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Abstract 

Background Microbiome dysbiosis can have long-lasting effects on our health and induce the development 
of various diseases. Bronchopulmonary dysplasia (BPD) is a multifactorial disease with pre- and postnatal origins 
including intra-amniotic infection as main risk factor. Recently, postnatal pathologic lung microbiota colonization 
was associated with BPD. The objectives of this prospective observational cohort study were to describe differences 
in bacterial signatures in the amniotic fluid (AF) of intact pregnancies without clinical signs or risk of preterm delivery 
and AF samples obtained during preterm deliveries and their variations between different BPD disease severity stages.

Methods AF samples were collected under sterile conditions during fetal intervention from intact pregnancies 
(n = 17) or immediately before preterm delivery < 32 weeks (n = 126). Metabarcoding based approaches were used 
for the molecular assessment of bacterial 16S rRNA genes to describe bacterial community structure.

Results The absolute amount of 16S rRNA genes was significantly increased in AF of preterm deliveries and detailed 
profiling revealed a reduced alpha diversity and a significant change in beta diversity with a reduced relative abun-
dance of 16S rRNA genes indicative for Lactobacillus and Acetobacter while Fusobacterium, Pseudomonas, Ureaplasma 
and Staphylococcus 16S rRNA gene prevailed. Although classification of BPD by disease severity revealed equivalent 
absolute 16S rRNA gene abundance and alpha and beta diversity in no, mild and moderate/severe BPD groups, 
for some 16S rRNA genes differences were observed in AF samples. Bacterial signatures of infants with moderate/
severe BPD showed predominance of 16S rRNA genes belonging to the Escherichia-Shigella cluster while Ureaplasma 
and Enterococcus species were enriched in AF samples of infants with mild BPD.

Conclusions Our study identified distinct and diverse intrauterine 16S rRNA gene patterns in preterm infants imme-
diately before birth, differing from the 16S rRNA gene signature of intact pregnancies. The distinct 16S rRNA gene 
signatures at birth derive from bacteria with varying pathogenicity to the immature lung and are suited to identify 
preterm infants at risk. Our results emphasize the prenatal impact to the origins of BPD.
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Background
Even more than 50 years after its original description, 
bronchopulmonary dysplasia (BPD) remains a highly 
prevalent and devastating morbidity following prema-
ture delivery [1]. The diagnosis of BPD poses a high risk 
of lifelong consequences for the overall health status and 
quality of life [2, 3]. Due to its pre- and postnatal mul-
tifactorial origins, therapeutic approaches to prevent 
BPD are still very restricted and of limited efficacy [4–6]. 
Prenatally, maternal preeclampsia/HELLP, intrauter-
ine growth restriction and nicotine exposure constitute 
main risk factors. Postnatally, relevant contributors to 
the evolution of BPD are oxygen toxicity and mechani-
cal ventilation. Postnatal infections aggravate the injury 
to the immature lung. Studies in experimental mod-
els demonstrated comparable pathomechanisms as 
observed during hyperoxia and mechanical ventilation 
[6]. Recently, microbiota colonization of the immature 
lung was coming into the focus of research and dysbi-
otic changes were observed in preterm infants after birth 
that later on induced BPD development [6]. However, the 
underlying clinical studies were of marked heterogene-
ity and restricted to preterm infants that required inva-
sive mechanical ventilation where tracheal aspirates were 
available [7]. In these infants, a reduced alpha and beta 
diversity was observed, which was a result a reduced 
relative abundance of Lactobacilli and an increase of 
Enterobacteriaceae. In another study, bacterial coloniza-
tion of the upper airways with Enterococcus Enterobacter 
Staphylococcus and Escherichia species was identified to 
be associated with BPD [8]. But the impact of microbi-
ota on the immature lung and the risk for BPD remains 
controversial [9]. The two largest meta-analyses on this 
topic found an association between chorioamnionitis or 
the pulmonary colonization with bacteria of the genus 
Ureaplasma and BPD, but both reports point to the 
uncertainty due to potential biases in the published data 
despite the statistically significant impact on BPD [10, 
11]. This uncertainty is strengthened by a recent large 
cohort analysis where the mode of birth, which highly 
impacts the microbial colonization at birth, had no influ-
ence on the incidence and severity of BPD [12].

This inconsistency in evidence for the role of micro-
biota in BPD development stands in contrast to the 
results from preclinical studies that unravelled the cir-
cumstances of attenuated and aggravated lung injury in 
connection to the time point and mass of bacterial colo-
nization [9]. A single prenatal lipopolysaccharide (LPS) 
stimulus in rodents induced BPD typical pathologies 
[13]. However, in foetal lambs the intrauterine coloniza-
tion with Ureaplasma did not alter air space and vascular 
development despite the induction of inflammation. The 
clinically relevant scenario of multifactorial exposures 

did not provoke a pulmonary inflammatory response 
when intra-amniotic Ureaplasma application preceded 
the exposure to LPS [14, 15]. Comparable results were 
reported when antenatal steroids were applied before 
LPS [16]. From these studies, the term immunotolerance 
induction in the lung was propagated.

While the shaping of the postnatal early life microbi-
ome has attracted particular interest [17], it is an ongoing 
controversial discussion whether the amniotic cavity rep-
resents a sterile environment as long as no rupture of the 
amniotic membranes occurs [18]. Results from molecu-
lar barcoding-based studies on amniotic fluid, placenta 
and foetal samples questioned the original statement of 
a sterile environment and quantification by realtime PCR 
prevailed low levels of microbial DNA. But the presence 
of bacterial components including their 16S rRNA gene 
cannot separate DNA leakage into the amniotic cavity 
and real living bacteria translocation [19–21].

A better understanding of the consequences of prena-
tal pathologies is a prerogative due to their high impact 
on BPD and the association of in utero microbiota struc-
tures with the pulmonary outcome in preterm infants 
has not been fully elaborated. In our prospective cohort 
study, we aimed to specify bacterial community struc-
tures in the amniotic fluid at birth in premature deliveries 
in comparison with intact control pregnancies and their 
association with the severity of BPD.

Methods
Study design, data acquisition and parameter definitions
Preterm infants < 32 weeks of gestation were prospec-
tively enrolled within the PROTECT-AIRR study at the 
perinatal centre of the university hospital of Giessen 
between July 2015 and May 2020.

Data were recorded from the electronic data manage-
ment system and paper file records as executed before 
[22]. Prenatal antibiotic therapy was counted when 
applied within the last 7 days before delivery. Small for 
gestational age (SGA) was defined as birth weight < 10th 
percentile of the German perinatal registry [23]. Noso-
comial infections were documented applying the criteria 
of the German NICU nosocomial surveillance system 
(NEO-KISS) [24]. Preterm deliveries were categorized 
as intraamniotic infection whenever one of the follow-
ing criteria was fulfilled: histologic chorioamnionitis, 
elevated AF interleukin-6 > 3600  pg/ml, intractable pre-
mature contractions under tocolytic therapy or prema-
ture rupture of membranes preceding labour.

To determine the presence and severity of BPD, the 
NICHD consensus definition was applied: Infants on 
supplemental oxygen for ≥ 28 days of life were catego-
rized as mild BPD if they were stably breathing room air 
at 36 weeks postmenstrual age. Infants with persistent 
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oxygen requirements < 30% at 36 weeks were grouped as 
moderate BPD and ≥ 30% of oxygen and/or need for posi-
tive pressure support as severe BPD. Therapy with high-
flow nasal cannulas was graded as continuous positive 
airway pressure whenever a level of 3-cm H2O or higher 
was attained and the fraction of oxygen provided by low 
flow nasal cannulas was calculated as published [24–26].

Sample collection
N = 126 infants were included into the analyses whenever 
an amniotic fluid (AF) sample was available (Fig. 1). AF 
samples from preterm deliveries were mostly obtained 
during routine caesarean section. In n = 4 cases samples 
from amniotic puncture performed immediately before 
the decision to premature delivery were used. n = 18 
patients were excluded from the analyses due to death 
before 36 weeks of gestation for non-pulmonary reasons 

(n = 7), necrotising enterocolitis or focal intestinal perfo-
ration (n = 8), cardiac surgery (n = 2) or milk aspiration 
(n = 1) due to the potential high impact on the pulmo-
nary outcome independent of the natural course (Fig. 1). 
n = 17 control AF samples were obtained under sterile 
conditions from intact pregnancies without signs for 
premature delivery during prenatal interventions with a 
median gestational age of 25 weeks that were subjected 
to prenatal intervention for clinical indication (Fig. 1).

The highly probable microbial contamination of sam-
ples during spontaneous delivery of preterm infants with 
high loads of microbiota or their particles was excluded 
as all AF samples were obtained immediately before 
delivery by amniotic puncture or during caesarean sec-
tion. AF samples were collected in sterile pyrogen-free 
protein low-bind tubes (Eppendorf SE, Hamburg, Ger-
many) and stored at − 80° until analysis.

Fig. 1 Study population flow chart. Flow chart of inclusion and exclusion of infants into the study population. Exclusion criteria included 
morbidities unrelated to the baseline pulmonary status but with high impact on the pulmonary outcome and AF samples with low reads bacterial 
signal
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Nucleic acid extraction
1.5 mL of amniotic fluid was centrifuged for 15 min 
at 14,000×g. The obtained pellet was incubated with 
lysozyme (20 mg/ml) and Proteinase K (20 mg/ml) for 1 
h at 37  °C. DNA was extracted following phenol–chlo-
roform extraction protocol as described previously [27]. 
Additionally, blank extraction samples were performed to 
identify potential contamination during DNA extraction.

Quantitative real‑time PCR
Quantitative real-time PCR of the 16S rRNA gene as 
proxy for bacterial load was performed on the ABI 7300 
Cycler (Applied Biosystems, Germany) using the fol-
lowing reaction mixture: 12.5 µl 2 × Power SYBR Green 
master mix (Thermofisher Scientific, Germany), 5 pmol 
primers (FP 16S/RP 16S) [43], 0.5  µl 3% BSA and 2 µl 
DNA template in a total volume of 25 µl. PCR condi-
tions were 10 min at 95 °C; 40 cycles of 45 s at 95 °C, 45 
s at 58 °C, 45 s at 72 °C; 10 min 72 °C; 1 cycle of 15 s at 
95 °C, 30 s at 60 °C, 15 s at 95 °C. All PCR products were 
checked on agarose gel. Amplification efficiency (calcu-
lated by Eff = [10^(− 1/slope) − 1]) was 90% with R2 of 
0.994. The quantified gene copy numbers were normal-
ized to 1 ml of amniotic fluid.

16S rRNA gene sequencing
Amplicon sequencing of the V3–V4 hypervariable region 
of the 16S rRNA gene was performed on a MiSeq Illu-
mina instrument (MiSeq Reagent Kit v3 (600 Cycle); 
Illumina, San Diego, CA, USA) using the universal 
eubacterial primers 347F and 803R [28], extended with 
sequencing adapters to match Illumina indexing prim-
ers. To identify potential contamination during DNA 
extraction and amplification, both extraction and PCR 
no template control samples were performed. PCR was 
done using NEBNext high fidelity polymerase (New Eng-
land Biolabs, Ipswich, USA) in a total volume of 25 µl (10 
ng DNA template, 12.5 µl polymerase, 5 pmol of each 
primer). PCR conditions were 5 min at 98  °C; 35 cycles 
of 10 s at 98 °C, 30 s at 56 °C, 30 s at 72 °C; 10 min 72 °C. 
PCR products were purified using AMPure XP beads 
(Beckman Coulter Life Sciences, Indianapolis, USA) and 
quantified via PicoGreen assay. Subsequently, indexing 
PCR was performed using the Nextera XT Index Kit v2 
(Illumina, Inc. San Diego, CA, USA) in a total volume of 
25 µl (10 ng DNA template, 12.5 µl NEBNext high fidel-
ity polymerase, 2.5 µl of each indexing primer) and the 
following PCR conditions: 30s at 98  °C; 8 cycles of 10 s 
at 98  °C, 30s at 55  °C, 30s at 72  °C; 5min 72  °C. Index-
ing PCR products were purified using AMPure XP 
beads, qualified and quantified via a Fragment Analyzer™ 
instrument (Advanced Analytical Technologies, Inc., 
Ankeny, USA) and pooled in an equimolar ratio of 4 nM.

Sequence data processing
Sequences were analysed using QIIME 2 software pack-
age release 2019.10.0 [29] with default parameters. 
FASTQ files were trimmed and merged with a mini-
mum read length of 50 and minimum Phred score of 15 
using AdapterRemoval [30]. Quality control was done 
using the QIIME 2 plugin DADA2 [31] by removing 20 
bp n-terminally and truncating the reads at position 
280 (forward) and 220 (reverse), respectively, resulting 
in unique amplicon sequence variants (ASV). For taxo-
nomic analysis, Naive Bayes classifier was pre-trained on 
the SILVA_132_QIIME release 99% using the primer pair 
347F / 803R. To exclude potential contamination, ASV 
occurring in extraction and PCR controls were removed 
from the dataset (33 and 2 ASV, respectively) (Additional 
file  1: Table  S1). Furthermore, mitochondrial sequences 
and singletons were removed. Data normalization was 
done by subsampling to 5434 reads (lowest obtained read 
number). Rarefaction curves show saturation, indicating 
that this sampling depth was sufficient for further analy-
sis. The sequence data obtained in this study are depos-
ited in the short read archive of NCBI under accession 
number PRJNA817592.

Statistical analysis
All statistics were performed in R version 4.0.5 (https:// 
www.R- proje ct. org). For qualitative parameters, Chi-
Square Test and Fisher-Test were used as appropriate, 
with Benjamini–Hochberg p value adjustment for mul-
tiple pairwise comparison. Quantitative real-time PCR 
data were analyzed using Kruskal–Wallis test and Wil-
coxon-rank sum test, respectively. Alpha diversity was 
calculated using species richness based on ASV num-
ber, Pielou’s evenness and Shannon diversity index. Beta 
diversity was analysed via unweighted and weighted 
UniFrac distance. For statistical purposes, Kruskal–Wal-
lis test, Wilcoxon-rank sum test and PERMANOVA with 
Benjamini–Hochberg p value correction for multiple 
comparisons was used. To identify microbial taxa dif-
fering between the analysed groups, generalized linear 
models accounting for zero-inflation (R packages MASS 
and pscl) were used. For model validation, residual histo-
grams, plots showing sample quantiles versus theoretical 
quantiles and plots showing residuals versus fitted values 
were checked for normal distribution and variance homo-
geneity of residuals [32]. Significant differences (p < 0.05) 
were calculated via ANOVA respective Wilcoxon and 
Kruskal–Wallis test using Benjamini–Hochberg p value 
adjustment for multiple pairwise comparisons. Addition-
ally, methods for microbiome biomarker identification 
(LEfSe) and differential expression analysis (edgeR) were 
performed to verify the model results. Plots were created 
in R using ggplot2, ggpubr and metacoder.

https://www.R-project.org
https://www.R-project.org
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Results
Cohort characteristics
In line with the published literature, AF samples of n = 38 
infants and n = 1 control rendered low reads bacterial 16S 
rRNA gene signal [33] leaving n = 70 preterm infants and 
n = 16 intact control pregnancies for the final analyses as 
presented in the flowchart in Fig.  1. Of importance, no 
systematic bias was introduced as the low read group and 
the cohort available for analysis did not differ for base-
line characteristics (Table 1). In our analysis cohort, the 
median gestational age was 28 weeks (range 23–31) and 
the median birth weight 970 g (range 360–1800). Gender 
distribution was nearly balanced with 46% females and 
76% received antenatal steroids. In line with the pub-
lished literature, 56% of all preterm infants in our cohort 
fulfilled any BPD criterion and n = 14 still depended on 
respiratory support and/or supplemental oxygen at 36 
weeks of gestation (Table 1 presenting median and quar-
tiles) [34].

Microbial signatures in intact pregnancies and preterm 
deliveries
Comparing intact pregnancies and preterm deliveries, 
bacterial load in the AF was significantly higher whereas 
the alpha diversity was reduced in the preterm deliver-
ies (Fig. 2A, B). Beta diversity showed clearly differences 
in 16S rRNA gene composition for preterm AF samples 
(Fig.  2C), with 16S rRNA gene sequences indicative for 
genera belonging to Proteobacteria, Firmicutes, Fusobac-
teria and Tenericutes differing significantly between AF 
samples of preterms and intact pregnancies. While ASV 
assigned to Acetobacter (Alphaproteobacteria) and Lac-
tobacillus (Firmicutes) were significantly reduced in pre-
term AF samples, Pseudomonas (Gammaproteobacteria), 
Staphylococcus (Firmicutes), Fusobacterium (Fusobacte-
ria) and Ureaplasma (Tenericutes) prevailed increased 
in relative 16S rRNA gene abundance (Fig.  2D). These 
results reveal for the first time a lower 16S rRNA gene 
load and higher richness in the AF of intact pregnancies 
compared to preterm deliveries.

Microbial signatures separated by BPD disease severity 
stages
To study the association of specific microbial 16S rRNA 
gene signatures in the AF at birth with the later develop-
ment of BPD, infants were separated by the severity of 
BPD into no (n = 31), mild (n = 25) and moderate/severe 
(n = 14) BPD cases where the last category comprises the 
most severely affected infants with the highest risk for 
lifetime pulmonary sequelae. As expected, infants within 
the mild and moderate/severe BPD categories were more 
immature and had a lower gestational age at birth than 

infants within the no BPD category while they did not 
differ for maternal characteristics (Table  2). No signifi-
cant differences in baseline parameters became evident 
between the two groups of infants fulfilling the BPD cri-
terion besides lower birth weight (p = 0.045) (Table  2). 
Fitting to the other respiratory variables, the maximum 
fraction of oxygen required to meet the oxygen saturation 
target was significantly increased within the first 72 h in 
infants with moderate/severe BPD reflecting the more 
compromised gas exchange at birth (Table 2).

Total bacterial 16S rRNA gene load, gene alpha and 
beta diversity did not differ between the three BPD cat-
egories (except partly increased evenness of mild BPD) 
arguing for comparable absolute abundance and diver-
sity pattern of bacterial taxa (Fig. 3A–C). However, at the 
level of single ASV, 16S rRNA sequences indicative for 
Enterococcus (Firmicutes) and Ureaplasma (Tenericutes) 
were present in higher relative abundance in the mild 
BPD compared to the no BPD group while 16S rRNA 
genes of Gardnerella (Actinobacteria) and members of 
the Escherichia-Shigella complex (Proteobacteria) dis-
played a significantly lower relative abundance (Fig. 3D). 
When infants with moderate/severe BPD were analysed 
in comparison to the mild BPD group, relative abundance 
of Proteobacteria within the Escherichia-Shigella group 
was significantly higher in the moderate/severe BPD 
cases while no significant variations were present for the 
further ASV that differed between infants with no and 
mild BPD (Fig. 3D). These species did as well not differ 
significantly in relative abundance between the no and 
the moderate/severe category. LEfSe analysis revealed 
LDA scores of 4.1–5.2 (p < 0.05), confirming those taxa 
being relevant biomarkers for the respective groups.

Discussion
Distinct 16S rRNA genes composition in intact pregnancies 
and preterm deliveries
Our study demonstrates that loads as well as compo-
sition of 16S rRNA genes differ between prematurely 
born infants immediately before their deliveries and 
intact pregnancies of comparable gestational age. The 
absolute 16S rRNA gene abundance was increased in 
preterm deliveries while alpha diversity was decreased 
and beta diversity showed a significantly altered micro-
bial community composition, arguing for important 
differences in microbial 16S rRNA gene abundance 
and composition. Our data are congruent with previ-
ous publications, where a higher vaginal bacterial load 
and a Lactobacillus poor bacterial community with the 
predominance of Ureaplasma and Fusobacterium were 
associated with preterm birth [35, 36]. The results of 
our AF samples indicate similar changes in AF bacterial 
DNA signatures immediately before premature delivery 
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Table 1 Maternal and neonatal characteristics of the total study population

Characteristics are separated for exclusion criteria for clinical morbidities and low read samples and included patients. Qualitative data is presented as n with 
proportion in brackets. Quantitative data is presented as median with  1st and  3rd Quartile in square brackets. Loss of data due to unavailability has been marked as 
“na”. For statistical analyses Wilcoxon, Chi-squared and Fisher test were used as appropriate. p-values were calculated for excluded and low-reads in comparison to the 
Included group respectively

BMI body mass index, AIS amnion infection syndrome, IUGR  intrauterine growth restriction, BPD bronchopulmonary dysplasia, ANCS antenatal corticosteroids, ROP 
retinopathy of prematurity, PVL periventricular leukomalacia, IVH intraventricular haemorrhage

Total cohort
(n = 126)

Excluded
(n = 18)

p‑value Low reads
(n = 38)

Included
(n = 70)

p‑value

Gestation [weeks] 28 [26, 29] 25 [24, 27]  < 0.001 28 [26, 29] 28 [27, 30] 0.42

Birthweight [g] 950 [700, 1293] 570 [468, 738]  < 0.001 950 [800, 1173] 970 [824, 1383] 0.27

z-score birth weight − 0.57 [− 1.11, − 0.10] − 1.65 [− 2.05, − 
0.66]

0.0024 − 0.55 [− 1.11, 0.08] − 0.41 [− 0.97, − 0.06] 0.57

z-score weight at 36 weeks 
gestational age

− 1.04 [− 1.41, − 0.54]
(na = 11)

− 1.56 [− 2.05, − 
0.89]
(na = 6)

0.09 − 0.81 [− 1.28, − 0.81]
(na = 3)

− 1.04 [− 1.36, − 0.55]
(na = 2)

0.51

Δz-score (weight 36 weeks 
gestational age – birth)

− 0.41 [− 0.74, 0.00]
(na = 11)

− 0.15 [− 0.66, 0.60]
(na = 6)

0.25 − 0.30 [− 0.62, − 0.00]
(na = 3)

− 0.48 [− 0.79, − 0.03]
(na = 2)

0.17

Small for gestational age 26 (21%) 10 (56%)  < 0.001 8 (21%) 8 (11%) 0.29

Female 56 (45%) 5 (28%) 0.20 19 (50%) 32 (46%) 0.82

Caesarean section 122 (97%) 18 (100%) 1.00 37 (97%) 67 (96%) 1

Singleton 70 (56%) 9 (50%) 0.80 20 (53%) 41 (59%) 0.70

APGAR 5’ 9 [8, 9] 8 [7, 9] 0.052 9 [8, 9] 9 [8, 9] 0.68

APGAR 10’ 10 [9, 10] 9 [9, 10] 0.068 9 [9, 10] 10 [9, 10] 0.10

Maternal age 32 [27, 36] 30 [25, 34] 0.26 33 [28, 37] 33 [29, 36] 0.66

Maternal BMI at birth 30 [26, 34] 31 [26, 34] 0.43 30 [26, 34]
(na = 4)

29 [26, 34]
(na = 1)

0.67

Nicotine 16 (13%)
(na = 2)

3 (17%) 0.70 4 (11%)
(na = 1)

9 (13%)
(na = 1)

0.98

Antibiotics before birth 36 (29%)
(na = 4)

5 (28%) 1.00 11 (29%)
(na = 3)

20 (29%)
(na = 1)

0.98

Histological chorioamnionitis 25 (20%)
(na = 4)

3 (17%)
(na = 2)

1.00 6 (16%)
(na = 1)

16 (23%)
(na = 1)

0.55

Cause for premature birth 1.00 0.47

 AIS 52 (41%) 7 (39%) 13 (34%) 32 (46%)

 HELLP/preeclampsia 28 (22%) 4 (22%) 11 (29%) 13 (17%)

 IUGR 20 (16%) 3 (17%) 5 (13%) 12 (17%)

 Other 26 (21%) 4 (22%) 9 (24%) 13 (19%)

BPD 75 (60%)
(na = 7)

11 (61%)
(na = 7)

0.0067 25 (66%) 39 (56%) 0.42

BPD severity  < 0.001 0.47

 No 44 (34%) 0 (0%) 13 (34%) 31 (44%)

 Mild 42 (33%) 3 (17%) 14 (37%) 25 (36%)

 Moderate/severe 33 (26%) 8 (44%) 11 (29%) 14 (20%)

ANCS 0.14 0.75

 None/ < 24 h 30 (24%) 4 (22%) 9 (24%) 17 (24%)

 ANCS 24 h – 7 d 68 (54%) 13 (72%) 21 (55%) 34 (49%)

 ANCS > 7 d 28 (22%) 1 (6%) 8 (21%) 19 (27%)

ROP 51 (40%)
(na = 6)

10 (56%)
(na = 6)

0.0040 18 (47%) 23 (33%) 0.20

ROP treatment 13 (10%) 6 (33%) 0.011 3 (8%) 4 (6%) 0.74

PVL 4 (3%) 2 (11%) 0.097 2 (5%) 0 (0%) 0.12

IVH 8 (6%) 3 (17%) 0.087 1 (3%) 4 (6%) 0.65

Nosocomial infection 24 (19%) 9 (50%) 0.0010 8 (21%) 7 (10%) 0.20
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but it might be possible that further taxa including Ace-
tobacter, Staphylococcus and Pseudomonas need to be 
considered. Therefore our association study might be 
suited to identify infants at risk for preterm delivery 
already before birth.

Separation of BPD disease severity stages by 16S rRNA 
genes at birth
Of highest relevance, our study provides for the first-time 
conclusive evidence that distinct AF bacterial 16S rRNA 
gene signatures immediately before delivery separate 

Fig. 2 Differences in 16S rRNA gene microbial abundance in amniotic fluid samples from preterm deliveries and intact pregnancies. A Box 
plots show the gene copy numbers of 16S rRNA gene per mL of AF samples of intact pregnancy (red) and preterm delivery (blue) and prevailed 
a significantly higher bacterial load in AF samples of preterm deliveries. B Box plots of different alpha diversity indices show that richness 
and Shannon diversity was significantly reduced in AF samples of preterm deliveries while evenness did not differ. Statistical analysis was performed 
using Wilcoxon Rank-Sum test. C NMDS plot of weighted Unifrac distances shows significant (p < 0.05) altered bacterial 16S rRNA gene community 
composition for AF samples of preterm deliveries. Statistical analysis was performed using PERMANOVA with Benjamini–Hochberg correction 
for multiple comparisons. D Heat tree including genera ≥ 0.1% of all reads. The tree shows the taxonomic information (domain to genus) 
and represents a comparison between preterm AF samples and samples of intact pregnancies. Coloured taxa are more abundant (based 
on log2-transformed ratio of median proportions) in the samples indicated (red: increased in preterm, blue: increased in intact). Significant changes 
(p < 0.05 based on Wilcoxon-Rank-Sum test with FDR correction) are marked with asterisks
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Table 2 Neonatal characteristics of patients included in the analyses separated for the severity of BPD

No BPD
(n = 31)

Mild BPD
(n = 25)

Morderate/severe BPD
(n = 14)

p‑value

Weeks 30 [29, 30] 27 [26, 28]* 25 [24, 27]*,†  < 0.001

Birth weight [g] 1390 [1140, 1475] 885 [800, 970]* 695 [575, 879]*,†  < 0.001

z-score birth weight − 0.15 [− 0.56, 0.01] − 0.58 [− 0.88, − 0.23] − 0.90 [− 1.25, − 0.42]* 0.0094

z-score weight at 36 weeks gestational age − 0.80 [− 1.11, − 0.46]
(na = 1)

− 1.02 [− 1.36, − 0.62]
(na = 1)

− 1.32 [− 1.55, − 1.09]* 0.025

Δz-score (weight 36 weeks gestational age–birth) − 0.49 [− 0.94, 0.04]
(na = 1)

− 0.50 [− 0.75, − 0.30]
(na = 1)

− 0.41 [− 0.74, − 0.25] 0.99

Small for gestational age 3 (10%) 2 (8%) 3 (21%) 0.49

Female 13 (42%) 13 (52%) 6 (43%) 0.78

Caesarean section 30 (97%) 24 (96%) 13 (93%) 0.79

Singleton 17 (55%) 14 (56%) 10 (71%) 0.57

APGAR 5’ 9 [8, 9] 9 [8, 9] 9 [8, 9] 0.76

APGAR 10’ 10 [9, 10] 10 [9, 10] 10 [9, 10] 0.50

Maternal age 33 [29, 34] 33 [25, 37] 33 [26, 36] 0.90

Maternal BMI at birth 29 [28, 37] 29 [26, 32]
(na = 1)

29 [25, 32] 0.54

Nicotine 5 (16%)
(na = 1)

3 (12%) 1 (7%) 0.73

Antibiotics before birth 9 (29%) 5 (20%)
(na = 1)

6 (43%) 0.35

Histological chorioamnionitis 7 (23%) 4 (16%) 5 (36%)
(na = 1)

0.30

Cause for premature birth 0.82

 AIS 16 (52%) 9 (36%) 7 (50%)

 HELLP/preeclampsia 4 (13%) 7 (28%) 2 (14%)

 IUGR 6 (19%) 4 (16%) 2 (14%)

 Other 5 (16%) 5 (20%) 3 (21%)

ANCS 0.073

 None/ < 24 h 10 (32%) 5 (20%) 2 (14%)

 ANCS 24 h – 7 d 10 (32%) 13 (52%) 11 (79%)

 ANCS > 7 d 11 (35%) 7 (28%) 1 (7%)

ROP 3(10%) 10 (40%)* 10 (71%)*  < 0.001

ROP treatment 0 (0%) 0 (0%) 4 (29%) 0.25

PVL 0 (0%) 0 (0%) 0 (0%) 1

IVH 1 (3%) 1 (4%) 2 (14%) 0.33

Pneumothorax 1 (3%) 0 (0%) 0 (0%) 0.60

Nosocomial infection 0 (0%) 1 (4%) 6 (42%)*,†  < 0.001

Duration invasive ventilation [d] 0 [0, 0] 0 [0,2]* 0 [0, 22]* 0.0076

Duration non-invasive ventilation [d] 8 [5, 22] 42 [32, 49]* 67 [49, 97]*,†  < 0.001

Oxygen supplementation at discharge 0 (0%) 0 (0%) 2 (14%) 0.033

Max.  FiO2 (24 h) 0.30 [0.24, 0.38] 0.34 [0.30, 0.42] 0.39 [0.33, 0.54] 0.060

Intubation within 24 h 3 (10%) 6 (24%) 6 (42%) 0.042

Max. invasive PIP (24 h)  [cmH20] 16 [15, 18]
(na = 27)

15 [15, 17]
(na = 18)

16 [8, 16]
(na = 9)

0.81

Max. invasive PEEP (24 h)  [cmH2O] 6 [6, 7]
(na = 27)

6 [6, 7]
(na = 18)

6 [6]
(na = 9)

0.63

Max. invasive MAP (24 h)  [cmH2O] 9 [9, 10]
(na = 28)

9 [8, 9]
(na = 19)

9 [8, 9]
(na = 9)

0.86

Max.  FiO2 (72 h) 30 [24, 38] 36 [30, 50]* 40 [36, 54]* 0.022

Intubation within 72 h 3 (10%) 9 (36%) 6 (42%) 0.017
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infants for different BPD disease severities. In contrast to 
the results for premature delivery, here neither the total 
16S rRNA gene abundance nor the alpha and beta diver-
sity segregated BPD categories but differences in ASV 
linked to the relative abundance of specific genera were 
observed. In AF samples of infants with mild BPD, ASV 
assigned to Ureaplasma and Enterococcus species were 
increased compared to no BPD samples. While compara-
ble trends were observed in infants with moderate/severe 
BPD, ASV linked to the Escherichia-Shigella complex sig-
nificantly differ between mild and moderate/severe BPD 
samples with Escherichia-Shigella being increased in the 
latter group. By reporting an association of prenatal AF 
16S rRNA gene-based microbial community changes and 
BPD severity, the presented data are unique and in line 
with recent association studies on the consequences of 
aberrant microbial lung colonization after birth or post-
natal infections [37, 38]. Two recent publications pro-
vided conclusive evidence, that changes in the vaginal 

microbiome and in the airway microbiome drive innate 
immune activation towards an inflammatory status of the 
metabolome [37, 39]. Although not investigated here, a 
similar connection between a dysbiotic structure of the 
AF microbiome and metabolomic alterations might be 
assumed and explain the prenatal inflammatory damage 
to the immature lung.

Results of the study in the context of published preclinical 
studies
Our clinical associations are solidified by a well-founded 
level of preclinical evidence where causal relations 
between microbial actions and BPD development were 
studied on an unprecedented level: Both prenatal and 
postnatal LPS exposure derived from Escherichia coli 
caused the typical severe hallmarks of BPD. The LPS 
effects on the immature lung were more pronounced 
with the increased dosage of LPS. Furthermore, lung 
injury could be worsened by synergistic effects of LPS 

Table 2 (continued)

No BPD
(n = 31)

Mild BPD
(n = 25)

Morderate/severe BPD
(n = 14)

p‑value

Max. invasive PIP (72 h)  [cmH20] 18 [16, 21]
(na = 27)

16 [15, 17]
(na = 16)

17 [16, 18]
(na = 9)

0.35

Max. invasive PEEP (72 h)  [cmH2O] 6 [6, 7]
(na = 27)

6 [6]
(na = 16)

6 [6]
(na = 9)

0.34

Max. invasive MAP (72 h)  [cmH2O] 9 [9, 10]
(na = 28)

9 [8, 10]
(na = 17)

9 [8, 10]
(na = 9)

0.79

Surfactant 10 (32%) 19 (76%)* 11 (79%)*  < 0.001

Surfactant doses (72 h) 0 [0, 1] 1 [1]* 1 [1]*  < 0.001

Postnatal corticosteroids 0 (0%) 1 (4%) 2 (14%) 0.048

Qualitative data is presented as n with proportion in brackets. Quantitative data is presented as median with 1st and 3rd quartile in square brackets. Not available data 
has been marked as “na”. For statistical analyses Kruskal–Wallis and Fisher test were used as appropriate. p-values indicate differences between all three groups. For 
post-hoc-analyses Wilcoxon pairwise comparison and Fisher test were used with Benjamini–Hochberg adjusting for multivariate pairwise comparison 

BMI body mass index, AIS amnion infection syndrome, IUGR  intrauterine growth restriction, BPD bronchopulmonary dysplasia, ANCS antenatal corticosteroids, ROP 
retinopathy of prematurity, PVL periventricular leukomalacia, IVH intraventricular haemorrhage, FiO2 fraction of inspired oxygen, PIP positive inspiratory pressure, 
PEEP positive endexpiratory pressure, MAP mean airway pressure

*Indicates a difference to the no BPD group with p < 0.05, † indicates a difference to the BPD 1 group with p < 0.05

(See figure on next page.)
Fig. 3 Disparities in relative but not absolute 16S rRNA gene microbial abundance in amniotic fluid samples from preterm deliveries depending 
on the BPD disease severity. A AF samples from preterm deliveries from Fig. 2 were separated for the BPD disease severity into no (red), mild (green) 
and moderate/severe (m/s, blue) BPD. Box plots show the gene copy numbers of 16S rRNA gene per ml of AF samples and prevailed no significant 
difference in total bacterial load. Statistical analysis was performed using Kruskal–Wallis and Wilcoxon Rank-Sum test with Benjamini–Hochberg 
correction for multiple comparisons, respectively. B Box plots of different alpha (diversity indices show that richness and Shannon diversity 
did not differ significantly between the samples of different disease severities while evenness of mild BPD was increased. Statistical analysis 
was performed using Kruskal–Wallis and Wilcoxon Rank-Sum test with Benjamini–Hochberg correction for multiple comparisons, respectively. C 
NMDS plot of weighted Unifrac distances shows no significant (p < 0.05) difference in bacterial 16S rRNA gene community composition for samples 
of different disease severities. Statistical analysis was performed using PERMANOVA with Benjamini–Hochberg correction for multiple comparisons. 
D Heat tree including genera ≥ 0.1% of all reads. The labelled tree on the lower left shows the taxonomic information (domain to genus) and is the 
key for the unlabelled smaller trees. Smaller trees represent a pairwise comparison between no, mild and moderate/severe (m/s) BPD. Coloured 
taxa are more abundant (based on log2-transformed ratio of median proportions) in the samples indicated in the respective tree subtitle colour. 
Significant changes (p < 0.05 based on Wilcoxon-Rank-Sum test with FDR correction) are marked with green rectangles
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and hyperoxia [13, 40]. Further elaboration of the model 
separated effects on the lung that were induced both by 
LPS or hyperoxia alone including exhaustion of anti-
oxidative capacities while cell proliferation and vascular 

development and function were particularly affected 
during the combined exposure. Probably most impor-
tant, the authors were able to ascribe adaptive immune 
responses to low dosages of LPS, and here subsequent 

Fig. 3 (See legend on previous page.)
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hyperoxia did not aggravate lung injury. In contrast, high 
dosages of LPS plus hyperoxia caused the worst BPD 
phenotype that mimics the most frequent clinical sce-
nario of excessive intraamniotic infection and subsequent 
need for postnatal supplemental oxygen [41]. Lastly and 
in line with the previous data, the germ-free conditions 
in gnotobiotic mice attenuated the pathologies of BPD 
provoked by hyperoxia, particularly inflammation that 
were traced back to the lack of preceding shaping of the 
host immune system [42]. Vice versa, prenatal antibiotic 
therapy disrupted the intestinal bacterial colonization of 
the offspring with commensals resulting in a more severe 
lung injury in the newborn hyperoxia mouse model [43]. 
When taking all these results into consideration, our 
results on the disparate microbial 16S rRNA gene signa-
tures in infants with mild and moderate/severe BPD are 
not surprising and cannot be traced back solely to dispar-
ities in clinical baseline parameters including gestational 
age and birth weight. Here, the AF samples from intact 
pregnancies of equivalent gestational age as the moder-
ate/severe BPD group substantiate our conclusions. Ure-
aplasma and most likely as well Enterococcus induce a 
restricted pro-inflammatory response or even an immu-
notolerance phenotype in animal studies [15, 40]. A 
similar phenomenon although not that pronounced was 
observed in the immune cells of premature infants [44]. 
In contrast, the overwhelming effects of bacteria of the 
Escherichia-Shigella complex with the release of LPS can 
induce a pronounced inflammatory response and lung 
injury during severe intraamniotic infection [41]. Inter-
estingly, bacteria of the Escherichia-Shigella complex 
were also highly abundant in the group of infants without 
BPD. Here, the five weeks older gestational age at birth 
and the concomitant tremendous differences in maturity 
of the lung and the immune system may account for the 
absent predisposition for severe lung injury. It needs to 
be mentioned that Paracoccus was present in about half 
of samples studied. Although mainly present in diverse 
natural environments like soil, pristine or marine sedi-
ments, members of this genus could have been isolated 
from human skin or eye, too, and were implicated in 
opportunistic infections of humans [45, 46]. However, its 
relative proportion was < 0.5% except for 3 samples and is 
therefore not of relevance to our results.

Limitations of the study
We need to acknowledge several limitations of our study. 
Most importantly, we did not investigate living bacteria 
but executed 16S rRNA gene-based sequencing in our 
study. Parallel microbial cultivation was not feasible as 
all pregnant women with preterm labour and premature 
rupture of membranes received antibiotics before deliv-
ery. Repeated sampling was not feasible as decision to 

preterm delivery and birth intervals were mostly short 
and additional prenatal sample collection by amniotic 
puncture not justifiable for ethical reasons. Thereby, we 
are unable to allocate the origin of the 16S rRNA genes 
to transmigration of living bacteria that are rapidly killed 
or leakage of bacterial particles as described in septic 
patients and healthy controls before [47–50]. Particles 
might derive from the gut, oropharynx or other micro-
bial niches of the body and transmission might be propa-
gated by maternal local or systemic inflammation in our 
setting [35, 51, 52]. Taking all these considerations into 
account, the bacterial 16S rRNA gene transmission might 
be caused by maternal inflammation and accompany 
that of inflammatory particles into the amniotic cav-
ity. Due to the nature of prematurity, some AF samples 
rendered low reads of bacterial 16S rRNA genes using 
appropriate sequencing techniques [50] and did not meet 
the threshold of > 5434 bacterial reads (which was taken 
to cover the microbial diversity within the sample based 
on rarefaction curve analysis) [33] preventing analysis of 
all samples collected. A systematic bias was excluded as 
cohort characteristics did not differ between excluded 
and included patients (Table 1). Furthermore, we cannot 
completely exclude sampling contamination. But such 
selective contamination of the sampling environment 
of the abdominal skin within one isolated surgery room 
used are unlikely. These limitations need to be carefully 
addressed in subsequent studies to clarify the presence 
of a livid intra-amniotic microbiome and its origin. The 
restriction in sample size derives from the single cen-
tre approach and is too low to further separate beyond 
the severity stage of BPD. Therefore, we were unable 
to respect the causes of preterm delivery, particularly 
for intraamniotic infection. This needs to be addressed 
within future larger scaled prospective multicentre stud-
ies. Furthermore, the number of samples available for 
analyses from intact pregnancies (n = 16) compared to 
the AF samples of preterm deliveries (n = 70) and the 
fraction of preterm infants developing moderate/severe 
BPD (n = 14 of n = 70) was limited.

Our cohort displays heterogenous baseline character-
istics between infants without and with BPD. The high 
disparities for the gestational age at birth derive from the 
nature of BPD as immaturity of the lung constitutes the 
main risk factor. But it needs to be stated that nearly all 
very immature infants < 28 weeks of gestation develop 
more or less pronounced restrictions in lung function. 
Therefore, the focus on the comparison of mild and 
moderate/severe BPD cases is of higher relevance. The 
addition of AF samples from control pregnancies might 
expand our knowledge of our study on the differences 
in 16S rRNA genes [53]. Our data argue towards focus-
sing on disease severities of BPD instead of comparing 
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the yes/no criterion that compares infants of completely 
different prerequisites. From all these considerations 
it becomes clear that our data are not suited to specify 
the causality between Ureaplasma or Enterococcus colo-
nization and the outcome of mild restrictions in lung 
function, but a more severe BPD disease severity in con-
nection to Escherichia-Shigella species.

Conclusions
Overall, our results provide first-time evidence that 
microbial 16S rRNA gene signatures in the AF at birth 
differ between BPD disease categories. These data have 
the potential to guide future research directions towards 
the prenatal origins of BPD. The clear distinction of 16S 
rRNA gene microbiome signatures between intact preg-
nancies and preterm deliveries and the association with 
BPD severity categories in a limited number of partici-
pants argues towards a relevant impact on BPD. Future 
studies need to specify whether microbiota shaping 
therapies or immunomodulatory properties constitute 
appropriate therapeutic approaches or whether both 
aspects need to be considered as it is probably the case 
for the highly beneficial effects of breast milk to prevent 
BPD [54, 55]. A detailed knowledge on the mutual inter-
ference of microbiome structures and the immune sys-
tem in the clinical arena can deliver the basis to bridge 
the insights from preclinical studies to the clinics and 
to direct future research strategies to prevent BPD. Our 
results argue that it might be necessary to initiate such a 
strategy before delivery. Finally, our results of distinct 16S 
rRNA gene-based microbiota signatures in different BPD 
disease categories demand such evaluation within further 
lung diseases and beyond and might give rise to a novel 
mechanistic concept of drivers of disease severity.
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