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OPEN A common trajectory of gut

microbiome development
during the first month

in healthy neonates with limited
inter-individual environmental
variations
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Ling Chen®, Chang-Wei Li® & Yu-Hua Chao®37*

The early development of the gut microbiome is governed by multiple factors and has significantly
long-term effects on later-in-life health. To minimize inter-individual variations in the environment, we
determined developmental trajectories of the gut microbiome in 28 healthy neonates during their stay
at a postpartum center. Stool samples were collected at three time points: the first-pass meconium
within 24 h of life, and at 7 and 28 days of age. Illumina sequencing of the V3-V4 region of 16S rRNA
was used to investigate microbiota profiles. We found that there was a distinct microbiota structure

at each time point, with a significant shift during the first week. Proteobacteria was most abundant in
the first-pass meconium; Firmicutes and Actinobacteria increased with age and were substituted as the
major components. Except for a short-term influence of different delivery modes on the microbiota
composition, early microbiome development was not remarkably affected by gravidity, maternal
intrapartum antibiotic treatment, premature rupture of membranes, or postnatal phototherapy.
Hence, our data showed a similar developmental trajectory of the gut microbiome during the first
month in healthy neonates when limited in environmental variations. Environmental factors external
to the host were crucial in the early microbiome development.

Ecological succession within the human gut is a dynamic process, from a nascent microbiome at, or perhaps
even before, the time of birth to the ultimate equilibrium of an adult microbiome profile. The development of
the gut microbiome during early life has significant and lasting effects on later-in-life host physiology and even
on the occurrence of various diseases'~. Therefore, research on its evolution during early childhood has recently
received a lot of attention.

The infant gut is initially colonized by diverse microbes, mainly coming from the mother and the surrounding
environment during the perinatal period®®. Thereafter, the gut microbiome undergoes a maturation process with
great shifts in both composition and diversity with increasing age. It has been proposed that the gut microbiome
undergoes most of its development very early in life*!°. Therefore, it is important to know the reference founder
from which the subsequent gut microbiome is derived. However, limited data are available regarding the micro-
bial signatures of the first-pass meconium.

It has become increasingly clear that an individual’s gut microbiome appears to be shaped by multiple factors
from the host and the environment and is modulated by age over time''~*?. It is useful to minimize differences
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in the nursing environment among participants to examine the effects of perinatal characteristics on the tem-
poral development of the gut microbiome in early life. Here, we aimed to determine developmental trajectories
of the early gut microbiome in healthy neonates with minimal inter-individual variations in the environment.
Taking advantage of the traditional Chinese ritual of postpartum confinement, all babies and their mothers in
the present study stayed in a single care center during the entire study period and stool samples were collected
at three different time points within 1 month after birth.

Results

Study cohort

A total of 28 neonates fulfilled all the inclusion criteria and had complete collection of stool samples during
their stay at the postpartum care center. This study included 12 males and 16 females. Intrapartum antibiotic
treatment was used in fifteen neonates for maternal Group-B Streptococcus positivity or premature rupture of
membranes (PROM). PROM was noted in ten neonates, and the duration ranged from 30 min to 40 h. Based
on the baby-friendly policy, all neonates received breast feeding initially. Additional infant formula was given if
needed. The proportion of breast milk was tending upwards with age but cannot be determined accurately. The
clinical data were outlined in Table 1.

In Chinese culture, women rest for a month after they have a baby; this is termed postpartum confinement.
Nowadays, a certain proportion of women in Taiwan do so at postpartum care centers, where adequate meals
are provided for them and trained personnel help to take care of their babies!*!°. The centers meet all the needs
of new mothers and their babies, and they stay indoors all day during the period of postpartum confinement.
Various environmental factors may affect the gut microbiome in humans. To minimize these differences, a cohort
of neonates who were born in a single hospital and stayed in a single postpartum care center during a certain
period was enrolled in the study. During they stayed at the care center, stool samples were collected at three time
points: the first-pass meconium, and at 7 and 28 days of age. All the 28 neonates spontaneously evacuated the
first-pass meconium after birth but not later than 24 h.

A distinct microbiota community structure at each time point

Total DNA was extracted from the fecal samples, and the least DNA extraction yield among these samples was
169.2 ng. As known, there are a low number of bacteria within the first-pass meconium, but it is impossible
to obtain meconium via a sterile procedure. In our previous study, samples collected from blank diapers were
used for sequencing control to assess contamination. We found distinct microbiota community structures in
the first-pass meconium samples and control samples'®, implicating that the procedure of sample collection in
our study was reliable.

We sequenced and analyzed all 84 stool specimens from the 28 neonates. Sequencing generated an average
of 174,425 reads per sample, and 2600 operational taxonomic units (OTUs) were identified. The Venn diagram
displayed the number of OTUs that were shared or exclusive at different time points (Fig. 1a). Only 56 of the
2600 OTUs were shared across the three time points, suggesting the presence of a distinct microbiota structure
at each time point. In particular, 92.6% of OTUs in the first-pass meconium within 24 h of life were unique.
Figure 1b revealed the evolution of the gut microbiota composition at the phylum level. Proteobacteria was most
abundant in the first-pass meconium, but the relative abundance decreased significantly at 7 and 28 days of age

Variable n=28

Gender

Male 12

Female 16

Gestational age (weeks) 38.3 (35.2-40.0)
Birth weight (g) 3010 (2020-3620)
Mode of delivery

Vaginal 15

C-section 13
Primigravida 6 (21.4%)
Mother’s age (years) 33.9 (23.9-45.9)
Maternal intrapartum antibiotic treatment 15 (53.6%)
Premature rupture of membranes (PROM) 10 (35.7%)
Duration (hours) 6.5 (0.5-40.0)
Phototherapy for neonatal jaundice 6(21.4%)
Feeding style

Exclusive breast feeding or formula feeding | 0

Mixed (breast + formula feeding) 28 (100%)

Table 1. Descriptive data of the study population. Data were shown as number (percentage) and median
(range). Premature rupture of membranes is the rupture of gestational membranes prior to the onset of labor.
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Relative abundance (%)

Figure 1. The evolution of the gut microbiota composition during the first month of life. (a) Venn diagram.
(b) Mean relative abundances of the dominant taxa (at the phylum level) at each time point. (c¢) Heatmap of the
top 30 OTUs at the genus level. (d) Bar plot showing the relative abundances of the annotated bacterial genera
in each sample. The 30 most abundant genera across all samples were shown, with the remaining minor genera
combined in the group “Others” (e) Changes in the relative abundances of the five dominant genera over time.

The box was drawn from the first quartile to the third quartile with a horizontal line in the middle to denote the
median.
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(p<0.05). Firmicutes and Actinobacteria increased significantly with age (p <0.05) and were substituted as the
major components. In addition, the abundance of Bacteroidetes gradually increased with increasing age (p <0.05).

As shown in Fig. I, taxonomic analysis identified the top 30 OT'Us with the highest abundance at the genus
level. A significant shift in the gut microbiota composition was noted during the first week of life. Among all
meconium samples, Pseudomonas was the most abundant genus, accounting for >80% of all sequences (Fig. 1d).
Subsequently, the frequency of Pseudomonas declined significantly in stool samples collected at 7 and 28 days
of age. Meanwhile, several enriched genera in the first-pass meconium, such as Rhodococcus, Sphingobacterium,
Acinetobacter, Methylobacterium, and Sphingomonas, decreased abruptly in samples at 7 and 28 days of age. In
contrast, Enterococcus, Bifidobacterium, Streptococcus, and Lactobacillus were found to be enriched after the first
week of life (Fig. Le).

Alpha diversity was used to profile the microbial richness and evenness of the gut ecosystem (Fig. 2). Com-
pared with samples collected at 7 and 28 days of age, the number of observed OTUs was higher in the first-pass
meconium samples. Consistent with the higher Chaol index, the species richness was greater in the meconium.
However, the Pielou index of the first-pass meconium samples was significantly lower, suggesting less evenness
in the microbial communities within the meconium. Considering both richness and evenness, the Shannon
diversity index of stool samples showed an upward trend with increasing age, suggesting that maturation of the
gut microbiome is associated with an increase in diversity.

Beta diversity was calculated to evaluate the differences in the microbiota community structure across dif-
ferent time points. As shown in Fig. 3a, principal components analysis (PCA) of predicted microbial functions
revealed that the meconium samples were highly concentrated and distinct from the samples collected at 7 and
28 days of age. Illustrating the dissimilarity in overall composition by principal coordinates analysis (PCoA), the
Bray-Curtis distance-based similarity analysis indicated that the largest changes in the microbiota composition
occurred during the first week of life (Fig. 3b). The first-pass meconium samples were clustered separately from
the samples of 7 and 28 days of age, and the Bray-Curtis distances between the samples of 7 and 28 days old
were smaller. Concordantly, non-metric multidimensional scaling (NMDS) analysis revealed a significant dif-
ference in the distance between the first-pass meconium within 24 h of life and stool collected at 7 and 28 days
of age (Fig. 3¢).

As shown in Fig. 4, linear discriminant analysis of effect size (LEfSe) revealed that the dominant taxa across
different time points were significantly different. A representative cladogram of the most differentially abundant
taxa at each time point indicated shifts in the gut microbiota composition during the first month of life (Fig. 4a).
At the genus level, Pseudomonas and Sphingobacterium were biomarkers for the first-pass meconium within 24 h
of life, whereas Bifidobacterium, Streptococcus, Veillonella, Bacteroids, Rothia, and Lactobacillus were biomarkers
at 28 days of age (Fig. 4b).

The co-occurrence network illustrated how the evolution of the gut microbiome occurred during early life
(Fig. 5). At the phylum level, the relative abundances of Bacteroidetes and Firmicutes increased with age, whereas
Proteobacteria decreased significantly over time. Moreover, Firmicutes became the main fixed flora after seven
days of age, with a large proportion of positive network associations.

Effects of clinical factors on the development of the gut microbiome during the first month of
life

The influence of multiple perinatal characteristics on the development of the early gut microbiome was fur-
ther evaluated. As shown in Fig. 6a, the Shannon diversity index exhibited an upward trend with age, but the
increase was not affected by the mode of delivery, gravidity, maternal intrapartum antibiotic treatment, PROM,
or postnatal phototherapy for neonatal jaundice. Next, effects of each clinical factor on the relative abundances
of five dominant genera, including Pseudomonas, Enterococcus, Bifidobacterium, Streptococcus, and Lactobacil-
lus, were determined. Compared with vaginally delivered infants, delivery by C-section was associated with a
higher relative abundance of Enterococcus and lower relative abundance of Bifidobacterium at 7 days of age, but
the association strength became insignificant at 28 days of age (Fig. 6b). Changes in the relative abundances
of the five bacterial genera were not significantly affected by gravidity, maternal intrapartum antibiotic treat-
ment, PROM, or postnatal phototherapy for neonatal jaundice (Supplementary Fig. 1). While there was limited
sample size in our study, our data showed early microbiome development was not remarkably affected by these
perinatal factors in the limited environment, except for a short-term influence of different delivery modes on
the microbiota composition.

Discussion

The human gut acquires a nascent microbiome around the time of birth and starts a transition to the ultimate
equilibrium of an adult microbiome profile. While the development of healthy gut microbiota in early childhood
has been somewhat characterized!’~*?, limited data are available on the longitudinal analysis of the gut microbiota
structure from the time of birth. In this case cohort study, the gut bacterial composition was identified using
16S rRNA sequencing in stool samples from 28 healthy newborns collected at three time points: the first-pass
meconium within 24 h of life, and at 7 and 28 days of age. Our results showed that transient colonization of
non-pathogenic commensal microbiota from the Proteobacteria phylum was noted in the first-pass meconium.
With increasing age, Firmicutes and Actinobacteria increased significantly and were substituted as the major
components. Our study extends previous research with further characterization of the gut microbiome in very
early life?>-*2. Due of the distinct microbiota community structure of the first-pass meconium, the establish-
ment of the gut microbiome may not originate from the expansion of initial bacterial populations within the
first-pass meconium.
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Figure 3. Beta diversity of the gut microbiome showing different microbial signatures at different time points.
Each dot represented a sample. (a) Principal components analysis (PCA). (b) Principal coordinates analysis
(PCoA). (c) Non-metric multidimensional scaling (NMDS).

A growing body of evidence suggests that the gut microbiome undergoes most of its development very early
in life*!°. However, the evolution in healthy infants during very early life has not been fully elucidated. Unlike
sampling only once during the first month of life in most studies, stool samples were collected at three time points
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Figure 4. Linear discriminant analysis of effect size (LEfSe) to identify the most differentially abundant taxa at
each time point. (a) Taxonomic cladogram. (b) Taxa meeting a significant linear discriminant analysis (LDA)
threshold value of > 4.

within 1 month after birth in the present study. We observed that the overall composition of the gut microbiota
changed markedly over time, with the most abrupt population change occurring during the first week of life. The
analysis at the genus level showed that the alteration during the first week was mainly driven by Enterococcus and
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Figure 5. Co-occurrence network analysis constructed using 28 samples for each time point. Each node
represented a taxon (at the phylum level); red and green edges between the nodes represented positive and
negative correlations between taxa. Spearman coeflicient correlations with a score lower than -0.6 and higher
than 0.6 were considered significant.

Streptococcus for the phylum Firmicutes and by Bifidobacterium for the phylum Actinobacteria. After the initial
period, the relative abundances of Bifidobacterium and Streptococcus continued to increase, along with a remark-
able increase in the abundances of Veillonella, Bacteroids, Rothia, and Lactobacillus. Meanwhile, we observed a
gradual increase in Shannon diversity over time. It is understood that younger individuals have a lower diversity
index compared to older children and adults''. Our result is consistent with previous reports'’~'%, and an increas-
ing diversity is strongly associated with the development toward a mature microbiome.

The evolution of the gut microbiome after birth is governed by multiple host factors and factors external to
the host'!~%. For a study to investigate the influence of maternal and infant characteristics on the early microbiota
development, it is especially important to minimize differences in the nursing environment among participants.
However, it is very difficult to restrict the activities of mothers and their babies for study. Nearly all related studies
in the literature have collected stool samples from babies by their parents at home. Certainly, there are wide inter-
individual variations in the surrounding environment. As known, the intestinal microbiome in children under
3 years of age is highly dynamic'’. In the early life, there was a pronounced level of inter-individual variation
in bacterial species assemblages over time from baby to baby, even those apparently healthy®. The traditional
Chinese ritual of postpartum confinement carried out in a single postpartum care center provided a special
opportunity for us to uniform the most influential factors of the environment, including foods of the mothers
and their babies'*"*. From the delivery room to the baby room, all neonates in the present study received the same
perinatal and postnatal care in a single building. All stool samples were collected by highly-trained nurses during
their stay at the nursing center. Moreover, their mothers received the same postpartum care at the center and
were kept indoors during the entire study period. The diet for the mothers and infant formula for the babies were
chiefly provided by the center, and all babies in the present study received a similar feeding pattern. In contrast
to the results of previous studies which showed great differences in the dynamics of the gut microbiome!***%4,
we found that these neonates shared a common developmental trajectory of the gut microbiome during the first
month of life in the limited environment. Although the small sample size, our data showed that early microbiome
development was not significantly affected by gravidity, maternal intrapartum antibiotic treatment, PROM, or
postnatal phototherapy. Only a short-term influence of different delivery modes on the gut microbiota com-
position was observed. We speculate that the developmental trajectory of the early gut microbiome in healthy
neonates may be governed principally by factors external to the host.

During the perinatal period, the infant gut is initially colonized by diverse microbes coming mainly from the
mother and the external environment®-. Our study showed that several environment-associated bacteria, such
as Pseudomonas and Sphingobacterium, were first detected after birth, but soon a great shift in the gut microbiota
composition occurred. Colonization by Enterococcus, Bifidobacterium, and Streptococcus was evident at 7 days
of age, and the abundances of Bifidobacterium, Streptococcus, and Lactobacillus continued to increase with age.
These bacteria may mainly originate from infant food, including breast milk and formula. As shown in the co-
occurrence network (Fig. 5), the richness of these bacteria with increasing microbiota diversity is fundamental
to the development of a healthy and mature gut microbiome, despite different development trajectories may go
On23’25.

Some limitations are inherent in our study. First, the sample size of the cohort was small. Despite these infants
shared a common developmental trajectory of the gut microbiome during the first month of life, our sample
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size may lack sufficient power to account for the influence of complex perinatal factors on early microbiome
development. Second, our study did not enroll control infants who stayed at home after birth. Nevertheless, this
observational study was designed to investigate early microbiome development in healthy infants with limited
inter-individual environmental variations. Taking advantage of the unique Chinese tradition, our study was
conducted in a postpartum care center. Finally, the impact of different feeding styles on the gut microbiome
cannot be assessed. All babies in the present study received the same feeding pattern, and the proportion of
breast milk cannot be determined.

In conclusion, we used a longitudinal birth cohort of 28 healthy infants during their stay at a postpartum
care center to describe early microbiome development within 1 month after birth. Our study revealed a distinct
microbiota composition at each time point. The greatest shift in the microbiota composition occurred during
the first week. These infants shared a similar developmental trajectory of the gut microbiome during the first
month of life in the limited environment.

Materials and methods

Study population and sampling

From December 2022 to January 2023, all pregnant women admitted to the Lee Women’s Hospital with the will
for 28-day postpartum care at the Anxin Postpartum Nursing Home were invited to participate in this study at
the time of admission to labor and delivery. Anxin Postpartum Nursing Home is affiliated with Lee Women’s
Hospital and is responsible for the traditional Chinese ritual of postpartum confinement. This prospective case-
cohort study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional
Review Board of Chung Shan Medical University Hospital (CS2-22178). Written informed consent was obtained
from all legal guardians of the participants.

Stool samples were collected by the child’s named nurse at three time points: the first-pass meconium, and at
7 and 28 days of age. Fresh stool samples were obtained from diapers after spontaneous evacuation and stored in
a fecal collecting kit (AllBio Science, Taichung, Taiwan) at — 20 °C. As soon as possible, the samples were trans-
ported to the laboratory at the AllBio Life Incorporation for extraction and sequencing. Clinical information
relating to birth and postnatal care during the stay was also collected.

Newborn infants who fulfilled all the following criteria were eligible for data analysis: (1) babies were born
to healthy mothers after normal pregnancy; (2) mothers did not receive probiotic supplementation during
pregnancy; (3) the delivery process was uncomplicated and the Apgar scores were higher than 7; (4) babies were
apparently normal without known congenital anomalies; (5) babies started oral feeds within the first 24 h; (6)
babies did not require medical treatment except phototherapy; and (7) the first-pass meconium was spontane-
ously evacuated after birth.

DNA extraction and sequencing

Total genome DNA from fecal samples was extracted using the EasyPure Stool Genomic DNA Kit (AllBio Sci-
ence, Taichung, Taiwan), and DNA concentration was determined using the Qubit dsDNA HS Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were stored at — 20 °C for preservation before further PCR
amplification and sequencing.

A sequencing library was constructed using the MetaVx Library Preparation Kit (Genewiz, South Plainfield,
NJ, USA). The V3 and V4 hypervariable regions of prokaryotic 16S rDNA were selected to generate amplicons
for taxonomic analysis. The forward primer sequence was ‘CCTACGGRRBGCASCAGKVRVGAAT’ and the
reverse primers sequence was GGACTACNVGGGTWTCTAATCC. In the second-stage PCR, adapters and
index sequences were added to either end of the amplified fragment. The library was purified using magnetic
beads, and the concentration was determined using a microplate reader (Tecan Infinite 200 Pro). The fragment
size was determined by agarose gel electrophoresis. Next-generation sequencing was conducted using the Illu-
mina MiSeq Platform (Illumina, San Diego, CA, USA). Automated cluster generation and 250/300 paired-end
sequencing with dual reads were performed, according to the manufacturer’s instructions.

Bioinformatic analysis

The sequencing data were analyzed using QIIME2 (version 2021.11) with default parameters*. The DADA2
algorithm was used for quality filtering and merging sequences with greater than 97% similarity. Taxonomic
assignment of each OTU was performed according to the Greengenes database, generating a table of amplicon
sequence variants for further analysis. After taxonomic classification, random sampling was applied to flatten
the number of sequences in all the samples. The taxa of the same type were agglomerated at the phylum, class,
order, family, genus, and species levels.

Biodiversity was calculated at the OTU level using the R software and plotted using the MicrobiotaProcess
package. Alpha diversity was used to investigate species richness and evenness within samples, as illustrated by
the number of observed OTUs, Chaol, Pielou, and Shannon indices. For beta diversity, phylogeny-based UniFrac
analysis was performed to evaluate the diversity and degree of difference among samples using the permutational
multivariate analysis of variance (PERMANOVA) method. PCA was based on the taxonomic distribution; PCoA
and NMDS were based on the Bray-Curtis distance matrix. LEfSe was applied to determine the taxa that best
discriminated between the groups of samples. LEfSe was used for differential abundance analysis to generate
cladograms and linear discriminant analysis (LDA) plots.

Statistical analysis
Data analysis was performed using the R software. For continuous variables, the nonparametric Wilcoxon test
was used to compare data of different time points. A value of p <0.05 was considered statistically significant.
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Spearman coefficient correlations were used to exam co-occurrence network, and a score lower than -0.6 or
higher than 0.6 was considered significant.

Data availability
The datasets generated during the current study are available in the figshare repository, (https://figshare.com/
articles/dataset/Dataset_underlying_the_research_Dynamics_of_early_gut_microbiome_during the_first_
month_of_life_in_healthy_neonates/23734455). Analyzed data were included in this article and its online sup-
plementary material.

Received: 4 September 2023; Accepted: 7 February 2024
Published online: 08 February 2024

References
1. Alderete, T. L. et al. Early life gut microbiota is associated with rapid infant growth in Hispanics from Southern California. Gut
Microbes 13, 1961203 (2021).
2. Derovs, A., Laivacuma, S. & Krumina, A. Targeting microbiota: What do we know about it at present?. Medicina 55, 10 (2019).
3. Tanaka, M. & Nakayama, J. Development of the gut microbiota in infancy and its impact on health in later life. Allergol. 66, 515-522
(2017).
4. Kitai, T. & Tang, W. H. W. Gut microbiota in cardiovascular disease and heart failure. Clin. Sci. 132, 85-91 (2018).
5. Dominguez-Bello, M. G., Godoy-Vitorino, E, Knight, R. & Blaser, M. J. Role of the microbiome in human development. Gut 68,
1108-1114 (2019).
6. Mady, E. A. et al. Impact of the mother’s gut microbiota on infant microbiome and brain development. Neurosci. Biobehav. Rev.
150, 105195 (2023).
7. Ferretti, P. et al. Mother-to-infant microbial transmission from different body sites shapes the developing infant gut microbiome.
Cell Host Microbe 24, 133-145 (2018).
8. Mirpuri, J. & Neu, J. Maternal microbial factors that affect the fetus and subsequent offspring. Semin. Perinatol. 45, 151449 (2021).
9. Gritz, E. C. & Bhandari, V. The human neonatal gut microbiome: A brief review. Front. Pediatr. 1, 17 (2015).
10. Putignani, L., Del Chierico, E, Petrucca, A., Vernocchi, P. & Dallapiccola, B. The human gut microbiota: A dynamic interplay with
the host from birth to senescence settled during childhood. Pediatr. Res. 76, 2-10 (2014).
11. Grech, A. et al. Maternal exposures and the infant gut microbiome: A systematic review with meta-analysis. Gut Microbes 13, 1-30
(2021).
12. Rothschild, D. et al. Environment dominates over host genetics in shaping human gut microbiota. Nature 1, 210-215 (2018).
13. Penders, J. et al. Factors influencing the composition of the intestinal microbiota in early infancy. Pediatrics 118, 511-521 (2006).
14. Hung, C. H,, Yu, C. Y,, Ou, C. C. & Liang, W. W. Taiwanese maternal health in the postpartum nursing centre. J. Clin. Nurs. 19,
1094-1101 (2010).
15. Yeh, Y. C,, St John, W. & Venturato, L. Doing the month in a Taiwanese postpartum nursing center: An ethnographic study. Nurs.
Health Sci. 16, 343-351 (2014).
16. Chang, Y. S. et al. Early gut microbiota profile in healthy neonates: Microbiome analysis of the first-pass meconium using next-
generation sequencing technology. Children 10, 1260 (2023).
17. Wernroth, M. L. et al. Development of gut microbiota during the first 2 years of life. Sci. Rep. 12, 9080 (2022).
18. Roswall, J. et al. Developmental trajectory of the healthy human gut microbiota during the first 5 years of life. Cell Host Microbe
29,765-776 (2021).
19. Backhed, E et al. Dynamics and stabilization of the human gut microbiome during the first year of life. Cell Host Microbe 17,
690-703 (2015).
20. Rackaityte, E. et al. Viable bacterial colonization is highly limited in the human intestine in utero. Nat. Med. 1, 599-607 (2020).
21. Jimenez, E. et al. Is meconium from healthy newborns actually sterile?. Res. Microbiol. 159, 187-193 (2008).
22. Jonathan, K. J. T. et al. Clinical characteristics influence cultivable-bacteria composition in the meconium of Indonesian neonates.
Heliyon 6, 05576 (2020).
23. Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. Nature 486, 222-227 (2012).
24. Bokulich, N. A. et al. Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 8, 343ra82
(2016).
25. Arumugam, M. et al. Enterotypes of the human gut microbiome. Nature 473, 174-180 (2011).
26. Allaband, C. et al. Microbiome 101: Studying, analyzing, and interpreting gut microbiome data for clinicians. Clin. Gastroenterol.
Hepatol. 17, 218-230 (2019).

Acknowledgements
The authors would like to thank all the subjects who participated in our study. This study was supported by Chung
Shan Medical University Hospital (CSH-2023-C-018 and CSH-2024-C-007).

Author contributions

X.A.W. contributed to the patient care. ].P.L. collected and processed the samples. M.S.L. and S.EY. provided
technical support. Y.S.C. and L.C. performed bioinformatics analysis. C.W.L. interpreted results. Y.H.C. conceived
of the study and wrote the manuscript. All authors have read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53949-6.

Correspondence and requests for materials should be addressed to Y.-H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2024) 14:3264 | https://doi.org/10.1038/s41598-024-53949-6 nature portfolio


https://figshare.com/articles/dataset/Dataset_underlying_the_research_Dynamics_of_early_gut_microbiome_during_the_first_month_of_life_in_healthy_neonates/23734455
https://figshare.com/articles/dataset/Dataset_underlying_the_research_Dynamics_of_early_gut_microbiome_during_the_first_month_of_life_in_healthy_neonates/23734455
https://figshare.com/articles/dataset/Dataset_underlying_the_research_Dynamics_of_early_gut_microbiome_during_the_first_month_of_life_in_healthy_neonates/23734455
https://doi.org/10.1038/s41598-024-53949-6
https://doi.org/10.1038/s41598-024-53949-6
www.nature.com/reprints

www.nature.com/scientificreports/

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, 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/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:3264 | https://doi.org/10.1038/s41598-024-53949-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	A common trajectory of gut microbiome development during the first month in healthy neonates with limited inter-individual environmental variations
	Results
	Study cohort
	A distinct microbiota community structure at each time point
	Effects of clinical factors on the development of the gut microbiome during the first month of life

	Discussion
	Materials and methods
	Study population and sampling
	DNA extraction and sequencing
	Bioinformatic analysis
	Statistical analysis

	References
	Acknowledgements


