    |  5 of 11DEPNER et al.

the main PA-2 ASVs. This summation score was inversely related 
to AE (OR = 0.72 [0.57–0.91], Figure 3B). In contrast, there was no 
association when applying the same score to the 12 months sam-
ples (OR = 0.97 [0.76–1.24]). When building a summation score of 
the main PA-12 ASVs, there was neither an association with AE 
(OR = 1.04 [0.82–1.32]) nor late-onset rash (OR = 1.09 [0.86–1.37]). 
Sensitivity analyses with AE at 6 years supported these results (data 
not shown).

3.4  |  The composition of Bifidobacterium ASVs 
shifts from 2 to 12 months

To better understand the shift from 2 to 12 months in the compo-
sition of the ASVs within the genus Bifidobacterium, we performed 
a further PCA including the Bifidobacterium ASVs from both time 
points, which we called the joint PCA. In analogy, we performed 
a joint PCA for all genera except Bifidobacterium. For the non-
Bifidobacterium ASVs, the first PCA axis revealed a clear separation 
of the samples from the two time points (Figure 4A,B, left panels). For 

Bifidobacterium, however, the distributions of the samples from the 
two respective time points overlapped considerably (Figure 4A,B, 
right panels). In samples taken at 2 months, high values of the first 
axis of the joint Bifidobacterium PCA (PA-J) were positively associ-
ated with AE and persistent rash (Figure 4C, left panel), thereby sug-
gesting detrimental effects of a premature loss of those ASVs that 
are typically found at 2 months. In samples taken at 12 months, how-
ever, PA-J was unrelated to AE (Figure 4C, right panel).

When reverting the orientation of PA-J, it strongly resembled 
PA-2 as illustrated by a strong correlation (rho = 0.98) and a similar 
ASV composition (Figure 5A,C). In contrast, PA-J was less strongly 
related to PA-12 (rho = 0.75) and displayed dissimilar ASV patterns 
(Figure 5B,D).

3.5  |  Environmental influences on 
Bifidobacterium and their effects on atopic eczema

Breastfeeding and older siblings were positively related to 
Bifidobacterium at month 2, whereas antibiotics and cesarean 

F I G U R E  3 Atopic eczema and 
Bifidobacterium composition at 2 and 
12 months. (A) Associations of atopic 
eczema and rash classes with primary 
Bifidobacterium axes at 2 (PA-2) and 
12 months (PA-12). (B) Associations 
of atopic eczema (AE) with various 
Bifidobacterium ASVs and a summation 
score created from the relative abundance 
of the respective ASVs. For the 
description of ASVs see Table S1. N = 565.
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section negatively impacted on Bifidobacterium at both time points 
(Figure S8). PA-2 mediated preventive effects of breastfeeding and 
older siblings and risk effects of antibiotics and cesarean section on 
AE (Figure 6) and persistent rash (Figure S9). Independently of the 
gut microbiome, a parental history of AE was a direct risk factor for 
AE (Figure 6). Direct protective effects were seen for consumption 
of shop milk and for the introduction of solid foods during the first 
year of life.

4  |  DISCUSSION

In a comprehensive analysis of more than 600 children of a population-
based cohort, we found distinct variants of Bifidobacterium related 
to the pathogenesis of atopic eczema (AE). At 2 months, members of 
Bifidobacterium were dominant and showed the strongest and most 
consistent inverse associations with AE. Between 2 and 12 months, 
the members of this genus changed profoundly in composition on 
the ASV level. The newly emerging Bifidobacterium ASVs did not 

show protective effects, and also the previously beneficial ASVs lost 
their effects by 12 months. Effects of breastfeeding or antibiotics on 
AE were partly mediated by Bifidobacterium at month 2.

An AE diagnosis may cover several features, which may vary over 
time. Dissimilar definitions might explain the large range of preva-
lence estimates in epidemiological reports, for example, 12-month 
diagnosis varying from 3% to 20% across countries.35 Here, we 
explored various aspects of AE using the full capacity of the lon-
gitudinal design of the PASTURE birth cohort. Because AE mostly 
manifests early in life, we chose a cumulative definition of parent re-
port of doctor's diagnosis until 2 years. At 6 years, we used a simple 
question covering the entire time span to focus on disease manifes-
tations that were still remembered after several years. Thus, we lev-
eraged a phenomenon we observed in the context of asthma, where 
correct parental recall of wheezing episodes better reflected clinical 
relevance than episodes that were forgotten.36

To model disease trajectories, we employed a latent class analysis 
based on symptoms, similar to other studies.4–9 We chose a 4-class 
solution for consistency with previous reports.4,9 The persistent 

F I G U R E  4 Common PCA over both 
time points (joint PCA). (A, B) Shown are 
density plots (A) and scatter plots (B) of 
the first (two) axes of the joint PCAs on 
ASVs unrelated (left) or related (right) to 
the genus Bifidobacterium. N = 618. (C) 
Associations of atopic eczema and rash 
classes with the first axis of the joint 
Bifidobacterium PCA restricted to samples 
taken at month 2 (left) or 12 (right). 
N = 565.
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class reflected an early emerging, more atopic, and clinically im-
portant phenotype, closely matching an AE diagnosis. Previous 
analyses of the PASTURE study demonstrated a strong association 
(OR = 17 [9–31]) of persistent rash with the scoring atopic dermati-
tis (SCORAD)-score at 12 months thereby supporting the validity of 
our approach.9 The transient rash class, as a self-limiting phenotype, 
may offer insight into secondary prevention. The late-onset rash 

class may be a relatively mild phenotype that nevertheless affects 
individuals for years.

Bifidobacterium is among the first bacteria to colonize the human 
gut37 and they are dominant members of the intestinal microbial 
communities during breast-feeding, typically at least for the first 
3 to 4 months.38 This is seen also in our data, where at 2 months 
of age Bifidobacterium comprised about two-thirds of all bacteria. 

F I G U R E  5 PCA over both time points versus separate time points. Barplots showing the composition of relative abundance of ASV01 
(red), ASV02 (light blue), ASV03 (dark blue), ASV04 (green), and other ASVs (gray) per sample. Samples are sorted by increasing values of the 
respective first PCA axis. In (A), the inverted first PCA axis of the joint PCA is shown. N = 618.

F I G U R E  6 Mediation model showing 
the mediation by Bifidobacterium. Shown 
are beta estimates and p-values for direct 
(blue) and indirect (green) effects with 
p < .1 in the mediation model. N = 565.

 13993038, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.70041 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [08/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 11  |     DEPNER et al.

These microorganisms are considered beneficial as reduced levels 
are associated with disease conditions.38–41 In this context it is also 
notable that mere bacterial diversity, which is very commonly asso-
ciated with health benefits, was not associated with AE during the 
first year of life.

Previous studies in young children report Bifidobacterium to be 
less common in AE patients, while in older children Bifidobacterium 
was more abundant in AE cases.42–45 This discrepancy could point 
towards a temporal shift in the effects of Bifidobacterium. Likewise 
in our study, the ASV composition of Bifidobacterium at month 12 
was associated with increased risk of late-onset rash. Instead, 
other bacterial genera emerging during the first life might exert 
protective effects at 12 months, which was beyond the scope of 
this analysis.

While adequate maturation of the microbiome has been shown 
to protect against allergic diseases,12,13 maturation too early in life 
might cause the opposite.12,46 In our study, this notion is reflected by 
the increased risk of AE due to a premature shift towards an adult-
like Bifidobacterium composition. In this regard, AE might be distinct 
from asthma where maturation of Bifidobacterium and other genera 
beyond 2 months was more relevant for disease.12

Age-related changes within bifidobacterial components are well 
known.47 Bifidobacterium longum, B. breve, and B. bifidum are gen-
erally dominant in infants, whereas B. catenulatum and B. adoles-
centis are more prevalent in adults.39 In our samples, the adult-like 
group, especially B. adolescentis, was already present at 12 months. 
In a sensitivity analysis, we used a combination of ASVs relevant to 
protection at month 2 and applied it to the 12-month samples but 
the combination no longer showed a protective effect. This phe-
nomenon suggests that protection against AE by Bifidobacterium de-
pends on a critical window and an adequate combination of species. 
Likewise, studies on species level suggested a higher prevalence of 
B. adolescentis and a lower prevalence of B. bifidum in infants with AE 
as compared to healthy infants.48,49

Many Bifidobacterium strains used in dietary probiotics belong to 
the “early” species.38 As shown here, not all ASVs of a species exert 
the same effects. This may explain why the effectiveness of probi-
otics for AE is inconsistent.50–52 Though successful prevention by 
probiotics have been reported for AE,53 a meta-analysis including 39 
randomized controlled trials involving 2599 participants aged from 
0 to 55 years did not identify a clear beneficial effect on AE symp-
toms.50 Probiotics may fail to successfully compete with established 
commensals.54 In addition, the window of opportunity, which might 
extend to prenatal exposure,55 might have been missed in some 
studies.

The main determinants of early Bifidobacterium in our analysis 
were breastfeeding, antibiotics, and vaginal delivery, which is con-
sistent with previous reports.56–58 In our study, early breastfeed-
ing protected from AE by fostering Bifidobacterium. Infant-type 
Bifidobacterium species such as bifidum, longum subsp. infantis, and 
breve share a specific ability to digest human milk oligosaccharides 
(HMO) in breastmilk, thereby profiting from a strong selective ad-
vantage.38 The most common species in our study at 2 months were 

B. longum and B. bifidum, which are producers of beneficial aromatic 
lactic acids.59

A major strength of our study is the large sample size, particu-
larly when compared to previous studies on gut microbiota and AE. 
In addition, we have covered the most important period of micro-
bial development, that is, the first year of life. Furthermore, we used 
multiple outcome definitions to capture the various aspects of AE 
in childhood.

Our study is limited in that ASVs could not be classified on a spe-
cies level with appropriate reliability due to insufficient sequence 
length. However, we were able to draw a sufficiently confident pic-
ture of infant and adult-type bifidobacterial composition utilizing an 
exploratory combined assessment of BLAST and TRFLP data. Here 
we focused on bifidobacterial subgenus composition, but we ac-
knowledge that other bacterial genera changed over time (Figure 1), 
which might stimulate future research. Although selection of chil-
dren in rural areas might reduce generalizability of findings, farm-
children studies have previously been considered informative with 
respect to environmental effects on immune-mediated diseases.

Observational studies cannot establish causality; therefore, our 
usage of a “protective effect” is conditional on future interventions, 
which need to consider an adequate ASV composition particularly 
very early in life.

Taken together, our findings highlight the importance of an ad-
equately timed maturation of the gut microbiota during the first 
year of life. In particular, Bifidobacterium showed a Janus face with 
protective and risk effects determined by their maturational stage 
in terms of ASV composition and time point of appearance. In the 
future, a disease-prone gut microbiome might be reset by a more 
targeted approach considering adequate understanding of the im-
portant bacterial strains and critical windows for intervention.
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