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Abstract
Background The effects of prenatal antibiotic exposure on respiratory morbidity in infancy and the
involved mechanisms are still poorly understood. We aimed to examine whether prenatal antibiotic
exposure in the third trimester is associated with nasal microbiome and respiratory morbidity in infancy
and at school age, and whether this association with respiratory morbidity is mediated by the nasal
microbiome.
Methods We performed 16S ribosomal RNA gene sequencing (regions V3–V4) on nasal swabs obtained
from 296 healthy term infants from the prospective Basel–Bern birth cohort (BILD) at age 4–6 weeks.
Information about antibiotic exposure was derived from birth records and standardised interviews.
Respiratory symptoms were assessed by weekly telephone interviews in the first year of life and a clinical
visit at age 6 years. Structural equation modelling was used to test direct and indirect associations
accounting for known risk factors.
Results α-Diversity indices were lower in infants with antibiotic exposure compared to nonexposed infants
(e.g. Shannon index p-value 0.006). Prenatal antibiotic exposure was also associated with a higher risk of
any, as well as severe, respiratory symptoms in the first year of life (risk ratio 1.38, 95% CI 1.03–1.84;
adjusted p-value (padj)=0.032 and risk ratio 1.75, 95% CI 1.02–2.97; padj=0.041, respectively), but not
with wheeze or atopy in childhood. However, we found no indirect mediating effect of nasal microbiome
explaining these clinical symptoms.
Conclusion Prenatal antibiotic exposure was associated with lower diversity of nasal microbiome in
infancy and, independently of microbiome, with respiratory morbidity in infancy, but not with symptoms
later in life.

Introduction
Multiple factors have been identified as contributing to respiratory symptoms in infancy in a complex,
interacting manner. These include exposure to viral infections [1], genetics [2] and environmental factors
(e.g. breastfeeding [3], exposure to antibiotics [4], air pollution [5] and tobacco exposure [6]). Evidence
emerging in recent years also suggests an important role of the nasal microbiome in the development of
respiratory morbidity. Specifically, a dominance of genera Moraxella/Streptococcus/Haemophilus and an
underrepresentation of Corynebacterium have been associated with a higher number of respiratory
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infections in the first year of life [7–9]. Even beyond infancy, early-life microbiome has been linked to the
development of subsequent asthma at school age [10, 11]. However, some studies reported no effect [12]
or found an effect on childhood asthma only in the presence of early allergic sensitisation [13].

Microbiome composition is influenced by multiple environmental factors such as breastfeeding [14] or
seasonal change [15]. Additionally, postnatal antibiotics can alter the profile [16, 17]. Moreover, a previous
study showed that postnatal antibiotic exposure increased the risk of asthma in childhood and that this
effect was partially mediated by the microbiome [17]. Despite 20–37% of pregnant women receiving at
least one antibiotic prescription during pregnancy [18, 19], the impact of prenatal maternal antibiotic use is
not well studied. There are contradicting reports on whether prenatal antibiotic exposure affects subsequent
infant respiratory morbidity [19–23] and it remains unclear whether this influences the neonatal nasal
microbiome. Furthermore, the mediating effect of the microbiome on respiratory morbidity caused by
prenatal antibiotics has only been shown in a gut microbiome mouse study [24].

To address this knowledge gap, we aimed to examine, firstly, whether the nasal microbiome at age
4–6 weeks in healthy term infants is influenced by antibiotic exposure in the third trimester of pregnancy;
secondly, whether antibiotic exposure during the third trimester of pregnancy is associated with respiratory
morbidity in the first year of life (symptoms, severe symptoms) as well as in early childhood (wheeze
between 2 and 6 years) and the presence of atopy at 6 years. Finally, we examined the mediating effect of
the nasal microbiome on the association between antibiotic exposure in the third trimester and subsequent
respiratory morbidity.

Material and methods
Study population and study sample
This study includes a subset of term-born infants with nasal swabs from the ongoing Basel–Bern Infant
Lung Development (BILD) birth cohort [25]. Infants were recruited from 2010 to 2020, before or shortly
after birth in the regions of Basel and Bern, Switzerland. Assessment in the first year of life comprised
information from perinatal records, an interview and a nasal swab at age 4–6 weeks during a visit to the
study centre, and weekly telephone interviews. At the age of 6 years, children visited the study centre for a
follow-up appointment including an interview conducted by a study physician and a skin-prick test.
Inclusion criteria for the original cohort (designed to investigate the effect of environmental factors on
respiratory health) included healthy, middle-European, white infants. Exclusion criteria were need for
neonatal respiratory support for >3 days postnatally, severe diseases of infant or mother and maternal drug
abuse. For this study additional inclusion criteria were applied: term birth (⩾37 gestational weeks), no
postnatal antibiotic exposure of infants before swab and complete follow-up for respiratory symptoms. This
resulted in 296 infants with symptom data in the first year of life and 158 infants with complete follow-up
data at age 6 years (figure 1).

The Ethics Committee of Northwestern and Central Switzerland (Basel, Switzerland) and the Bernese
Cantonal Ethics Research Committee (Bern, Switzerland) approved the study protocol and written
informed consent was obtained at enrolment and again at follow-up.

Antibiotic exposure
At study visits, mothers were asked about antibiotic exposure during each trimester of pregnancy by
trained study nurses using standardised questionnaires. We considered the third trimester as the main
exposure because this period is closest to birth and the risk of infant adverse outcomes is higher for
antibiotic exposure in late pregnancy [21, 26]. Infants were classified as exposed if mothers reported
antibiotic use during the third trimester. Infants without exposure to antibiotics in the third trimester were
considered the control (nonexposed) group. Additionally, information on infection type requiring antibiotic
treatment (e.g. respiratory, urinary tract) during each trimester was obtained at interview. Birth records
provided data on intrapartum antibiotic prophylaxis (IAP).

Microbiome sampling and processing
Anterior nasal swabs were taken from infants at age 4–6 weeks at the study centre. Following internal
protocols, bilateral nostril swabs were taken by trained study nurses using two flexible, sterile swabs
(FLOQSwabs 516CS01; Copan, Brescia, Italy) and were then placed together in a tube with 3 mL medium
(UTM-RTTM in Screw-Cap Tube; Copan). In the laboratory, the medium with nasal secretion was pipetted
into micro-screw tubes (Sarstedt, Nürnbrecht, Germany) and kept frozen at −80°C until further processing.
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Isolation of bacterial DNA from nasal swabs, amplification of the bacterial 16S-ribosomal (r)RNA gene,
and sequencing were performed by the external company Eurofins Genomics (Ebersberg, Germany) before
construction of the phylogenetic library.

The NucleoSpin Food Kit (Macherey-Nagel, Düren, Germany) and protocols from Macherey-Nagel were
used for DNA extraction. DNA-extracts amplification of the variable V3 and V4 regions of the bacterial
16S-rRNA gene was performed in 25 PCR cycles with the primer pair 357F/800R. Detailed descriptions of
16S-rRNA amplification can be found in [27]. 34 samples with a PCR product concentration <0.2 ng·μL−1

had to be excluded due to quality control. In addition, the included negative extraction controls showed
insufficient amplification, not allowing subsequent sequencing, and were therefore excluded. Equimolar
amplicon pools on the MiSeq (300PE) Platform (Illumina, San Diego, CA, USA) were used for
next-generation sequencing. Detailed descriptions are available in the supplementary materials.
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FIGURE 1 Simplified graphic overview of the workflow of the data collection and analysis. More detailed information about analysis methods can
be found in the material and methods section. PCoA: principal coordinate analysis.
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The raw sequencing reads were processed using DADA2 (version 1.18.0). The forward and reverse reads
were trimmed to the length of 280 bp and 200 bp, respectively; otherwise, default parameters were used.
Silva database version 138.1 was used for assigning taxonomy. The 16S amplicon data have been
submitted to the National Center for Biotechnology Information Sequence Read Archive database (https://
www.ncbi.nlm.nih.gov/bioproject), under accession number PRJNA944094.

All microbiome analyses were done in R (version 4.2.0) using the phyloseq package. The raw amplicon
sequence variants (ASV) table included a total of 8844 taxa. For the analysis, we removed ASVs with
relative abundance <0.1% in all samples or with no taxa annotation at the phylum level, resulting in 136
ASVs. Details about the programmes can be found in the supplementary material.

Clinical outcomes
Primary outcomes
The information on the presence and severity of respiratory symptoms (defined as presence of wheeze,
cough or breathing difficulties) during the first year of life was assessed weekly by study nurses during
structured telephone interviews. The standardised symptom score was used to define the severity of
symptoms, with score 0 indicating no symptoms, up to scores 3–4 indicating severe symptoms, as
described in [3]. The primary outcomes were 1) weeks with any respiratory symptoms and 2) weeks with
severe respiratory symptoms (defined as symptom score ⩾3).

Secondary outcome
At the age of 6 years, respiratory symptoms were assessed according to an adapted International Study of
Asthma and Allergies in Childhood questionnaire [25] by a study physician during the follow-up appointment.
Outcome measures were 1) presence of wheeze between 2 and 6 years and 2) child atopy at 6 years (defined as
presence of bronchial asthma, parent-reported rhinitis or atopic dermatitis, as described previously [28]).

Statistical analysis
Within-sample (α-diversity) and between-sample diversity (β-diversity) were calculated using the phyloseq
package. The difference in α-diversity metrics (Shannon, Simpson) and most abundant genera between
infants with and without exposure to antibiotics during the third trimester were first evaluated using the
t-test and the Mann–Whitney test, respectively. Then, a multivariable linear regression model with
adjustment (according to [29]) for birth mode (Caesarean/vaginal delivery), older siblings (yes/no), season
of swab collection (winter/spring/summer/autumn) and study centre (Basel/Bern) was used to compare
α-diversity metrics between groups. Associations of antibiotic exposure with the most abundant genera
were analysed by similarly adjusted multiple linear regression using log2-transformed count (Streptococcus
and Corynebacterium) and negative binominal regression (Staphylococcus, Moraxella, Dolosigranulum) to
account for the sparse, overdispersed count. To compare β-diversity between groups, principal coordinate
analysis (PCoA) with the Bray–Curtis distance based on ASV count and permutational multivariate
ANOVA (PERMANOVA) [30] with the same adjustments as for α-diversity metrics was used. Next, the
DESeq2 method [31], also with the same adjustments, was applied to investigate the difference in the
abundance of ASVs between the infants with and without antibiotic exposure during the third trimester.

Respiratory symptom scores with a large number of zeroes (i.e. weeks without respiratory symptoms) had
an overdispersed Poisson distribution. Thus, associations of respiratory symptoms in the first year of life
with antibiotics exposure and the microbiome were analysed using multivariable negative binomial
regression analysis adjusting for sex, birth mode, weeks of any breastfeeding, season of swab collection,
maternal atopy (defined as bronchial asthma, allergic rhinitis or atopic dermatitis; yes/no), maternal
smoking during pregnancy (yes/no), presence of older siblings, childcare (yes/no) and study centre,
according to previously established regression models [3, 32]. To assess the relationship of antibiotics
exposure in the third trimester and wheeze and atopy development in childhood, logistic regression was
used with adjustment for the same covariates. All regression analyses were performed in Stata 16
(StataCorp, College Station, TX, USA).

Mediation analysis was performed with generalised structural equation modelling in Stata 16, as done in
[17, 33]. Figure 2 shows a simplified visualisation of the mediation statistical framework.

In sensitivity analyses, we repeated all analyses with additional adjustment for IAP and performed a
subgroup analysis after excluding infants exposed to IAP from the control group. IAP was not included in
the primary analysis because it had no effect on the microbiome or respiratory morbidity. Furthermore, we
repeated the analysis after restriction of the study sample to infants of nonatopic mothers. The same
method was applied for mediation analysis.
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p-values were adjusted for Benjamini–Hochberg false discovery rate (padj-value): p<0.05 and padj<0.05
were considered as significant.

Results
Descriptive statistics
We included a total of 296 term-born infants with analysed nasal swabs, complete data for symptoms in
the first year of life, and no postnatal antibiotics before swab. Secondary outcomes at 6 years of age
include 158 children. Demographic and clinical characteristics of included infants are outlined in table 1
and, for the sample at 6 years of age, supplementary table S1. 34 (11%) children were exposed to
antibiotics in the third trimester. There was no difference in clinical characteristics between exposed and
control groups.

Association of antibiotic exposure with microbiome
α-diversity indices (Shannon and Simpson) were lower in the group of infants with antibiotic exposure in
the third trimester compared to control group in both unadjusted and adjusted analysis (figure 3a, b and
table 2). PCoA of nasal microbiome showed no difference between infants with and those without prenatal
antibiotic exposure (figure 3c; PERMANOVA p-value=0.120).

Relative abundance comparisons at genus level did not reveal significant differences between infants with
and without antibiotic exposure in the third trimester (figure 3d). In adjusted analysis, a decreased relative
abundance of Corynebacteria was found in infants exposed to antibiotics in the third trimester (coefficient
(β) −1.76, 95% CI −3.15–−0.36; p=0.014; table 2). However, after adjustment for multiple comparisons,
this association was no longer significant (padj=0.070).

Differential abundance analysis identified 14 bacterial ASVs that were differentially abundant in infants
with and without exposure to antibiotics in third trimester (supplementary figure S1), e.g. Streptococcus
mitis group (ASV7) demonstrated a lower expression in infants with third-trimester antibiotic exposure.
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FIGURE 2 Pathway of mediation effect of antibiotics exposure in third trimester on respiratory morbidity/atopy.
c: direct effect of antibiotics exposure in third trimester on respiratory morbidity/atopy after controlling for
microbiome; a×b: indirect effect of antibiotics exposure in third trimester on respiratory morbidity/atopy;
c′: total effect of antibiotics exposure in third trimester on respiratory morbidity/atopy (c′=c+a×b).
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Association of antibiotic exposure with clinical outcomes (direct effect)
Exposure to antibiotics in the third trimester was associated with increased risk of any respiratory
symptoms (risk ratio 1.38, 95% CI 1.03–1.84; padj=0.032) and severe respiratory symptoms (risk ratio
1.75, 95% CI 1.02–2.97; padj=0.041; figure 4) in the first year of life. In contrast, there was no association
of antibiotic exposure with wheeze between 2 and 6 years and atopy at 6 years (supplementary table S3).

Mediation analysis
The indirect effect represents the indirect route of antibiotics exposure, which first affects the respiratory
microbiome and then may lead to increased susceptibility to respiratory infection. As mediators, we
included α-diversity metrics, the most abundant genera and the first two principal components for
β-diversity. No mediating effect was found for all microbiome measures (figure 3, supplementary table S2),
since there was no significant association between microbiome measures and subsequent respiratory
morbidity (supplementary table S7). The total effect showing the overall association between antibiotic
exposure and respiratory morbidity was significant for respiratory and severe symptoms due to the significant
direct effect.

Sensitivity analysis
Sensitivity analysis was completed with additional adjustment for IAP, in the subgroup after excluding
infants exposed to IAP from the control group and in a subgroup which included only infants of nonatopic
mothers. However, results did not change substantially (supplementary tables S4–S6).

Discussion
To the best of our knowledge, our study is the first to show the effect of antibiotic exposure during the third
trimester on postnatal nasal microbiome. Moreover, we identified that prenatal antibiotic exposure increased
the risk of developing any respiratory symptoms in the first year of life. For severe symptoms the effect was
even stronger, but no effect persisted at 2–6 years. We did not find an association between nasal microbiome

TABLE 1 Population characteristics in the first year of life

Total No antibiotics in third
trimester

Antibiotics in third
trimester

p-value#

Infants 296 262 34
Male 155 (52.4) 139 (53.1) 16 (47.1) 0.510
Gestational age, weeks 39.7±1.1 39.8±1.1 39.7±1.1 0.619
Duration of any breastfeeding, weeks 33.1±15.7 33.1±15.5 33.5±16.9 0.886
Birth mode: Caesarean section 85.0 (28.7) 72 (27.5) 13.0 (38.2) 0.192
Postnatal age at swab, days 36.0±6.7 36.0±6.7 35.5±6.5 0.665
Season of swab collection 0.260
Winter 67 (22.6) 62 (23.7) 5 (14.7)
Spring 75 (25.3) 62 (23.7) 13 (38.2)
Summer 77 (26.0) 68 (26.0) 9 (26.5)
Autumn 77 (26.0) 70 (26.7) 7 (20.6)

Study centre: Basel 172 (58.1) 145 (55.3) 27 (79.4) 0.007
Maternal atopy¶ 91 (30.8) 85 (32.6) 6 (17.6) 0.076
Intrapartum antibiotic prophylaxis 78 (26.4) 68 (26.0) 10 (29.4) 0.667
Maternal smoking during pregnancy 12 (4.1) 10 (3.8) 2 (5.9) 0.635
Presence of older siblings 173 (58.4) 152 (58.0) 21 (61.8) 0.676
Attendance in childcare 162 (54.7) 142 (54.2) 20 (58.8) 0.610
Maternal infections in third trimester requiring antibiotic treatment
Urinary tract/gynaecological infection 16 (5.4) 16 (47.1)
Respiratory infection 8 (2.7) 8 (23.5)
ENT infection+ 4 (1.4) 4 (11.8)
Other infection§ 2 (0.7) 2 (5.9)
Unknown 4 (1.4) 4 (11.8)

Symptoms in first year, weeks 6.2±5.0 6.0±4.8 7.2±6.1 0.282
Severe symptoms in first year, weeks 0.7±1.2 0.6±1.1 1.2±1.7 0.030

Data are presented as n, n (%) or mean±SD. unless otherwise stated. ENT: ear, nose and throat; #: p-values were obtained using t-test, Mann–
Whitney test, Pearson Chi-squared test and Fisher exact test, as appropriate; ¶: defined as bronchial asthma, allergic rhinitis or atopic dermatitis;
+: defined as infection of ears, neck, throat, e.g. otitis media; §: defined as infection not classified above, e.g. gastrointestinal infection.
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and early-life respiratory outcomes, either in α-diversity, or in the abundance of genera. Furthermore, by
using mediation analysis, our findings suggest that the nasal microbiome is not a mediator of the association
of prenatal antibiotics with respiratory symptoms in the first year of life and later childhood.

In our study, infants exposed to antibiotics in the third trimester showed a lower α-diversity of nasal
microbiome. However, β-diversity was not different between infants exposed to antibiotics and the control
(nonexposed group) infants. Concerning abundance at genus level, Corynebacterium tended to be
decreased in infants exposed to antibiotics. These findings are in line with other studies reporting similar
effects of postnatal antibiotic treatment [16, 33]. Moreover, an underrepresentation of Corynebacterium
was identified as a risk profile for respiratory morbidity in infancy [8]. A previous study has already
demonstrated that an altered vaginal microbiome changes the nasal and gut microbiome of the 1-week-old
child [34]. STOKHOLM et al. [35] reported that antibiotic use during pregnancy altered the mother’s vaginal
microbiome; thus, we can explain the found changes in infants’ nasal microbiome by considering the
transmission of the mother’s altered vaginal (and other body habitats) microbiome.

Additionally, we could show an association between antibiotic exposure in the third trimester and an increased
risk of any respiratory and severe respiratory symptoms in the first year of life. These findings are comparable
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with previous studies [20, 21, 23]. In addition, we addressed the hypothesis raised by meta-analysis [19, 22],
that these results might be confounded by maternal atopy. Therefore, we accounted for this effect by adjusting
for maternal atopy in regression analyses. Furthermore, in sensitivity analysis the observed effects remained
stable after exclusion of children with atopic mothers. However, there is no effect of prenatal antibiotics on
wheeze and atopy in childhood. Even though this is plausible (as events in pregnancy are likely to become
less important over time), results for the secondary outcomes need to be interpreted cautiously since power is
low (>40% of the children have not reached the age for follow-up (6 years)).

Our data, in line with others, demonstrates no effect of α-diversity metrics on subsequent respiratory
morbidity [8, 36]. In contrast with other studies, the abundance of genera was not associated with number
and severity of respiratory symptoms [7–9, 37]. This difference in findings between studies might be
related to heterogeneous definition of the outcome (respiratory morbidity in the first year of life) and
different methodological approaches [7–9, 37]. Furthermore, the effect of prenatal antibiotics on respiratory
symptoms was not mediated by the nasal microbiome. Our findings suggest that there might be other
mechanisms linking prenatal antibiotics with respiratory morbidity. In utero infection per se may affect
fetal lung development via exposure to inflammatory cytokines leading to modification of alveolarisation
and subsequent respiratory morbidity [38, 39].

We found no evidence that IAP may affect nasal microbiome or respiratory morbidity. A meta-analysis had
reported controversial results of different studies performed with gut microbiome, noting that most of them were
conducted by inclusion of only vaginally born or breastfed infants [40]. In our cohort, additional adjustment for
IAP and exclusion of infants with IAP exposure in the control group did not change our main findings.

One of the main strengths of the current study is the prospective weekly assessment of respiratory symptoms
and possible risk factors (breastfeeding, childcare) by study nurses in a homogeneous, healthy population.
Our study also has limitations. The sample size of exposed children was, especially for secondary outcomes,
rather small. Therefore, one could not discriminate between different types of antibiotics and infections. In
addition, there were no maternal microbiome samples to test a possible causal effect of antibiotics on the
infant microbiome via altered maternal microbiome. Finally, our cohort includes healthy infants from a white,
middle-European population, which may not be generalisable to other populations and ethnicities.

In conclusion, our findings from a prospective birth cohort of healthy term infants suggest that prenatal
antibiotic exposure in the third trimester can influence the nasal microbiome at age 4–6 weeks. Moreover,
although infants with exposure to prenatal antibiotics experience more weeks with any and severe
respiratory symptoms in first year of life, the nasal microbiome is not a mediator between prenatal
antibiotics and subsequent respiratory morbidity. No effect can be seen after the first year.

These results contribute to a better understanding of the pathway of adverse effects of prenatal antibiotic
treatment on susceptibility to respiratory infection in infancy and could henceforward lead to a more

TABLE 2 Adjusted associations of antibiotic exposure in the third trimester with microbiome

Coefficient (95% CI) p-value padj-value
#

α-Diversity
Shannon −0.26 (−0.47–−0.06) 0.012 0.012
Simpson −0.11 (−0.19–−0.03) 0.010 0.012

β-Diversity
PCoA1 −0.04 (−0.14–0.05) 0.391 0.391
PCoA2 −0.08 (−0.15–0.00) 0.041 0.082

Genus
Staphylococcus −0.05 (−0.88–0.79) 0.908 0.908
Streptococcus −0.73 (−1.93–0.47) 0.231 0.593
Moraxella 0.64 (−0.95–2.24) 0.430 0.717
Dolosigranulum −0.19 (−1.39–1.01) 0.752 0.908
Corynebacterium −1.76 (−3.14–−0.38) 0.013 0.070

Linear regression was used for α-/β-diversity and for log2-transformed count of Streptococcus and
Coryebacterium. Negative binominal regression was used for Staphylococcus, Moraxella and Dolosigranulum.
Associations were adjusted for birth mode, presence of older siblings, season of swab collection and study
centre. Bold type represents statistical significance. PCoA: principal component analysis. #: adjusted p-value
(padj-value) was obtained using Benjamini–Hochberg correction for multiple comparisons within group.
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thoughtful administration of antibiotics to pregnant women. Future studies with larger numbers of exposed
infants are critical for understanding the mechanisms underlying infants’ respiratory health and nasal
microbiome associated with duration, spectrum, and indication of prenatal antibiotic treatment and for
further investigation of the effects on respiratory morbidity beyond the first year of life.

Provenance: Submitted article, peer reviewed.
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FIGURE 4 Structural equation modelling of antibiotic exposure in the third trimester and respiratory morbidity
in the first year of life mediated by Shannon index for a) any respiratory symptoms as outcome, b) severe
respiratory symptoms as outcome. Linear regression (adjusted for birth mode, presence of older siblings,
season of swab collection and study centre) was used to test an association between antibiotic exposure in
third trimester and α-diversity indices. Negative binominal regression (adjusted for sex, birth mode, weeks of
any breastfeeding, season of swab collection, maternal atopy, maternal smoking during pregnancy, presence of
older siblings, childcare and study centre) was used to assess the associations with any/severe respiratory
symptoms. Adjusted p-value (padj-value) was obtained using Benjamini–Hochberg correction for multiple
comparisons within group (e.g. direct effect α-diversity measures).
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