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Abstract

In the first days of life, the newborns’ intestinal microbiota develops simultaneously with the intestinal gut barrier and fol-
lows intestinal immunity. The mode of delivery shows significant impact on microbial development and, thus, the initiation
of the tryptophan catabolism pathway. Further antibiotics (ATB) treatment of mothers before or during delivery affects the
microbial and tryptophan metabolite composition of stool of the caesarean- and vaginal-delivered newborns. The deter-
mination of microbiome and levels of tryptophan microbial metabolites in meconium and stool can characterize intestinal
colonization of a newborn. From 134 samples from the Central European Longitudinal Studies of Parents and Children: The
Next Generation (CELSPAC: TNG) cohort study, 16S rRNA gene sequencing was performed, and microbial tryptophan
metabolites were quantified using ultra-high-performance liquid chromatography with triple-quadrupole mass spectrometry.
Microbial diversity and concentrations of tryptophan metabolites were significantly higher in stool compared to meconium.
Treatment of mothers with ATB before or during delivery affects metabolite composition and microbial diversity in stool
of vaginal- and caesarean-delivered newborns. Correlation of microbial and metabolite composition shows significant posi-
tive correlations of indol-3-lactic acid, N-acetyl-tryptophan and indol-3-acetic acid with Bifidobacterium, Bacteroides and
Peptoclostridium. The positive effect of vaginal delivery on newborns’ microbiome development is degraded when mother
is treated with ATB before or during delivery.

Key points

e Antibiotic treatment diminishes the positive effects of vaginal delivery.

e Antibiotic treatment affects metabolite and microbial composition in newborns.

e Bifidobacterium and Peptoclostridium could be the producer of indole-lactic acid.

Keywords Stool - Microbiome - Tryptophan catabolites - Kynurenine - Vaginal delivery - Caesarean delivery

Introduction

Newborns get in touch with various impacts influencing
their own microbiome. Childbirth and the first days of life
significantly affect microbial development of a newborn.
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Czech Republic mother to the child (Neu and Rushing 2011). The vagina as
2 Department of Neonatology, University Hospital Brno, Brno, an environment is rich in diverse species and beneficial for
Czech Republic the newborn, which is essential for establishing the immune
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The microbiome reflects the composition of the hospital
environment’s surroundings, which has less diversity in the
bacterial species (Shao et al. 2019). Meconium is passed
prior to stool and differs in appearance and composition
(Gosalbes et al. 2013). According to Gosalbes et al. (2013),
two clusters of microbiota composition can be distinguished
in meconium. The first cluster is dominated by Enterobac-
teriaceae, with Escherichia-Shigella as the most abundant
genus. The second cluster is dominated by Firmicutes and
lactic acid bacteria families, Leuconostocaceae, Enterococ-
caceae and Streptococcaceae. The most abundant genera in
the second cluster are Leuconostoc, Enterococcus, Lacto-
coccus, Staphylococcus and Streptococcus (Gosalbes et al.
2013). The microbiota of meconium differed as well in the
type of delivery. CD samples belonged to cluster 2 in Gosal-
bes’ study. VD meconium samples were equally distributed
between two clusters of bacterial composition (Gosalbes
et al. 2013). Stool samples have been found to differ between
the mode of delivery (Brazier et al. 2017). VD newborn
stool contained abundant genera of Bacteroides and Collin-
sella, while in CD newborn stool predominated Sarcina and
Klebsiella genera (Brazier et al. 2017). The meconium and
stool samples were investigated for the harbored microbiome
because it reflects the gut bacteria diversity for 67.7% (Zierer
et al. 2018; Inchingolo et al. 2024).

Furthermore, the microbial composition in CD newborns
is led by opportunistic pathogens, which can carry plasmids
for antibiotic resistance (Shao et al. 2019). CD is usually
accompanied by antibiotics (ATB) intake due to caesarean
prophylaxis. In VD, the ATB are given immediately prior to
delivery when the Streptococcus B is indicated in the vagina
microbiome to prevent neonatal sepsis (Verani et al. 2010;
De Tejada 2014). The ATB intake influences the microbi-
ome composition in the intestine (Elvers et al. 2020). Fur-
ther, ATB intake significantly decreased the effect on the
maturation of the immune function in the small intestine and
colon (Schumann et al. 2005).

Tryptophan (TRP) metabolites have an essential role
in keeping homeostasis in the intestine (Roager and Licht
2018), counteract inflammation (Roager and Licht 2018)
and protect from oxidative damage in the brain by passing
the blood-brain barrier (Poeggeler et al. 1999; Desbonnet
et al. 2008). Furthermore, TRP and its metabolites bind to
the aryl-hydrocarbon receptor (AhR), which is expressed by
many immune cells. Through binding of AhR, the metabo-
lites have a pleiotropic effect on many immune cell types,
including dendritic cells and macrophages, and they contrib-
ute to an anti-inflammatory environment in the gut (Scott
et al. 2020). Thus, in this study, we have quantified tryp-
tophan and TRP metabolites: anthranilate (ATA), indole-
3-acetic acid (IAA), indole-3-aldehyde (IAld), indole-
3-lactic acid (ILA), N-acetyl-tryptophan (NAceTRP) and
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kynurenine (KYN) that are formed by bacteria in the new-
born stool.

The immunoglobulin A (IGHA) is an essential key player
for mucosal immune system development in early life (Glee-
son and Cripps 2004). Newborns start to produce their own
IGHA. Normal ranges of IGHA in childhood are reached
by the end of the first year (Rule et al. 1971). The IGHA is
a significant part of breastmilk and is delivered to the infant
via breastfeeding. Thus, IGHA is not present in the new-
born’s meconium samples, but it is detected in the infant’s
stool as passed breast milk (Lisowska-Myjak and Pachecka
2007). Through this fact, IGHA can be used to differentiate
between meconium and stool (Meyer et al. 2019).

In our previous work, we quantified TRP metabolites
systemically in neonatal dried blood spots (DBS) on day
2 of the newborn’s life (Aust et al. 2021). In this follow-up
study, we developed a mass spectrometry method for the
in situ quantification of TRP and its metabolites in new-
borns’ meconium and stool. Therefore, we quantified TRP,
ATA, TAA, TAld, ILA, NAceTRP and KYN in 134 meco-
nium and stool samples. The bacterial composition of all
meconium and stool samples was assessed using 16S rRNA
gene sequencing. We investigated the relationship between
the gut microbiota and its produced TRP metabolites in the
context of gut barrier development in meconium and stool.
We studied the effect of delivery mode and ATB treatment
on newborns’ microbiome development and association with
TRP metabolite production. The differentiation could show
differences in its outcome for shaping the immune system
in the first three days of life.

Material and methods
Study design

Infants’ meconium and stool samples were collected between
day 1 and day 4 from birth from 134 neonates (20 delivered
via caesarean section and 114 delivered vaginally) at the
University Hospital Brno within the CELSPAC: TNG cohort
study (Central European Longitudinal Study of Parents and
Children: The Next Generation). The CELSPAC: TNG study
is designed as a new prospective birth cohort that will follow
up on 3000 children from their prenatal period to adoles-
cence to assess multiple factors potentially affecting chil-
dren’s health. The Multicentre and Local Ethical Committee
of University Hospital Brno, the Czech Republic, approved
this study (No. 20140409-01). Participating mothers signed
the informed consent form on behalf of their newborn baby.

Flocked swabs (Copan, Brescia, Italy) were used for sam-
ple collection, and all samples were stored at — 80 °C. Char-
acteristics of individual neonates, including gestational age,
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delivery mode, sex, birth weight, birth length, Apgar score
and medication, are shown in Supplementary Table S1.

DNA isolation from meconium/stool samples, PCR
amplification and sequencing of 16S rRNA gene

DNA isolation of 134 meconium and stool samples was per-
formed using a PowerLyzer® PowerSoil® DNA Isolation
kit (QIAGEN, Hilden, Germany), according to the manu-
facturer’s protocol. Isolated DNA was used as a template in
PCR reactions targeting the hypervariable V4 region (EMP
515-806) of the bacterial 16S rRNA gene according to the
16S Metagenomic Sequencing Library Preparation proto-
col (Illumina, San Diego, California, USA) (Supplementary
Table S2). Sequencing was performed using MiSeq Rea-
gent Kits v2 on a MiSeq 2000 sequencer according to the
manufacturer’s instructions (Illumina, San Diego, California,
USA).

Bioinformatics analysis

The raw sequence reads were pre-processed by the following
pipeline. The first step of the pipeline was demultiplexing
of reads in sequencing pools into individual samples. The
next step in the pipeline was trimming the low-quality end
of each read.

Both demultiplexing and length filtering were performed
by an in-house tool written in Python 3. Forward and reverse
reads were denoised using the DADA2 amplicon denois-
ing R package (Callahan et al. 2016). Following denoising,
the forward and reverse reads were joined using the fastq-
join read joining utility (Aronesty 2013). Finally, chimeric
sequences were removed from the joined reads using the
removeBimera function of the DADA2 R package. Tax-
onomy was determined using the usearch-consensus algo-
rithm from the microbiome analysis toolkit QIIME (v 1.9.1)
(Caporaso et al. 2011). For each input sequence, the three
closest organisms were found in the Silva v. 123 reference
database (Quast et al. 2013). The sequenced raw data were
deposited under the accession number EBI-ENA BioProject
PRJEB79120.

Chemicals and reagents

Metabolomics isotope-labelled standards on carbon [13C6],
[13C11], nitrogen [15N2], or deuterium [2D4] were used.
Isotope-labelled [13C6] indole-3-acetic acid (cat. #0317333)
was purchased from OlChemIm s.r.o. (Olomouc, Czech
Republic). Isotope-labelled [13C11] [15N2] L-tryptophan
(cat. #574597), purity > 98%, was purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Isotope-labelled
[2D4] L-kynurenine (cat. #DLM-7842-PK), purity of 95%,
was purchased from Cambridge Isotope Laboratories,

Inc. (Tewksbury, Massachusetts, USA). Isotope-labelled
[13C6] anthranilic acid (cat. #PR-24225), purity 99%, was
purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
Liquid chromatography-mass spectrometry (LC-MS) grade
acetonitrile (ACN) (cat. #0013687802BS) and isopropanol
(cat. #0016267802BS) were purchased from Biosolv BV.
Formic acid (FA) for mass spectrometry (cat. #94318) was
purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
Deionized water was produced using Millipore Simplicity
185 ultrapure water system (Merck Millipore corp. Billerica,
Massachusetts, USA).

The chemical standard of L-tryptophan (cat. #51145)
(TraceCERT®), N-acetyl-tryptophan (cat. #PHR1177),
indole-3-acetate (cat. #45533), purity 98%, L-kynurenine
(cat. #K8625), purity >98%, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The chemical standard
indole-3-carboxaldehyde (cat. #A15330), purity 99%, was
purchased from Alfa Aesar (Haverhill, MA, USA). The
standard of indole-3-lactic acid (> 97%) (cat. #SC-255130),
purity >97%, was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

Proteomics analysis

Target and total protein analysis of meconium and stool sam-
ples from 134 newborns was previously described by Vidova
et al. (2021). The protein IGHA 1 +2 can be found under the
accession number P01876 +P01877 (Vidova et al. 2021).

Metabolite extraction protocol

Prior to extraction, samples were taken out of the — 80 °C
freezer and left at lab temperature for 30 min. One millilitre
of 80% isopropanol was added into a vial with a stool swab
and extracted in an orbital shaker (5 min, 1600 rpm). Then,
the sample was centrifuged (2 min, 12,000 X g). Fifty micro-
litres of the extract was pipetted into a new vial and dried
out in a vacuum concentrator for 30 min (Savant SPD121 P
SpeedVac, Thermo Fisher, Waltham, MA, USA). The dried
extract was resolved with a solution of 5% isopropanol con-
taining isotopically labelled standards with a concentration
of 50 nM [13C6] ATA, 200 nM [13C6] IAA, 50 nM [2D4]
KYN and 2000 nM [13C11] [15N2] TRP. Dissolution was
supported using ultrasonic bath (1 min, 37 °C).

Metabolomics UHPLC-SRM assay

Samples were analysed using ultra-high-performance liquid
chromatography (UHPLC) and tandem mass spectrometry
(MS/MS) using selected reaction monitoring (SRM) mode.
Samples were injected (2 L) on the UHPLC system (1260
Infinity IT) from Agilent Technologies (Santa Clara, Califor-
nia, USA) equipped with Acquity UHPLC CSH C18 column
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(100x 2.1 mm, 1.7 pm) and VanGuard ACQUISITY UPLC
CSH C18 (5% 2.1 mm; 1.7 pm) pre-column from Waters
(Waters GmbH, Eschborn, Germany). The column was ther-
mostated at 40 °C. The following mobile phases were used:
A (0.1% FA in water) and B (0.1% FA in 95% ACN) at a 0.3
mL/min flow rate. The gradient elution program (0-14.0
min) with equilibration step (12.0-14.0 min) was set as fol-
lows: 0.0 min 5% B; 5 min 10% B; 10 min 95% B; 11.99 min
95% B; 12 min 5% B; 14 min 5% B. The UPLC system was
coupled to a triple quadrupole mass spectrometer Agilent
6495A (Agilent Technologies, Santa Clara, CA, USA) with
an electrospray source operated in positive ion mode with a
capillary voltage of 3500 V. Additional ion source param-
eters were the following: gas flow rate 15 L/min at 160 °C,
sheath gas pressure 25 PSI at 250 °C and nozzle voltage 500
V. Optimizer software (Agilent Technologies, Santa Clara,
CA, USA) was used for generation SRM libraries in positive
ion detection mode from a standard solution of an individ-
ual metabolite standard. For metabolite identification, 2—6
SRM qualifier transitions were monitored per metabolite,
and the single best-performing SRM transition was used for
quantification. The set of SRM transitions had been taken
for isotope-labelled metabolite standards, and non-labelled
metabolites, i.e., 23 transitions, were monitored per analysis
(Suppl. Figure S1, Suppl. Table S3).

Method validation and reproducibility

The protein assay validation was reported previously (Vid-
ova et al. 2021). A pool of extract from 134 meconium and
stool samples was used for method validation. The method
was validated using matrix matched calibration curves to
determine the linearity range, coefficient of determination
(R?), limit of detection (LOD) and limit of quantification
(LOQ). The dilution series consisted of six concentration
levels and was measured at 3—6 technical replicates (Suppl.
Figure S2, S3, S4 and S5). LOD and LOQ were determined
for isotopically labelled ATA, TAA, KYN and TRP. The
LOD and LOQ were calculated of the calibration curve slope
and the labelled metabolites’ response factors (Suppl. Equa-
tion 1-4). The LOD and LOQ for the quantified metabolites
are listed in Suppl. Table S4. The linearity range is shown in
Suppl. Table S5. For interday and intraday reproducibility,
metabolite extracts were processed and analysed for three
consecutive days at six replicates daily. The interday repro-
ducibility ranged from CV 8 up to 20%. The intraday repro-
ducibility ranged from CV 11 up to 22% (data not shown).

Tryptophan metabolite quantification
The concentrations of ATA, IAA, KYN and TRP were deter-

mined in stool extracts using internal standardization with
isotope-labelled standards at concentrations of 50, 200, 50
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and 1000 nM, respectively. The concentration of IAld, ILA
and NAaceTRP was determined using the response factor
(RF). The calculation is based on the concentration of iso-
tope-labelled metabolites added to stool extracts (CIS), the
measured response (integrated peak area) of isotope-labelled
metabolite standard (A1S) and the response (integrated peak
area) of the metabolite (Amer) (Eq. 1). The concentration of
IAld, ILA and NAaceTRP was corrected with the response
factor (Eq. 2), determined in a conventional manner (Vidova
and Spacil 2017) (Eq. 3).

CIS
cmet = (A—ISxAmet) €))
CIS
= (Y34 ):RF
cmet (AISx met 2)
RF = <Ametx CIS ) 3)
AIS  Cmet

Statistical analysis

Metabolite and protein concentrations were log-transformed
before statistical analysis, and values below LOQ and LOD
were substituted with V2 /2 *LOQ and \2 /2 *LOD, respec-
tively. Only analytes with < 25% substitution were used for
the multidimensional statistical analysis (PCA, hierarchical
clustering) as continuous quantitative variables (Antweiler
2015; Hazra and Gogtay 2017). Due to a high percentage
of values below LOQ, ATA, IAA, KYN and NAceTRP were
categorized and used only as additional variables with three
categories—"‘below LOD”, “below LOQ” and “above LOQ”.
For one-dimensional analysis (hypothesis tests, correlation),
these analytes were involved uncategorized using non-par-
ametric methods.

Differences in concentrations of analytes between vari-
ous groups of samples (type of delivery, ATB treatment,
stool category) were tested using a parametric 7-test for the
metabolites TRP, IAld and ILA. For the metabolites ATA,
IAA, KYN and NAceTRP, the significance was tested with
a nonparametric Mann—Whitney U test. The resulting p-val-
ues were adjusted for multiple hypothesis testing using the
Benjamini—Hochberg procedure. Results were considered
significant at false discovery rate (FDR) <0.05.

Differences in microbiome alpha diversity (estimated
by the Shannon diversity index) between various groups of
samples were statistically evaluated using Mann—Whitney
U test.

Statistical analysis of sequencing microbiome data was
done on the genus level. Data were treated as compositional
and before all statistical analyses were transformed using
centred log-ratio (CLR) transformation (Aitchison 1986).
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All zeroes in the original data were replaced using the count
zero multiplicative method (Martin-Fernindez et al. 2015).
Only taxa with a percentage representation of >0.3% of
minimal sequencing depth in at least three samples were
included in the transformation process and additional sta-
tistical analysis of the microbiome to avoid high sparsity in
data. Mann—Whitney U test was used to compare the dif-
ferences between the groups for each taxa. The resulting
p-values were adjusted for multiple hypothesis testing using
the Benjamini—-Hochberg procedure (BH). Results were con-
sidered significant at FDR <0.1.

Differences in global metabolome, proteome and microbi-
ome composition and their variability in samples were stud-
ied using principal component analysis (PCA) and heatmaps
with hierarchical clustering (Ward method on Euclidean
distance was applied to samples and bacteria and distance
derived from Pearson correlation to the metabolites and
metabolites + bacteria).

Spearman’s rank correlation was performed to examine
the relationships among metabolites and bacteria. The result-
ing p-values were adjusted for multiple hypothesis testing
using the Benjamini—Hochberg procedure. Results were con-
sidered significant at FDR <0.1.

All statistical analyses were performed in R, version
4.0.3 (R core team, 2020), using additional R packages
ggplor2 (plotting) (Wickham 2009), nortest (normality test-
ing) (Gross and Ligges 2015), gplots (Warnes et al. 2020),
zCompositions (zero replacement) (Palarea-Albaladejo and
Martin-Fernandez 2015), compositions (CLR transforma-
tion) (Van den Boogaart et al. 2022), ggpubr (plotting data)
(Kassambara 2020), ComplexHeatmap (heatmaps) (Gu et al.
2016), corrplot (correlation matrix plot) (Wei and Simko
2017) and beeswarm (boxplots) (Eklund 2016).

Results

The development of early intestinal microbiome and gut
mucosal immune system was studied in 134 newborns using
metabolomics and microbiome analysis of meconium and
stool samples. Proteomics analysis was previously published
by Vidova et al. (2021). In this work, proteomics data were
used to identify stool and meconium based on the concentra-
tion of IGHA and PCA analysis.

Differentiation between meconium and stool

TRP and TRP metabolites (ATA, IAA, ILA, IAld, KYN and
NAceTRP) were analysed in meconium and stool samples
from 134 newborns. The samples were collected by hospital
personnel 10 to 179 h after delivery and visually evaluated
whether the sample was meconium or stool by colour, con-
sistency and odour. All samples were split into two groups,

meconium and stool, because of the different properties of
these two matrices. We defined meconium and stool on the
basis of IGHA concentration (derived from breast milk),
since visual assessment by hospital personnel was rather
uncertain. Supplementary Figure S6 shows a histogram and
density function of IGHA concentration in the stool samples.
The red peak indicates meconium, and the green peak indi-
cates stool. A local minimum is 0.04242 which corresponds
to the concentration 0.90694 ug/mg IGHA and defines sam-
ples with the concentration of IGHA below this minimum
as meconium and samples with a concentration above this
minimum as stool samples.

Because of the wide time frame when the samples were
collected, samples were categorized in into six time frames
to visualize how time affects the metabolite composition
during the first days of life. Supplementary Figure S7 shows
the variability of samples based on the metabolite composi-
tion in various times. PCA plot indicates that metabolite
composition formatted within 24 h is more altered after 72
h (blue dots) after delivery. It is assumed that meconium is
passed mostly within 24 h and after 72 h, the only stool is
passed. Between 24 and 72 h, the combination of both is
passed. Identification of meconium and stool based on the
time caused elimination of all samples that were collected
between 24 and 72 h and reduction of the data set.

The metabolites ATA, TAA, IAld, ILA, KYN, NAceTRP
and TRP were measured in meconium and stool samples
(Fig. 1). PCA plots of metabolites and protein concentra-
tions in meconium and stool samples are shown in Fig. 2. As
indicated in Fig. 2B (metabolites and proteins with IGHA),
the meconium and stool samples are differentiated by IGHA.
Although PCA plots of metabolites and proteins without
IGHA (Fig. 2A, C) did not show such strong separation
between meconium and stool, the division is still visible
and revealed outlying samples. The outlying samples are 25
and 67, which will be described later.

Metabolite analysis and 16S rRNA gene sequencing

The definition of the sample allowed us to compare the
metabolite and microbiome composition (16S rRNA gene
sequencing) in meconium and stool. Concentrations of
metabolites ILA, TRP and IAld were significantly higher
in stool than in meconium (Supplementary Figure S8).
Although most of the concentrations of ATA, IAA, NAce-
TRP and KYN were below LOQ, the elevated concentration
of metabolites in stool is visible (Supplementary Figure S9).
Microbiome analysis showed a significantly higher diver-
sity index in stool than in meconium (p <0.0005, data not
shown).

The 51 mothers were treated with beta-lactam antibiotics
(ATB) or lincosamide ATB before or during delivery. The
concentration of ILA, TRP and NAceTRP in newborns stool
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Fig. 1 Concentrations of metabolites in meconium and stool samples
from 134 newborns. Black dots represent concentrations of metabo-
lites>LOQ. Grey dots represent concentrations <LOQ. Boxplots
represent concentrations of ATA (A), IAA (B), KYN (C), NAceTRP
(D), TRP (E), IAld (F), and ILA (G). The box represents the mid-
dle 50%, the bold horizontal line inside the box represents the median

of ATB-treated mothers was significantly decreased (Fig. 3).
The metabolite IAld was not significantly lower; however, a
decreasing trend is visible. A comparison of microbial diver-
sity also shows a significant decrease in microbial diver-
sity in the case of newborn stool of ATB-treated mothers
(Fig. 4). Treatment of mothers with ATB before or during
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(Q2), the bottom of the box is at the first quartile (Q1; 25th percen-
tile), the top of the box is at the third quartile (Q3; 75th percentile).
Whiskers extend to the smallest and largest values within 1.5 times
the IQR (1.5xIQR) from Q1 and Q3, respectively (IQR =inter-quar-
tile range). Points plotted individually beyond the whiskers represent
outliers

delivery affects the concentration of metabolites and micro-
bial diversity in the stool of newborns. The comparison
of metabolite concentrations and microbiome diversity in
meconium showed no significant difference.

Among 134 delivered newborns, 20 newborns were deliv-
ered by CD. Out of them, 19 mothers delivered with CD
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dots indicate stool samples identified based on the concentration of
IHGA in the sample
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Fig.3 Comparison of metabolite concentrations in stool samples
from newborns of ATB-treated mothers during or after delivery.
Black dots represent concentrations of metabolites >LOQ. Grey dots
represent concentrations < LOQ. Boxplots represent grouped concen-
trations of ILA (A), TRP (B), IAld (C), and NAceTRP (D). Nonpara-
metric Mann—Whitney U test was used here. The box represents the
middle 50%, the bold horizontal line inside the box represents the

median (Q2), the bottom of the box is at the first quartile (Q1; 25th
percentile), the top of the box is at the third quartile (Q3; 75th per-
centile). Whiskers extend to the smallest and largest values within 1.5
times the IQR (1.5 X IQR) from Q1 and Q3, respectively (IQR =inter-
quartile range). Points plotted individually beyond the whiskers repre-
sent outliers
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Fig.4 The effect of ATB-treatment of mothers on microbial diversity
in the stool of newborns. Comparison of microbial diversity of new-
borns delivered by ATB treated (left box) and ATB untreated mothers
(right box). Nonparametric Mann—Whitney U test was used here. The
box represents the middle 50%, the bold horizontal line inside the
box represents the median (Q2), the bottom of the box is at the first
quartile (Q1; 25th percentile), the top of the box is at the third quar-
tile (Q3; 75th percentile). Whiskers extend to the smallest and largest
values within 1.5 times the IQR (1.5XIQR) from Q1 and Q3, respec-
tively (IQR =inter-quartile range). Points plotted individually beyond
the whiskers represent outliers

were treated with ATB. Thus, we compared the effect of
ATB on metabolite and microbial diversity of VD newborn
stool (Figs. 5 and 6). The concentrations of ILA, TRP and
NAceTRP were significantly lower in stool of VD newborns
when the mothers were treated with ATB (Fig. 5). The con-
centration of [Ald was not significantly lower; however, the
decrease is visible. Microbial diversity was significantly
lower in the stool of VD newborns of ATB-treated mothers
(Fig. 6). The comparison of metabolite concentrations and
microbial diversity in the stool of VD and CD newborns
from ATB-treated mothers did not show any significant dif-
ference (Supplementary Figure S10).

The heatmap of metabolites shows the hierarchical clus-
tering of all samples and three quantifiable metabolites; see
Fig. 7. In cluster A (defined by low concentration of ILA,
IAId and TRP), there are low concentrations of all metabo-
lites and contains meconium samples at early time of sam-
ple collection. Cluster B contains stool samples and is split
into three smaller clusters, C, D and E. Cluster C is defined
by high concentrations of ILA, TAld and TRP. The concen-
trations of NAceTRP, KYN and TAA are also higher com-
pared to meconium. The sample collection times are also
the latest (72 h). Cluster D shows stool within 48 h and has
a high concentration of TRP but low concentration of 1Ald,
ILA, NAceTRP, KYN and IAA. The ATB-treated mothers
are as well clustered. This shows that ATB usage affected

@ Springer

the microbiome, and thus, microbial metabolism of TRP in
stool. Cluster E contains stool samples with high concentra-
tions of ILA, TRP, NAceTRP, KYN and IAA. However, the
concentration of TAld is low. Comparison of clusters C and
E shows that the generation of IAld is not progressed in stool
samples of cluster E. Pink and green ellipse in the heatmap
highlight previously mentioned samples 25 and 67. They
were categorized as meconium based on the concentration
of IGHA; however, metabolite PCA plot indicated possibly
incorrect categorization. The position of samples 25 and 67
in the heatmap also categorizes these samples as stool.

A comparison of bacteria relative abundance in stool
samples of CD and VD newborns of ATB-treated and
untreated mothers is shown in Supplementary Figure S11.
Comparison is shown at the phylum, class and genus levels.
The bar plots show a strong similarity in bacterial abundance
between stool of CD and VD newborns of mothers treated
with ATB. Bacterial abundance is more diverse in the stool
of VD newborns of ATB-untreated mothers.

A heatmap based on clustering of abundantly present bac-
teria and three quantifiable metabolites in the stool is shown
in Supplementary Figure S12. Two main clusters, A and B,
are indicated. Cluster A contains the most of stool samples
from newborns delivered with CD and VD of ATB-treated
mothers. Cluster B includes mostly stool samples from VD
newborns of ATB-untreated mothers. Cluster B shows a high
abundance of Bacteroides, Bifidobacterium and Escherichia
and a higher concentration of ILA and NAceTRP, compared
to cluster A. Cluster C (as a subcluster of A) has a large num-
ber of CD and had a high abundance of Enterobacter and
Peptoclostridium, and IAA. Spearman correlation showed
a significant positive correlation between Bifidobacterium
and ILA (Supplementary Figure S13). Bifidobacterium and
Bacteroides show a positive correlation with NAceTRP with
p<0.01 and p <0.05. Peptoclostridium positively correlated
with TAA with p <0.001 (Supplementary Figure S13).

Discussion

The aim of this study was to investigate the development
of an early microbiome and characterize the effect of the
delivery mode and ATB usage on microbial composition
and, thus, the formation of TRP metabolites influencing the
gut mucosal immunity of a newborn. We investigated micro-
biome diversity and concentration levels of microbial TRP
metabolites in 134 newborn meconium and stool samples.
First, the protocol for quantification of microbial TRP
metabolites in newborn meconium and stool was devel-
oped. We quantified TRP, ATA, TAA, KYN, NAceTRP,
ILA and IAld in 134 meconium and stool samples. The
metabolite concentrations of IAld, ILA and TRP were
significantly higher in stool than in meconium. The
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Fig.5 The effect of ATB-treatment of mothers on metabolite com-
position of stool VD newborns. Black spots indicate concentrations
of metabolites. Grey spots indicate concentrations <LOQ. Boxplots
indicate groups of concentration ILA (A), TRP (B), IAld (C), NAce-
TRP (D). Nonparametric Mann — Whitney U test was used here. The
box represents the middle 50%, the bold horizontal line inside the

microbiome diversity was also significantly higher in stool
than in meconium. The stool microbiome is developing,
and the expectation of higher microbiome diversity, thus
higher concentrations of TRP metabolites, is presumed
(Petersen et al. 2021). PCA plot of metabolites deter-
mined in meconium and stool and an indication of differ-
ent time frames in the range of 10 to 179 h showed that
time significantly affects metabolite composition during
the first days of life. The metabolite composition format-
ted within 24 h is altered a lot after 72 h after delivery.
Further, this could show a different development stage of
the gut barrier between meconium and stool samples, due
to different microbiome development and TRP metabolite
production. PCA plot of metabolites and an indication of
stool or meconium based on the concentration of IGHA
showed two outliers, samples 25 and 67. Based on the
concentration of IGHA, they are indicated as meconium,;
however, based on the TRP metabolite composition, they
are more similar to stool. We assume that these samples
are stool from formula-fed newborns, where breastmilk
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box represents the median (Q2), the bottom of the box is at the first
quartile (Q1; 25th percentile), the top of the box is at the third quar-
tile (Q3; 75th percentile). Whiskers extend to the smallest and largest
values within 1.5 times the IQR (1.5XIQR) from Q1 and Q3, respec-
tively (IQR =inter-quartile range). Points plotted individually beyond
the whiskers represent outliers

IGHA was not detected; however, TRP from the formula
was metabolized.

Further, the 51 mothers were treated with beta-lactam
antibiotics (ATB) or lincosamide ATB before or during
delivery. Intrapartum antibiotic prophylaxis is commonly
used during caesarean delivery and in group B streptococ-
cus-positive women before vaginal delivery or due to pre-
mature rupture of membranes (Di Renzo et al. 2015). ATB
affects the microbial composition of newborns (Antunes
et al. 2011; Zarrinpar et al. 2018; Tapiainen et al. 2019).
Our study shows that ATB treatment of mothers affects not
only the microbiome diversity but also the composition and
concentration of TRP metabolites in the stool of newborns.
Microbial diversity and concentration of the metabolites
ILA, TRP and NAceTRP were decreased in stool from new-
borns of ATB-treated mothers compared to those of ATB-
untreated ones. Furthermore, we compared VD newborn
stool only with the effect of ATB. We observed a signifi-
cant decrease in microbial diversity and concentrations of
TRP and TRP metabolites ILA and NAceTRP in stool of
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Fig.6 The effect of ATB-treatment of mothers on microbial diversity
of stool of VD newborns. The boxplot on the left represents micro-
bial diversity in stool samples of ATB untreated mothers. The boxplot
on the right represents microbial diversity in stool samples of ATB
treated mothers. The box represents the middle 50%, the bold hori-
zontal line inside the box represents the median (Q2), the bottom of
the box is at the first quartile (Q1; 25th percentile), the top of the box
is at the third quartile (Q3; 75th percentile). Whiskers extend to the
smallest and largest values within 1.5 times the IQR (1.5 XIQR) from
Q1 and Q3, respectively (IQR =inter-quartile range). Points plotted
individually beyond the whiskers represent outliers

VD newborns of ATB-treated mothers compared to ATB-
untreated mothers. These results show that the ATB treat-
ment affects the microbial composition and reduces TRP
and its metabolite formation. VD has a beneficial effect on
the microbial development of a newborn (Kim et al. 2020).
This result indicates that the benefits of VD are vanished
when the mothers are treated with ATB before or during
delivery. Furthermore, the 19 newborns were delivered by
CD and treated with ATB right before delivery due to cae-
sarean prophylaxis. A comparison of microbial diversity and
TRP metabolite concentration in the stool of VD newborns
and CD newborns, both from ATB-treated mothers, showed
no difference.

These results indicate that the microbial development
in VD newborns and CD newborns is similar when the
mother is treated with ATB. Therefore, we compared bac-
terial abundance at the phylum, class and genus levels in
stool samples of CD and VD newborns of ATB-treated and
untreated mothers to see a difference in microbial composi-
tion. A strong similarity was observed in bacterial relative
abundance between stool samples of CD and VD newborns
of mothers treated with ATB. The bacterial diversity is much
higher in stool samples of VD newborns of ATB-untreated
mothers. This result also shows that ATB treatment reduces
the bacterial diversity in CD and VD infants.
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We found that a group of stool samples had a high con-
centration of ILA, TRP, NAceTRP, KYN and IAA. How-
ever, the concentration of IAld was low. We assume that the
tryptophan side chain oxidation (TSO) pathway generation
IAld is not yet fully activated, so the IAld is not formed.

The further negative effect of ATB treatment was vis-
ible in the heatmap of abundantly present bacteria and
metabolites in the stool. ATB treatment of mothers caused
a decrease in the abundance of the genera Bacteroidota,
Bifidobacterium and Escherichia and concentrations of
ILA and NAceTRP. The genera Enterobacter and Pep-
toclostridium were increased with the metabolite IAA.
Similar results were found by Nogacka et al. (2017), who
reported a lower proportion of Bacteroidota and Actinomy-
cetota and an increase in Firmicutes and Pseudomonadota
of ATB-treated mothers (Nogacka et al. 2017). Further-
more, stool samples from CD newborns had the highest
abundance of Enterobacter, Peptoclostridium and TAA.
Correlation of bacterial species abundance and concen-
tration of metabolites showed that in the first days of life,
beneficial Bifidobacterium could be the main producer
of ILA, and Bifidobacterium with Bacteroides could be
the main producers of NAceTRP. The metabolites NAce-
TRP and ILA are beneficial for the host’s immune sys-
tem. NAceTRP was shown to be a substance P receptor
antagonist and protect against neuroinflammation (Fer-
nandes et al. 2018). ILA was shown to be produced by
Bifidobacterium (Laursen et al. 2021) and to activate
ILC3 through AhR signaling, producing IL-22 to induce
resistance against mucosal candida (Zelante et al. 2013).
Peptoclostridium strongly correlated with IAA; thus, Pep-
toclostridium could be the main producer of IAA during
the first days of life. The potentially harmful bacterial
genera Enterobacter and Peptoclostridium are associated
with higher levels of IAA. Enterobacter was shown to
induce spontaneous colitis (Garrett et al. 2010) and Pep-
toclostridium is a genus of bacteria, which includes the
nosocomial pathogen Peptoclostridium difficile, which
causes colitis (Wellcome Sanger Institute; Kyne et al.
2001). IAA, although it may be produced by Enterobacter
and Peptoclostridium, controls inflammation by competi-
tive inhibition of phospholipase A, (Dileep et al. 2013).
Although the bacterial species are potentially harmful, the
tryptophan metabolite IAA has been shown to bind AhR,
which, through binding, sets up an anti-inflammatory sig-
nal cascade, for example, to alleviate hepatic steatosis (Xu
et al. 2021) and to reduce fatty acid and LPS production
of pro-inflammatory cytokines in macrophages (Krishnan
et al. 2018). We conclude that ATB treatment of mothers
influenced the microbial development within the first days
of the life of a newborn. The beneficial bacteria Bifido-
bacterium were suppressed with ATB. On the other hand,
CD, usually accompanied by ATB treatment, caused an
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increased abundance of Peptoclostridum and Enterobacter
and, thus, elevated concentration of IAA. Further, there
could be seen a development of the metabolite level from
meconium to stool as a gradual development in the gut
barrier homeostasis with the metabolites IAld and ILA.
The significance of our findings is in line with the fact that

!
-score
o

0 1 2

Samples were categorized based on visual identification or statisti-
cal IGHA quantification. Shades of green coloured plot indicate the
hours after delivery when the sample was collected. Shades of grey
coloured plots indicate ATB intake. A—E Resulting clusters. Green
and pink ellipses indicate samples 67 and 25

impaired diversity of stool microbiota can be associated
with allergies, autoimmune diseases and, generally, dis-
eases of the Western lifestyle that result from immune dys-
regulation. The development and regulation of the human
immune system are critically dependent on mucosal micro-
bial colonization from the first days of life. Tryptophan
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metabolites do not reflect the presence and activity of only
one type of bacteria but the functional complexity of the
entire microbiota. They can, therefore, be used as new
non-invasive markers to assess the functional state and
development of the gut microbiota in humans from the
first days of life.
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Acknowledgements The study was supported by the Grant Agency
of the RECETOX research infrastructure (No. LM2023069) financed
by the Ministry of Education, Youth and Sports, and Operational Pro-
gramme Research, Development, and Education-project CETOCOEN
PLUS (CZ.02.1.01/0.0/ 0.0/15_003/0000469) and the Ministry of
Health, the Czech Republic-FNBr, 65269705. We acknowledge the CF
Genomics supported by the NCLG research infrastructure (LM2018132
funded by MEYS CR) for their support in obtaining scientific data pre-
sented in this paper. This work was supported by the European Union’s
Horizon 2020 research and innovation program under grant agreement
no. 857560. This publication reflects only the author’s view, and the
European Commission is not responsible for any use that may be made
of the information it contains.

Author contribution A.C.A., K.C., V.V,, P.V,, and Z.S. designed the
experiments. A.C.A., K.C.,, L. M., and V.V. carried out the experi-
ments and analysed the data. I.B. and P.J. recruited the study subjects
and collected biological samples. S.S., So.Sm. and E.B. performed the
statistical analysis. A.C.A., V.V., LM., S.S. V.T. and Z.S. wrote the
manuscript with input from all authors. J.K., V.T. and Z.S. conceived
the study and supervised the project. All authors approved this final
version of the manuscript.

Data availability All data on the measured metabolites in stool of new-
borns that support the findings of this study are included within this
paper and its supplementary information files.

Declarations

Ethics statement The CELSPAC: TNG study (Central European Lon-
gitudinal Studies of Parents and Children: The Next Generation) was
approved by the Multicentre and Local Ethical Committee of Uni-
versity Hospital Brno, the Czech Republic (No. 20140409-01, date
2014/04/09). All data and samples are available for secondary use in
further research and development purposes.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Aitchison J (1986) The statistical analysis of compositional data.
Chapman and Hall, London; New York

Antunes LCM, Han J, Ferreira RBR, Loli¢ P, Borchers CH, Fin-
lay BB (2011) Effect of antibiotic treatment on the intestinal
metabolome. Antimicrob Agents Chemother 55:1494-1503.
https://doi.org/10.1128/AAC.01664-10

Antweiler RC (2015) Evaluation of statistical treatments of left-cen-
sored environmental data using coincident uncensored data sets.
II Group Comparisons Environ Sci Technol 49:13439-13446.
https://doi.org/10.1021/acs.est.5b02385

Aronesty E (2013) Comparison of sequencing utility programs. Open
Bioinforma J 7:1-8. https://doi.org/10.2174/187503620130701
0001M4-Citavi

Aust AC, Benesova E, Vidova V, Coufalikova K, Smetanova S, Borek
I, Janku P, Budinska E, Klanova J, Thon V, Spacil Z (2021)
Profiling tryptophan catabolites of human gut microbiota and
acute-phase protein levels in neonatal dried blood specimens.
Front Microbiol 12:3007. https://doi.org/10.3389/FMICB.2021.
665743/BIBTEX

Brazier L, Elguero E, Koumavor CK, Renaud N, Prugnolle F,
Thomas F, Ategbo S, Engoba M, Obengui LEM, Durand P,
Renaud F, Becquart P (2017) Evolution in fecal bacterial/viral
composition in infants of two central African countries (Gabon
and Republic of the Congo) during their first month of life.
PLoS ONE 12:e0185569. https://doi.org/10.1371/journal.pone.
0185569PM-28968427

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Hol-
mes SP (2016) DADA?2: High-resolution sample inference from
Illumina amplicon data. Nat Methods 13:581-583. https://doi.
org/10.1038/nmeth.3869PM-27214047

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R (2011) Global patterns of 16S
rRNA diversity at a depth of millions of sequences per sample.
Proc Natl Acad Sci U S A 108(Suppl):4516-4522. https://doi.
org/10.1073/pnas.1000080107PM-20534432

De Tejada BM (2014) Antibiotic use and misuse during pregnancy
and delivery: benefits and risks. Int J Environ Res Public Health
11:7993. https://doi.org/10.3390/IJERPH110807993

Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan TG (2008)
The probiotic Bifidobacteria infantis: an assessment of potential
antidepressant properties in the rat. J Psychiatr Res 43:164—174.
https://doi.org/10.1016/].jpsychires.2008.03.009PM-18456279

Di Renzo GC, Melin P, Berardi A, Blennow M, Carbonell-Estrany
X, Donzelli GP, Hakansson S, Hod M, Hughes R, Kurtzer M,
Poyart C, Shinwell E, Stray-Pedersen B, Wielgos M, El Helali
N (2015) Intrapartum GBS screening and antibiotic prophylaxis:
a european consensus conference. J] Matern Fetal Neonatal Med
28:766—782. https://doi.org/10.3109/14767058.2014.934804

Dileep KV, Remya C, Tintu I, Haridas M, Sadasivan C (2013) Inter-
actions of selected indole derivatives with phospholipase A,: in
silico and in vitro analysis. ] Mol Model 19:1811-1817. https://
doi.org/10.1007/s00894-012-1741-4PM-23315198

Dominguez-Bello MG, Costello EK, Contreras M, Magris M,
Hidalgo G, Fierer N, Knight R (2010) Delivery mode shapes
the acquisition and structure of the initial microbiota across
multiple body habitats in newborns. Proc Natl Acad Sci U S
A 107:11971-11975. https://doi.org/10.1073/pnas.1002601107
PM-20566857

Eklund A (2016) beeswarm: The bee swarm plot, an alternative to
stripchart. https://cran.r-project.org/web/packages/beeswarm/
index.html. Accessed 31 Mar 2022

Elvers KT, Wilson VJ, Hammond A, Duncan L, Huntley AL, Hay
AD, van der Werf ET (2020) Antibiotic-induced changes in the


https://doi.org/10.1007/s00253-024-13339-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/AAC.01664-10
https://doi.org/10.1021/acs.est.5b02385
https://doi.org/10.2174/1875036201307010001M4-Citavi
https://doi.org/10.2174/1875036201307010001M4-Citavi
https://doi.org/10.3389/FMICB.2021.665743/BIBTEX
https://doi.org/10.3389/FMICB.2021.665743/BIBTEX
https://doi.org/10.1371/journal.pone.0185569PM-28968427
https://doi.org/10.1371/journal.pone.0185569PM-28968427
https://doi.org/10.1038/nmeth.3869PM-27214047
https://doi.org/10.1038/nmeth.3869PM-27214047
https://doi.org/10.1073/pnas.1000080107PM-20534432
https://doi.org/10.1073/pnas.1000080107PM-20534432
https://doi.org/10.3390/IJERPH110807993
https://doi.org/10.1016/j.jpsychires.2008.03.009PM-18456279
https://doi.org/10.3109/14767058.2014.934804
https://doi.org/10.1007/s00894-012-1741-4PM-23315198
https://doi.org/10.1007/s00894-012-1741-4PM-23315198
https://doi.org/10.1073/pnas.1002601107PM-20566857
https://doi.org/10.1073/pnas.1002601107PM-20566857
https://cran.r-project.org/web/packages/beeswarm/index.html
https://cran.r-project.org/web/packages/beeswarm/index.html

Applied Microbiology and Biotechnology ~ (2024) 108:504

Page 130f 14 504

human gut microbiota for the most commonly prescribed antibi-
otics in primary care in the UK: a systematic review. BMJ Open
10:e035677. https://doi.org/10.1136/BMJOPEN-2019-035677

Fernandes J, Mudgal J, Rao CM, Arora D, Basu Mallik S, Pai KSR,
Nampoothiri M (2018) N-acetyl-L-tryptophan, a substance-P
receptor antagonist attenuates aluminum-induced spatial mem-
ory deficit in rats. Toxicol Mech Methods 28:328-334. https://
doi.org/10.1080/15376516.2017.1411412PM-29185389

Garrett WS, Gallini CA, Yatsunenko T, Michaud M, Dubois A, Dela-
ney ML, Punit S, Karlsson M, Bry L, Glickman JN, Gordon JI,
Onderdonk AB, Glimcher LH (2010) Enterobacteriaceae act
in concert with the gut microbiota to induce spontaneous and
maternally transmitted colitis. Cell Host Microbe 8:292. https://
doi.org/10.1016/J.CHOM.2010.08.004

Gleeson M, Cripps AW (2004) Development of mucosal immunity
in the first year of life and relationship to sudden infant death
syndrome. FEMS Immunol Med Microbiol 42:21-33. https://
doi.org/10.1016/j.femsim.2004.06.012PM-15325394

Gosalbes MJ, Llop S, Valles Y, Moya A, Ballester F, Francino MP
(2013) Meconium microbiota types dominated by lactic acid
or enteric bacteria are differentially associated with maternal
eczema and respiratory problems in infants. Clin Exp Allergy
43:198-211. https://doi.org/10.1111/cea.12063PM-23331561

Gross J, Ligges U (2015) Nortest: tests for normality. R package
version 1.0-4. https://cran.r-project.org/web/packages/nortest/
index.html. Accessed 31 Mar 2022

Gu Z, Eils R, Schlesner M (2016) Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinfor-
matics 32:2847-2849. https://doi.org/10.1093/BIOINFORMA
TICS/BTW313

Hazra A, Gogtay N (2017) Biostatistics series module 9: survival
analysis. Indian J Dermatol 62:251-257. https://doi.org/10.
4103/ijd.1JD_201_17PM-28584366

Inchingolo F, Inchingolo AD, Palumbo I, Trilli I, Guglielmo M,
Mancini A, Palermo A, Inchingolo AM, Dipalma G (2024) The
impact of cesarean section delivery on intestinal microbiota:
mechanisms, consequences, and perspectives—a systematic
review. Int J Mol Sci 25:1055. https://doi.org/10.3390/1JMS2
5021055

Kassambara A (2020) ggpubr: ‘ggplot2’ based publication ready plots.
https://rpkgs.datanovia.com/ggpubr/. Accessed 31 Mar 2022

Kim G, Bae J, Kim MJ, Kwon H, Park G, Kim SJ, Choe YH, Kim J,
Park SH, Choe BH, Shin H, Kang B (2020) Delayed establishment
of gut microbiota in infants delivered by cesarean section. Front
Microbiol 11:2099. https://doi.org/10.3389/fmicb.2020.02099

Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, Yar-
mush ML, Alaniz RC, Jayaraman A, Lee K (2018) Gut micro-
biota-derived tryptophan metabolites modulate inflammatory
response in hepatocytes and macrophages. Cell Rep 23:1099—
1111. https://doi.org/10.1016/j.celrep.2018.03.109PM-29694888

Kyne L, Farrell RJ, Kelly CP (2001) Clostridium difficile. Gastroen-
terol Clin North Am 30:753-777. https://doi.org/10.1016/S0889-
8553(05)70209-0

Laforest-Lapointe I, Arrieta M-C (2017) Patterns of early-life gut
microbial colonization during human immune development: an
ecological perspective. Front Immunol 8:788. https://doi.org/10.
3389/fimmu.2017.00788PM-28740492

Laursen MF, Sakanaka M, von Burg N, Morbe U, Andersen D, Moll
JM, Pekmez CT, Rivollier A, Michaelsen KF, Mglgaard C, Lind
MYV, Dragsted LO, Katayama T, Frandsen HL, Vinggaard AM,
Bahl MI, Brix S, Agace W, Licht TR, Roager HM (2021) Bifido-
bacterium species associated with breastfeeding produce aromatic
lactic acids in the infant gut. Nat Microbiol 6:1367—1382. https://
doi.org/10.1038/s41564-021-00970-4

Lisowska-Myjak B, Pachecka J (2007) Alpha-1-antitrypsin and IgA in
serial meconium and faeces of healthy breast-fed newborns. Fetal

Diagn Ther 22:116-120. https://doi.org/10.1159/000097 108 PM-
17135756

Martin-Fernandez J-A, Hron K, Templ M, Filzmoser P, Palarea-
Albaladejo J (2015) Bayesian-multiplicative treatment of count
zeros in compositional data sets. Stat Modelling 15:134-158.
https://doi.org/10.1177/1471082X 14535524

Meyer KM, Prince AL, Aagaard KM (2019) Maternal IgA targets com-
mensal microbiota in breast milk and the maternal and infant gut
microbiomes. Am J Obstet Gynecol 220:S604-S605. https://doi.
org/10.1016/j.ajog.2018.11.962M4-Citavi

Neu J, Rushing J (2011) Cesarean versus vaginal delivery: long-term
infant outcomes and the hygiene hypothesis. Clin Perinatol
38:321-331. https://doi.org/10.1016/j.clp.2011.03.008PM-21645
799

Nogacka A, Salazar N, Sudrez M, Milani C, Arboleya S, Solis G,
Fernandez N, Alaez L, Herndndez-Barranco AM, de los Reyes-
Gavilan CG, Ventura M, Gueimonde M (2017) Impact of intrapar-
tum antimicrobial prophylaxis upon the intestinal microbiota and
the prevalence of antibiotic resistance genes in vaginally delivered
full-term neonates. Microbiome 5:1-10. https://doi.org/10.1186/
s40168-017-0313-3

Palarea-Albaladejo J, Martin-Fernidndez JA (2015) ZCompositions - R
package for multivariate imputation of left-censored data under
a compositional approach. Chemom Intell Lab Syst 143:85-96.
https://doi.org/10.1016/J. CHEMOLAB.2015.02.019

Petersen C, Dai DLY, Boutin RCT, Sbihi H, Sears MR, Moraes TJ,
Becker AB, Azad MB, Mandhane PJ, Subbarao P, Turvey SE, Fin-
lay BB (2021) A rich meconium metabolome in human infants is
associated with early-life gut microbiota composition and reduced
allergic sensitization. Cell Reports Med 2:100260. https://doi.org/
10.1016/j.xcrm.2021.100260

Poeggeler B, Pappolla MA, Hardeland R, Rassoulpour A, Hodgkins
PS, Guidetti P, Schwarcz R (1999) Indole-3-propionate: a potent
hydroxyl radical scavenger in rat brain. Brain Res 815:382-388.
https://doi.org/10.1016/s0006-8993(98)01027-0PM-9878843

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies
J, Glockner FO (2013) The SILVA ribosomal RNA gene database
project: improved data processing and web-based tools. Nucleic
Acids Res 41:D590-D596. https://doi.org/10.1093/NAR/GKS12
19

Roager HM, Licht TR (2018) Microbial tryptophan catabolites in
health and disease. Nat Commun 9:3294. https://doi.org/10.1038/
$41467-018-05470-4M4-Citavi

Rule AH, Lawrence D, Hager HJ, Hyslop N, Shwachman H (1971)
IgA: presence in meconium obtained from patients with cystic
fibrosis. Pediatrics 48:601-604

Schumann A, Nutten S, Donnicola D, Comelli EM, Mansourian R,
Cherbut C, Corthesy-Theulaz I, Garcia-Rodenas C (2005) Neo-
natal antibiotic treatment alters gastrointestinal tract developmen-
tal gene expression and intestinal barrier transcriptome. Physiol
Genomics 23:235-245. https://doi.org/10.1152/PHYSIOLGEN
OMICS.00057.2005

Scott SA, Fu J, Chang PV (2020) Microbial tryptophan metabolites
regulate gut barrier function via the aryl hydrocarbon receptor.
Proc Natl Acad Sci U S A 117:19376-19387. https://doi.org/10.
1073/PNAS.2000047117/-/DCSUPPLEMENTAL

Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, Kumar
N, Stares MD, Rodger A, Brocklehurst P, Field N, Lawley TD
(2019) Stunted microbiota and opportunistic pathogen coloni-
zation in caesarean-section birth. Nature 574(7776):117-121.
https://doi.org/10.1038/s41586-019-1560-1. (M4 - Citavi)

Tapiainen T, Koivusaari P, Brinkac L, Lorenzi HA, Salo J, Renko M,
Pruikkonen H, Pokka T, Li W, Nelson K, Pirttili AM, Tejesvi MV
(2019) Impact of intrapartum and postnatal antibiotics on the gut
microbiome and emergence of antimicrobial resistance in infants.
Sci Rep 9:1-11. https://doi.org/10.1038/s41598-019-46964-5

@ Springer


https://doi.org/10.1136/BMJOPEN-2019-035677
https://doi.org/10.1080/15376516.2017.1411412PM-29185389
https://doi.org/10.1080/15376516.2017.1411412PM-29185389
https://doi.org/10.1016/J.CHOM.2010.08.004
https://doi.org/10.1016/J.CHOM.2010.08.004
https://doi.org/10.1016/j.femsim.2004.06.012PM-15325394
https://doi.org/10.1016/j.femsim.2004.06.012PM-15325394
https://doi.org/10.1111/cea.12063PM-23331561
https://cran.r-project.org/web/packages/nortest/index.html
https://cran.r-project.org/web/packages/nortest/index.html
https://doi.org/10.1093/BIOINFORMATICS/BTW313
https://doi.org/10.1093/BIOINFORMATICS/BTW313
https://doi.org/10.4103/ijd.IJD_201_17PM-28584366
https://doi.org/10.4103/ijd.IJD_201_17PM-28584366
https://doi.org/10.3390/IJMS25021055
https://doi.org/10.3390/IJMS25021055
https://rpkgs.datanovia.com/ggpubr/
https://doi.org/10.3389/fmicb.2020.02099
https://doi.org/10.1016/j.celrep.2018.03.109PM-29694888
https://doi.org/10.1016/S0889-8553(05)70209-0
https://doi.org/10.1016/S0889-8553(05)70209-0
https://doi.org/10.3389/fimmu.2017.00788PM-28740492
https://doi.org/10.3389/fimmu.2017.00788PM-28740492
https://doi.org/10.1038/s41564-021-00970-4
https://doi.org/10.1038/s41564-021-00970-4
https://doi.org/10.1159/000097108PM-17135756
https://doi.org/10.1159/000097108PM-17135756
https://doi.org/10.1177/1471082X14535524
https://doi.org/10.1016/j.ajog.2018.11.962M4-Citavi
https://doi.org/10.1016/j.ajog.2018.11.962M4-Citavi
https://doi.org/10.1016/j.clp.2011.03.008PM-21645799
https://doi.org/10.1016/j.clp.2011.03.008PM-21645799
https://doi.org/10.1186/s40168-017-0313-3
https://doi.org/10.1186/s40168-017-0313-3
https://doi.org/10.1016/J.CHEMOLAB.2015.02.019
https://doi.org/10.1016/j.xcrm.2021.100260
https://doi.org/10.1016/j.xcrm.2021.100260
https://doi.org/10.1016/s0006-8993(98)01027-0PM-9878843
https://doi.org/10.1093/NAR/GKS1219
https://doi.org/10.1093/NAR/GKS1219
https://doi.org/10.1038/s41467-018-05470-4M4-Citavi
https://doi.org/10.1038/s41467-018-05470-4M4-Citavi
https://doi.org/10.1152/PHYSIOLGENOMICS.00057.2005
https://doi.org/10.1152/PHYSIOLGENOMICS.00057.2005
https://doi.org/10.1073/PNAS.2000047117/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.2000047117/-/DCSUPPLEMENTAL
https://doi.org/10.1038/s41586-019-1560-1
https://doi.org/10.1038/s41598-019-46964-5

504 Page 14 of 14

Applied Microbiology and Biotechnology ~ (2024) 108:504

Van den Boogaart GK, Tolosana-Delgado R, Bren M (2022) Composi-
tions: compositional data analysis. http://www.stat.boogaart.de/
compositions/. Accessed 31 Mar 2022

Verani JR, McGee L, Schrag SJ (2010) Prevention of perinatal group
B streptococcal disease-revised guidelines from CDC, 2010.
MMWR Recomm Rep Morb Mortal Wkly Report Recomm Rep
59:1-36

Vidova V, Spacil Z (2017) A review on mass spectrometry-based quan-
titative proteomics: Targeted and data independent acquisition.
Anal Chim Acta 964:7-23. https://doi.org/10.1016/j.aca.2017.01.
059PM-28351641

Vidova V, Benesova E, Klanova J, Thon V (2021) Spacil Z (2021)
Simultaneous quantitative profiling of clinically relevant
immune markers in neonatal stool swabs to reveal inflamma-
tion. Sci Reports 111(11):1-9. https://doi.org/10.1038/
$41598-021-89384-0

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Huber W, Liaw
A, Lumley T, Maechler M, Magnusson A, Moeller S, Schwartz
M, Venables B (2020) gplots -various R programming tools for
plotting data. https://github.com/talgalili/gplots/issues. Accessed
31 Mar 2022

Wei T, Simko V (2017) R package ‘corrplot’: visualization of a cor-
relation matrix. https://github.com/taiyun/corrplot. Accessed 3
Oct 2024

Wellcome Sanger Institute Wellcome Sanger Institute. https:/www.
sanger.ac.uk/resources/downloads/bacteria/peptoclostridium.html.
Accessed 12 Mar 2022

Wickham H (2009) ggplot2. In: Hornik K, Parmigiani G (eds) ggplot2
- elegant graphics for data analysis, 1st edn. Springer, New York,
New York, p 213

@ Springer

Xu X, Sun S, Liang L, Lou C, He Q, Ran M, Zhang L, Zhang J, Yan
C, Yuan H, Zhou L, Chen X, Dai X, Wang B, Zhang J, Zhao J
(2021) Role of the aryl hydrocarbon receptor and gut microbiota-
derived metabolites Indole-3-acetic acid in sulforaphane alleviates
Hepatic Steatosis in mice. Front Nutr 8:778. https://doi.org/10.
3389/FNUT.2021.756565/BIBTEX

Zarrinpar A, Chaix A, Xu ZZ, Chang MW, Marotz CA, Saghatelian
A, Knight R, Panda S (2018) Antibiotic-induced microbiome
depletion alters metabolic homeostasis by affecting gut signaling
and colonic metabolism. Nat Commun 9:1-13. https://doi.org/10.
1038/541467-018-05336-9

Zelante T, Iannitti RG, Cunha C, Luca A, Giovannini G, Pieraccini
G, Zecchi R, D’Angelo C, Massi-Benedetti C, Fallarino F, Car-
valho A, Puccetti P, Romani L (2013) Tryptophan catabolites from
microbiota engage aryl hydrocarbon receptor and balance mucosal
reactivity via interleukin-22. Immunity 39:372-385. https://doi.
org/10.1016/j.immuni.2013.08.003PM-23973224

Zierer J, Jackson MA, Kastenmiiller G, Mangino M, Long T, Telenti
A, Mohney RP, Small KS, Bell JT, Steves CJ, Valdes AM, Spec-
tor TD, Menni C (2018) The fecal metabolome as a functional
readout of the gut microbiome. Nat Genet 50:790-795. https://
doi.org/10.1038/541588-018-0135-7PM-29808030

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://www.stat.boogaart.de/compositions/
http://www.stat.boogaart.de/compositions/
https://doi.org/10.1016/j.aca.2017.01.059PM-28351641
https://doi.org/10.1016/j.aca.2017.01.059PM-28351641
https://doi.org/10.1038/s41598-021-89384-0
https://doi.org/10.1038/s41598-021-89384-0
https://github.com/talgalili/gplots/issues
https://github.com/taiyun/corrplot
https://www.sanger.ac.uk/resources/downloads/bacteria/peptoclostridium.html
https://www.sanger.ac.uk/resources/downloads/bacteria/peptoclostridium.html
https://doi.org/10.3389/FNUT.2021.756565/BIBTEX
https://doi.org/10.3389/FNUT.2021.756565/BIBTEX
https://doi.org/10.1038/s41467-018-05336-9
https://doi.org/10.1038/s41467-018-05336-9
https://doi.org/10.1016/j.immuni.2013.08.003PM-23973224
https://doi.org/10.1016/j.immuni.2013.08.003PM-23973224
https://doi.org/10.1038/s41588-018-0135-7PM-29808030
https://doi.org/10.1038/s41588-018-0135-7PM-29808030

	Fecal tryptophan metabolite profiling in newborns in relation to microbiota and antibiotic treatment
	Abstract 
	Key points
	Introduction
	Material and methods
	Study design
	DNA isolation from meconiumstool samples, PCR amplification and sequencing of 16S rRNA gene
	Bioinformatics analysis
	Chemicals and reagents
	Proteomics analysis
	Metabolite extraction protocol
	Metabolomics UHPLC-SRM assay
	Method validation and reproducibility
	Tryptophan metabolite quantification
	Statistical analysis

	Results
	Differentiation between meconium and stool
	Metabolite analysis and 16S rRNA gene sequencing

	Discussion
	Acknowledgements 
	References


