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Immediately after birth, newborn babies experience rapid 
colonization by microorganisms from their mothers and the 
surrounding environment1. Diseases in childhood and later in life 
are potentially mediated by the perturbation of the colonization 
of the infant gut microbiota2. However, the effects of delivery 
via caesarean section on the earliest stages of the acquisition 
and development of the gut microbiota, during the neonatal 
period (≤1 month), remain controversial3,4. Here we report the 
disrupted transmission of maternal Bacteroides strains, and high-
level colonization by opportunistic pathogens associated with the 
hospital environment (including Enterococcus, Enterobacter and 
Klebsiella species), in babies delivered by caesarean section. These 
effects were also seen, to a lesser extent, in vaginally delivered babies 
whose mothers underwent antibiotic prophylaxis and in babies 
who were not breastfed during the neonatal period. We applied 
longitudinal sampling and whole-genome shotgun metagenomic 
analysis to 1,679 gut microbiota samples (taken at several time points 
during the neonatal period, and in infancy) from 596 full-term 
babies born in UK hospitals; for a subset of these babies, we collected 
additional matched samples from mothers (175 mothers paired with 
178 babies). This analysis demonstrates that the mode of delivery is a 
significant factor that affects the composition of the gut microbiota 
throughout the neonatal period, and into infancy. Matched large-
scale culturing and whole-genome sequencing of over 800 bacterial 
strains from these babies identified virulence factors and clinically 
relevant antimicrobial resistance in opportunistic pathogens that 
may predispose individuals to opportunistic infections. Our findings 
highlight the critical role of the local environment in establishing 
the gut microbiota in very early life, and identify colonization with 
antimicrobial-resistance-containing opportunistic pathogens as a 
previously underappreciated risk factor in hospital births.

The acquisition and development of the gut microbiota during early 
life follow successive waves of exposures to and colonization by micro-
organisms, which shapes the longer-term composition and function of 
the microbiota5. Events in early life—including delivery by caesarean 
section1,4,6–8, formula feeding7,9 and antibiotic exposure7,10—that could 
perturb the composition of the gut microbiota are associated with the 
development of childhood asthma and atopy11–13. Although recent 
studies7,8,10,14,15 have provided substantial insights into the development 
of the gut microbiota during the first three years of life, many of these 
studies have been limited by the taxonomic resolution provided by 16S 
rRNA gene profiling, small sample size or limited sampling during the 
first month of life (the neonatal period). High-resolution metagenomic 
studies of large, longitudinal cohorts are required to establish the effects 
of events in early life on the assembly of the gut microbiota, and any 
associated risks—particularly for the neonatal period, during which 
pioneering microorganisms could influence the subsequent develop-
ment of the microbiota and immune system16,17.

To characterize the trajectory of the acquisition and development of 
the gut microbiota during the neonatal period, we enrolled 596 healthy, 

full-term babies (39.5 ± 1.37 weeks of gestation, 314 vaginal births 
and 282 births via caesarean section) (Fig. 1a, Extended Data Table 1, 
Supplementary Table 1) through the Baby Biome Study (BBS). Faecal 
samples were collected from all babies at least once during their neo-
natal period (≤1 month) and 302 babies were resampled later, dur-
ing infancy (8.75 ± 1.98 months). Maternal faecal samples were also 
obtained, from 175 mothers paired with 178 babies. Metagenomic anal-
ysis of the 1,679 faecal samples taken in total revealed the temporal 
dynamics of the development of the gut microbiota (Fig. 1b), as well as 
increased diversity of the microbiota with age (Extended Data Fig. 1a). 
The gut microbiota exhibited substantial heterogeneity between indi-
viduals, and substantial instability (intra-individual variability) during 
the first weeks of life (Extended Data Fig. 1b). Inter-individual differ-
ences explained 57% of the variation in microbial species composition 
(permutational multivariate analysis of variance (PERMANOVA), 
P < 0.001, 1,000 permutations); this was followed by age at sampling, 
which explained 5.7% of the variance (P < 0.001). These results indicate 
that the gut microbiota is highly dynamic and individualized during 
the neonatal period—even more so than was observed during infancy 
(Extended Data Fig. 1c).

To determine the effect of clinical covariates on the composition of 
the gut microbiota, we performed cross-sectional PERMANOVA and 
stratified by age. The mode of delivery was the most significant factor 
to drive variation in the gut microbiota during the neonatal period 
(Fig. 2a, Supplementary Table 2). Breastfeeding, as well as clinical 
covariates that are associated with hospital birth (such as the use of 
perinatal antibiotics and the duration of the stay in hospital), exhibited 
smaller effects (Supplementary Note 1). The largest effect of the mode 
of delivery was observed on day 4 (R2 = 7.64%, P < 0.001) (Extended 
Data Fig. 2); this effect dissipated with age but remained significant at 
the point of sampling in infancy (R2 = 1.00%, P = 0.002). No differ-
ences were observed between the maternal gut microbiotas by mode 
of delivery, or between the neonatal gut microbiotas after elective and 
emergency births via caesarean section (Supplementary Table 2).

Given the significant effect of the mode of delivery during the 
neonatal period, we next sought to understand how the composi-
tion and developmental trajectory of the microbiota were altered. 
Samples from babies delivered vaginally were enriched with species of 
Bifidobacterium (such as Bifidobacterium longum and Bifidobacterium 
breve), Escherichia (Escherichia coli), Bacteroides (Bacteroides vulgatus) 
and Parabacteroides (Parabacteroides distasonis), and these commensal 
genera comprised 68.3% (95% confidence interval, 65.7–71.0%) of the 
neonatal gut microbiota (Fig. 2b, Supplementary Table 3), consistent 
with recent observations in other cohorts4,8. By contrast, the gut micro-
biotas of babies delivered by caesarean section were depleted of these 
commensal genera and instead were dominated by Enterococcus faeca-
lis, Enterococcus faecium, Staphylococcus epidermis, Streptococcus paras-
anguinis, Klebsiella oxytoca, Klebsiella pneumoniae, Enterobacter cloacae 
and Clostridium perfringens, all of which are commonly associated 
with the hospital environment18 and hospitalized preterm babies19–21. 
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On day 4, species that belong to these genera accounted for 68.25%  
(95% confidence interval, 62.74–73.75%) of the total microbiota com-
position in babies delivered by caesarean section (Fig. 2b).

Previous studies have reported that—compared to babies delivered 
by caesarean section—the gut microbiotas of vaginally delivered babies 
were enriched in lactobacilli associated with the microbiota of the moth-
er’s vagina1,22. Here, however, we observed no statistical difference in the 
prevalence (present at over 1% abundance in 11.9% and 15.7% of the 
microbiota of babies delivered vaginally or by caesarean section, respec-
tively) or abundance of Lactobacillus between babies delivered vaginally 
(1.217%; 95% confidence interval, 0.81–1.621%) or by caesarean section 
(2.21%; 95% confidence interval, 1.54–2.88%). Instead, commensal spe-
cies from the Bacteroides genus were detected at high abundance in the 
gut microbiota of 51.0% (160 out of 314) of vaginally delivered babies 
(mean relative abundance 8.13%; 95% confidence interval, 6.88–9.39%) 
(Extended Data Fig. 3). By contrast, Bacteroides species were low or 
absent in the gut microbiota of 99.6% (281 out of 282) babies delivered 
by caesarean section (mean relative abundance 0.43%; 95% confidence 
interval, 0.11–0.74%). In 60.6% (86 out of 142) of the babies delivered 
by caesarean section, this low-Bacteroides profile (see ‘Classification 
of babies with the low-Bacteroides profile’ in Methods for definition 
of this profile) persisted into infancy, by which point only species of 
Bacteroides were differentially abundant between the gut microbiotas 
of babies delivered vaginally and by caesarean section (Supplementary 
Table 3). Although we could not assess the independent effect of 
maternal exposure to antibiotics during delivery by caesarean section  
(as antibiotics were administered in all deliveries by caesarean section), 
among vaginally delivered babies we observed a significant association 
between the low-Bacteroides profile and maternal intrapartum antibi-
otic prophylaxis (odds ratio 1.77, 95% confidence interval, 1.17–2.71%, 
P = 0.0074), which also accounted for the greatest amount of variation 
in the gut microbiota of vaginally delivered babies (R2 = 5.88–13.6%) 
(Supplementary Table 2). These results expand on previous findings10,23, 
and highlight the low-Bacteroides profile as a perturbation signature 
that is associated with delivery by caesarean section and with maternal 
intrapartum antibiotic prophylaxis in vaginal delivery.

The transmission of gastrointestinal bacteria from mothers to their 
babies is an underappreciated form of maternal kinship24. To assess 
whether variation in the neonatal microbiota could be attributed to 
differential transmission of the maternal microbiota, we profiled the 
transmission of bacterial strains across 178 mother–baby dyads. We 
show that the majority of transmissions of maternal microbial strains 
during the neonatal period occurred in vaginally delivered babies 
(74.39%), at much higher frequency than was observed for babies 
delivered by caesarean section (12.56%, Fisher’s exact test, P < 0.0001) 

(Fig. 3a, Extended Data Fig. 4, Supplementary Table 4). Bacteroides 
spp., Parabacteroides spp., E. coli and Bifidobacterium spp. were most 
frequently transmitted from mothers to babies through vaginal birth, 
consistent with previous observations4,25–27. For Bacteroides species 
such as B. vulgatus (Fig. 3b), the lack of transmission continued far 
beyond the neonatal period in babies delivered by caesarean section25: 
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Fig. 1 | Developmental dynamics of the gut microbiota of newborn 
babies. a, Longitudinal metagenomic sampling of 1,679 gut microbiotas, 
from 771 BBS participants in 3 UK hospitals (labelled A, B and C). 
Each row corresponds to the time course of a subject. Five hundred and 
ninety-six babies were sampled during the neonatal period, primarily on 
day 4 (n = 310), day 7 (n = 532) and day 21 (n = 325), and in infancy 

(8.75 ± 1.98 months of age, n = 302), as well as 175 matched mothers. 
C-section, caesarean section. b, Nonmetric multidimensional scaling 
(NMDS) ordination of bacterial beta-diversities, measured by Bray–Curtis 
dissimilarity between species relative abundance profiles (n = 1,679 
samples).
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Fig. 2 | Perturbed composition and development of the neonatal gut 
microbiota associated with delivery by caesarean section. a, Bar plot 
illustrating the clinical covariates that are associated with variation 
in the neonatal gut microbiota on day 4 (n = 310 individuals), day 7 
(n = 532 individuals), day 21 (n = 325 individuals) and in infancy 
(n = 302 individuals). Only significant associations in cross-sectional 
tests are shown. Covariates are ranked by the number of significant 
effects observed across sampling-age groups. The proportion of explained 
variance (R2) and significance were determined by PERMANOVA on 
between-sample Bray–Curtis dissimilarity. b, Longitudinal changes in 
the mean relative abundance of genera of faecal bacteria, sampled on 
day 4, day 7, day 21 and in infancy, for genera with >1% mean relative 
abundance across all samples from the neonatal period. Vaginal deliveries, 
n = 744 samples from 310 babies; deliveries via caesarean section, 
n = 725 samples from 281 babies. 
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the transmission of B. vulgatus was rarely detected later in infancy. 
This is in contrast to the transmission pattern of other common early 
colonizers (such as B. longum (Fig. 3c) and E. coli), for which coloni-
zations of maternal strains occurred more frequently later in infancy 
(Fisher’s exact test, P = 0.0479 and P = 0.0226, respectively). This result 
highlights the neonatal period as a critical early window of maternal 
transmission, as shown by the disrupted transmission of pioneering 
Bacteroides species that is evident in babies delivered by caesarean 
section (who show long-term absences of these Bacteroides species).

Babies delivered by caesarean section were deprived of maternally 
transmitted commensal bacteria, but had a substantially higher rela-
tive abundance of opportunistic pathogens that are commonly associ-
ated with the hospital environment. These enriched species included  
E. faecalis, E. faecium, E. cloacae, K. pneumoniae, K. oxytoca and C. per-
fringens (Fig. 4a, Supplementary Table 3), some of which are members 
of the ESKAPE (E. faecium, Staphylococcus aureus, K. pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 
spp.) pathogens that are responsible for the majority of nosocomial 
infections28. Their frequent colonization of the gut microbiota of new-
born babies delivered by caesarean section was under-reported in pre-
vious cohorts3,8 that had insufficient statistical power (Supplementary 
Note 2). Among babies delivered by caesarean section, 83.7% car-
ried opportunistic pathogen species during the neonatal period (as 
defined in ‘Classification of the opportunistic pathogen carriage’ in 
Methods), in comparison to 49.4% of the vaginally delivered babies 
(Fig. 4a). During the first 21 days of life, these opportunistic patho-
gens accounted for 30.4% (95% confidence interval, 27.86–32.96%) of 

the species-level abundance in the gut microbiota of babies delivered 
by caesarean section, compared to 9.8% (95% confidence interval, 
8.19–11.4%) in the vaginally delivered babies; the greatest difference 
was observed on day 4 (Extended Data Fig. 5a). Longitudinally, the 
difference in the abundance of all opportunistic pathogens combined 
persisted in the babies delivered by caesarean section who were resam-
pled later during infancy (abundance in babies delivered by caesarean 
section of 2.8%, versus 1.6% in vaginally delivered babies; P = 0.0375, 
Welch’s t-test). The frequent and abundant carriage of opportunistic 
pathogens was also observed in vaginally delivered babies who had the 
low-Bacteroides profile (Extended Data Fig. 5b), and the absence of 
breastfeeding during the neonatal period was associated with a higher 
carriage of C. perfringens, K. oxytoca and E. faecalis (Supplementary 
Table 3).

Given the prevalent carriage of opportunistic pathogens in the 
metagenomes of the neonatal gut, we sought to validate the pres-
ence and viability of these pathogens with culturing. We undertook 
targeted large-scale culturing of 836 strains of opportunistic patho-
gens in the faecal samples of 177 babies (70 vaginally delivered babies 
and 107 babies delivered by caesarean section; a total of 741 iso-
lates) and 38 mothers (95 isolates) using selective medium (Fig. 4b, 
Supplementary Table 5). Subsequent whole-genome sequencing and 
genomic characterization of E. faecalis (n = 356 isolates), E. cloacae 
(n = 52 isolates), K. oxytoca (n = 150 isolates) and K. pneumoniae 
(n = 78 isolates) enabled us to perform high-resolution phylogenetic 
analysis and to delineate the strain-specific carriage of virulence factors 
and genes associated with antimicrobial resistance (AMR).
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Fig. 3 | Disrupted transmission of maternal microbial strains in 
babies delivered by caesarean section. a, Early and late transmission 
of maternal microbial strains in mother–baby pairs (35 pairs for 
vaginally delivered babies and 24 pairs for babies delivered by caesarean 
section), longitudinally sampled during the neonatal (early) and infancy 
(late) period. Only the frequently shared species that were detected 
with sufficient coverage for strain analysis in more than ten pairs are 
shown. b, c, Transmission events of maternal strains of B. vulgatus (b) 

and B. longum (c) in vaginally delivered babies and babies delivered 
via caesarean section, over time. In each row of mother–baby paired 
samples, each circle represents a detectable strain either identical to 
(filled) or distinct from (hollow) the maternal strain. Across the rows, 
identical strains are either linked by a solid line (which represents early 
transmission and persistence to infancy) or a dashed line (which indicates 
late transmission).
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Focusing on the most-prevalent opportunistic pathogen in babies 
delivered by caesarean section, we analysed the genomes of a diverse 
population of E. faecalis strains from the BBS in the context of pub-
licly available genomes of the human gut microbiota and environ-
mental strains of E. faecalis (Fig. 4c). We found that 53.9% of strains 
in the BBS were represented by 5 major lineages, each of which was 
distributed across vaginally delivered babies and babies delivered by 
caesarean section (and their mothers) in the three hospitals of the 
BBS (Extended Data Fig. 6a) and across patients in UK hospitals, but 
did not include high-risk UK epidemic lineages that are enriched in 
multi-drug resistance and virulence. Consistent with the phylogenetic 
placement of strains of the BBS with the human gastrointestinal and 
environmental strains, these non-epidemic E. faecalis strains exhibited 
comparable levels of carriage of genes related to AMR (Extended Data 
Fig. 6b–e, Supplementary Note 3). Similar to E. faecalis, Enterobacter 
and Klebsiella strains in the BBS also exhibited high-level population 
diversity, including the phylogenetic under-representation of epidemic 
lineages (Fig. 4d, Extended Data Fig. 7). These strains also showed 
levels of carriage of genes associated with AMR and virulence that were 

indicative of non-epidemic lineages that circulate in the hospital envi-
ronment and healthy populations, rather than epidemic lineages that 
are hypervirulent and enriched for extended-spectrum β-lactamases 
(Extended Data Fig. 8, Supplementary Note 3). Given the previous iso-
lation of the major BBS lineages in hospitalized patients with blood-
stream infections, and their AMR and virulence capabilities, any level 
of opportunistic pathogen carriage represents a considerable risk of 
opportunistic infections, especially for the babies delivered by caesarean 
section who have a high prevalence (83.7%) of carriage.

Although there is insufficient evidence from metagenomics and the 
whole-genome sequencing of cultured isolates to rule out a maternal ori-
gin for the opportunistic pathogens (Supplementary Note 4), the absence 
of lineage-specific colonization suggests that exposure to the hospital envi-
ronment is the primary factor that drives colonization by opportunistic 
pathogens in the babies of the BBS. Although our study was not designed 
for the retrospective sampling of the hospital environmental sources, 
opportunistic pathogens are frequently found in the hospital environ-
ment; hospital-born babies have been shown to carry the same bacteria 
as are present in operating rooms29 and neonatal intensive care units30.
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Fig. 4 | Extensive and frequent colonization of babies delivered by 
caesarean section with diverse opportunistic pathogens. a, The mean 
relative abundance and frequency (>1% mean relative abundance) of six 
opportunistic pathogen species that are enriched in babies delivered via 
caesarean section (n = 596 samples), compared to vaginally delivered 
babies (n = 606 samples) during the first 21 days of life, in the context of 
the maternal-level carriage (n = 175 individuals). Error bars indicate the 
95% confidence interval of the mean relative abundance. The significance 
(P values indicated to the right of the bars) of the difference in mean 
relative abundance and combined pathogen-carriage frequency between 
babies delivered vaginally or via caesarean section was determined by 
two-sided Wilcoxon signed-rank test and Fisher’s exact tests, respectively. 
b, Phylogenetic representation of 836 bacterial isolates cultured from 
raw faecal samples, including the abovementioned 6 opportunistic 

pathogen species isolated from 5 major genera: Enterococcus spp. (red, 
n = 451 isolates); Clostridium spp. (yellow, n = 24 isolates); Klebsiella spp. 
(blue, n = 235 isolates), Enterobacter spp. (green, n = 52 isolates) and 
Escherichia spp. (purple, n = 41 isolates). c, Phylogeny of E. faecalis isolates 
of the BBS (n = 282 isolates) in the context of public isolates from the UK 
hospitals (n = 168 isolates), the human gut microbiota (n = 28 isolates) 
and environmental sources (n = 27 isolates) with the high-risk UK 
epidemic lineage branches coloured in blue. Midpoint-rooted maximum-
likelihood tree is based on single-nucleotide polymorphisms in 1,656 core 
genes. d, Diverse strain populations of the Enterobacter–Klebsiella complex 
among the BBS collection (n = 202 isolates), in the context of the UK 
hospital (n = 604), the human gut microbiota (n = 37) and environmental 
strains (n = 120).
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Our longitudinal, whole-genome sequencing characterization of the 
human gut microbiota during the previously undersampled neona-
tal period (≤1 month) enables us to consolidate recent findings that 
have shown that mode of delivery is a major factor that shapes the gut 
microbiota in the first few weeks of life4, with a diminished effect that 
persists into infancy14,15. The disrupted transmission of the maternal 
gastrointestinal bacteria (particularly pioneering Bacteroides species) 
through delivery by caesarean section and maternal intrapartum anti-
biotic prophylaxis predisposed newborn babies to colonization by clin-
ically important opportunistic pathogens that circulate in the hospital 
environment. However, the clinical consequences of the perturbations 
of early-life microbiota and the carriage of immunogenic pathogens 
during this critical window of immune development remain to be 
determined. This highlights the need for large-scale, long-term cohort 
studies that also sample home births31 to better understand the conse-
quence of the perinatal factors in hospital birth and establish whether 
perturbation of the neonatal microbiota negatively affects health out-
comes in childhood and later life.
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Methods
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and investigators were not blinded to allocation during 
experiments and outcome assessment.
Study population. The study was approved by the NHS London – City and 
East Research Ethics Committee (REC reference 12/LO/1492). Participants were 
recruited at the Barking, Havering and Redbridge University Hospitals NHS Trust, 
the University Hospitals Leicester NHS Trust and the University College London 
Hospitals NHS Foundation Trust, through the BBS (previously known as Life Study 
enhancement pilot study32) from May 2014 to December 2017. Mothers provided 
written informed consent for their participation, and for the participation of their 
children, in the study. The study was performed in compliance with all relevant 
ethical regulations.
Sample collection. Faecal samples were collected from babies, with at least 1 sam-
ple in the first 21 days of life (referred to as neonatal period, primarily on day 
4, 7 or 21). For a subset of babies who provided neonatal samples, a follow-up 
collection of a faecal sample was performed between 4 to 12 months of their lives 
(referred to as the infancy period). Maternal faecal samples were collected in the 
maternity unit before or after delivery, or stool was collected during delivery by 
midwives. Baby samples were collected at home by mothers, and returned to the 
processing laboratory by post at ambient temperature within 24 h. On arrival at 
the laboratory, all faecal samples were immediately stored at 4 °C for an average 
of 2.41 days (95% confidence interval 2.06–2.76 days) before further processing. 
Samples were aliquoted into 6 vials, 4 of which were stored at -80 °C for raw faeces 
biobanking; the other two vials were processed immediately for DNA extraction. 
Although this sample storage protocol (no preservation buffer for room tempera-
ture and 4-°C storage) was shown to be robust to technical variation in microbiome 
measurements at the time of study design (Supplementary Note 5), state-of-the-art 
preservation methods should be used in future large-scale microbiome studies 
to minimize the potential effect of sample storage on the microbiota composi-
tion33. DNA was extracted from 30 mg of faecal samples as previously described34. 
Negative controls using ultrapure water were included in parallel for each kit as 
well as each extraction batch, and DNA concentration was quantified to confirm 
it was contamination-free. Total DNA was eluted in 60 μl DNase/Pyrogen-free 
water, and stored at -80 °C until shipment to the Wellcome Sanger Institute for 
metagenomic sequencing.
Shotgun metagenomic sequencing and analysis. DNA samples, including 
negative controls, were quantified by PicoGreen dsDNA assay (Thermo Fisher), 
and samples with >100 ng DNA material proceeded to paired-end (2 × 125 bp) 
metagenomics sequencing on the HiSeq 2500 v4 platform. Low-quality bases were 
trimmed (SLIDINGWINDOW:4:20), and reads below 87 nucleotides in length 
(70% of original read length) were removed (MINLEN:87) using Trimmomatic35. 
To remove potential human contaminants, quality-trimmed reads were screened 
against the human genome (GRCh38) with Bowtie2 v.2.3.036. On average, 22.4 
(95% confidence interval 22.1–22.6) million raw reads were generated per sample. 
There were 19.3 (95% confidence interval 19.1–19.6) million reads (87.3% of the 
raw reads) per sample that passed decontamination and quality-trimming steps for 
downstream analysis. Sequencing depth was accounted for as a potential technical 
confounding factor in analyses of microbiota species and strain measurements, and 
significant species association with clinical covariates (Supplementary Note 6). 
Taxonomic classification from metagenomics reads was performed using Kraken 
v.1.037, a k-mer-based sequence classification approach against genomes of the 
Human Gastrointestinal Bacteria Genome Collection38. Bracken v.1.039 was run 
on the Kraken classification output to estimate taxonomic abundance down to the 
species level. Metagenomic samples were compared at the genus and species levels 
by relative abundance. A cut-off of 100 Kraken-assigned paired-end reads (which 
corresponds to 0.001% relative abundance, given the sampling depth of about 10 
million paired-end reads) was applied to determine metagenomic species detec-
tion. To assess whether the trade-off between the observed level of Bacteroides and 
opportunistic pathogens was an artefact of compositional effects, the proportion of 
abundances and reads that corresponded to Bacteroides were removed separately, 
before relative-abundance normalization. In the normalized datasets, the statistical 
enrichment of opportunistic pathogen species in babies delivered via caesarean 
section was consistent with the observation with the original data. The R packages 
phyloseq40 and microbiome41 were used for metagenomic data analysis, and results 
were visualized using ggplot242 in RStudio.
Classification of babies with the low-Bacteroides profile. For each baby, the 
median relative abundance of the Bacteroides genus was calculated across samples 
from the neonatal period. On the basis of the previously described threshold10, 
babies with a median abundance of less than 0.1% were assigned to the low- 
Bacteroides profile.
Classification of the opportunistic pathogen carriage. Total opportunistic path-
ogen load is estimated by calculating the combined, median relative abundance 
of the six differentially abundant opportunistic pathogen species (C. perfringens, 

E. cloacae, E. faecalis, E. faecium, K. oxytoca and K. pneumoniae) per individual 
across their neonatal-period samples, and independently for the infancy-period 
and maternal samples. To prioritize relatively high-level opportunistic pathogen 
carriage that was feasible for downstream strain-cultivation experiments, individ-
uals with a median abundance of over 1% total opportunistic pathogen load were 
defined as a positive carriage.
Analysis of transmission of maternal microbial strains. Strain transmissions 
in mother–baby paired samples were determined using a single-nucleotide-var-
iant-calling method43. StrainPhlAn was run on pre-processed metagenomes to 
generate consensus species-specific marker genes for phylogenetic reconstruction 
of all detectable strains (one dominant strain per sample), using default parameters 
and with the options ‘–alignment_program mafft’ and ‘–relaxed_parameters3’, 
as previously described26. No significant variation in sequencing depth that had 
any effect on the coverage-dependent detection of microbiota species and strains 
was observed between babies delivered vaginally or by caesarean section, across 
age groups (Supplementary Note 6). For each species and strain with sufficient 
coverage for strain profiling, we generated a species-specific phylogenetic tree 
using RAxML44. As previously described26, the strain distance for each pair of 
mother–baby sample strains was computed by calculating the pairwise normalized 
phylogenetic distance on the corresponding species tree.

To define strain-transmission events, a previously described26 conservative 
threshold of 0.1 on the strain distance value was used. The detectable strains in 
a given pair of mother–baby samples were considered to be identical (strain dis-
tance of less than 0.1, indicating transmission) or distinct (a strain distance of 
greater than 0.1, indicating no transmission). For all mother–baby pairs shown in 
Extended Data Fig. 4, an early transmission event was counted once per species 
per mother–baby pair, considering the detected transmission (or evidence for no 
transmission) at the earliest time point (primary transmission), irrespective of 
the subsequent transmission events in any later neonatal-period samples. For a 
subset of mother–baby pairs with both neonatal- and infancy-period sampled 
(Fig. 3a), late transmission events were counted separately, including cases of 
no early transmission owing to insufficient coverage (no detectable strains). To 
highlight the transmission pattern shared by phylogenetically related species, a 
neighbour-joining45 tree of the eligible species was constructed on the basis of 
the mash distance matrix46 of the respective reference genomes included in the 
StrainPhlAn database (Supplementary Table 4). The same approach and strain-dis-
tance threshold (core-genome single-nucleotide polymorphisms (SNPs)) were 
applied to the cultured strains to count the number of identical and distinct strains 
within mother–baby and longitudinal paired samples.
Statistical analysis. To calculate the effect of clinical covariates on the compo-
sition of the gut microbiota, we stratified by age groups and then assessed the 
proportion of explained variance (R2 from PERMANOVA) in between-sample, 
species-level Bray–Curtis dissimilarity for each clinical covariate, using the adonis 
function from the R package vegan47. PERMANOVA is mostly unaffected by group 
dispersion effects in balanced designs48 (such as comparisons between mode of 
delivery); for unbalanced designs (such as breastfeeding comparisons) that are 
more sensitive to group dispersion effects, the group variance homogeneity con-
dition was validated using the betadisper function. Group dispersions were not 
significantly different (betadisper P < 0.05) in all comparisons, which lent sup-
port to the significant—albeit visibly weak—effects of breastfeeding as reported 
by PERMANOVA. Samples with missing metadata for the given clinical covariate 
were excluded before running each cross-sectional analysis. Effect sizes and sta-
tistical significance were determined by 1,000 permutations, and P values were 
corrected for multiple testing using the Benjamini–Hochberg false-discovery rate 
(of 5%). MaAsLin49 was used for the adjustment of covariates when determining 
the significance of species associated with a specific variable, while accounting for 
potentially confounding covariates, as previously described14,15. All the covariates 
that were tested in the PERMANOVA were included in the adjustment, along 
with the sequencing depth used as a fixed effect. The default MaAsLin parameters 
were applied (maximum percentage of samples with missing metadata of 10%, 
minimum percentage relative abundance of 0.01%, P < 0.05, q < 0.25).
Bacterial isolation and whole-genome sequencing. Raw faecal samples from 
neonates, stored in the biobank laboratory at -80 °C, were requested on the basis 
of faecal carriage of targeted species over 1% relative abundance in metagenomes. 
Selected frozen faecal aliquots, where available (>100 ng), were couriered on dry 
ice to the Wellcome Sanger Institute within 6 h of shipment from the biobank labo-
ratory. Bacterial isolates were cultured using the following culture media: E. faecium 
ChromoSelect Agar Base (Sigma-Aldrich) for Enterococcus spp., CP ChromoSelect 
Agar (Sigma-Aldrich) for Closteridium spp., Coliform ChromoSelect Agar (Sigma-
Aldrich) and Klebsiella ChromoSelect Selective Agar (Sigma-Aldrich) for species 
of Enterobacteriaceae. Between two and five colonies per sample were picked for 
full-length 16S rRNA gene sequencing to confirm species identification, as previ-
ously described50. Bacterial isolates with species identifications that were congruent 
with metagenomic identification were re-streaked and purified for genomic DNA 
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extraction using DNeasy 96 kit. DNA sequencing was performed on the Illumina 
HiSeq X, generating paired-end reads (2 × 151 bp). Multiple strains per species 
per faecal sample were also sequenced on the basis of variation across the full-
length 16S rRNA sequences. Bacterial genomes were assembled and annotated 
using the previously described pipeline51. Genome assemblies were subjected to 
quality-checking and contaminant-screening with CheckM52 and Mash Screen53, 
respectively. Where applicable, the suspected contaminant (non-target organism) 
sequences were confirmed, and filtered out via raw read-mapping using Bowtie2 
v.2.3.036, before re-assembly.
Bacterial phylogenetic analysis. The phylogenetic analysis of the complete diverse 
species collection was conducted by extracting the amino acid sequences of 40 
universal core marker genes54,55 from the BBS bacterial culture collection using 
SpecI56. The protein sequences were concatenated and aligned with MAFFT 
v.7.2040, and maximum-likelihood trees were constructed using RAxML44 
with default settings. The four most prevalent opportunistic pathogen species  
(E. faecalis, E. cloacae, K. oxytoca and K. pneumoniae) in the BBS collection were 
further analysed in the context of the public genomes (Supplementary Table 5), 
including the UK-hospital strain collections57–60, the gut microbiota-cultured 
strains from the Human Gastrointestinal Bacteria Genome Collection38 and the 
Culturable Genome Reference61, and the environmental strains in the Genome 
Taxonomy Database (v.86)62. To generate phylogenetic trees of individual spe-
cies, the public genome assemblies were combined with the assemblies of the 
study isolates, annotated with Prokka63, and a pan-genome was estimated using 
Roary64. In situations in which multiple identical strains (no difference in SNPs 
in the species core genome) were cultured from the same faecal sample, only one 
representative strain was included in the species phylogenetic trees. A 95% identity 
cut-off was used, and core genes were defined as those in 99% of isolates (unless 
stated otherwise). A maximum-likelihood tree of the SNPs in the core genes was 
created using RAxML44 and 100 bootstraps. To illustrate the population structure 
of the closely related Enterobacter and Klebsiella strain isolates, FastANI65 was 
used to estimate the pairwise average nucleotide-identity distance between all 
public and BBS genome assemblies, which was then used as an input to generate a 
neighbour-joining with BIONJ45. All phylogenetic trees were visualized in iTOL66. 
Sequence types were determined using MLSTcheck67, which was used to compare 
the assembled genomes against the MLST database for the corresponding species.
Detecting virulence and resistance genes. ABRicate (v.0.8.13, https://github.
com/tseemann/abricate) was used to screen for known, acquired resistance genes 
and virulence factors against bacterial genome assemblies. For genes related to 
AMR, a comprehensive BLAST database that integrates 5,556 non-redundant 
sequences in the NCBI Bacterial Antimicrobial Resistance Reference Gene 
Database (PRJNA313047), the Comprehensive Antibiotic Resistance Database 
(v.2.0.3)68, ARG-ANNOT69 and ResFinder70 was queried. Three thousand two 
hundred and two non-redundant, experimentally validated core virulence genes 
in VFDB (version 5 October 2018)71 were included to build a BLAST database for 
virulence-factor screening.
Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
All sequencing data generated and analysed in this study have been deposited 
in the European Nucleotide Archive under accession numbers ERP115334 and 
ERP024601. The raw faecal samples and bacterial isolates are available from the 
corresponding authors upon request.
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Extended Data Fig. 1 | Neonatal gut microbiota exhibits high volatility 
and individuality. a, Microbiota alpha diversity (Shannon diversity index) 
increased over developmental time. The violin plot outlines the kernel 
probability density; the width of the shaded area represents the proportion 
of the data shown. Centre line shows median; box limits indicate the 
25th and 75th percentiles; whiskers extend 1.5× the interquartile range 
from the 25th and 75th percentiles; and outliers are represented by 
dots. The gut microbiotas of babies on day 4 (n = 310 individuals), 
7 (n = 532 individuals) and 21 (n = 325 individuals), and in infancy 
(n = 302 individuals), as well as from matched mothers (n = 175), 
are plotted. b, c, Stability of the gut microbiota, stratified by inter-

individual (day 4, n = 310 individuals; day 7, n = 532 individuals; 
and day 21, n = 325 individuals) and intra-individual comparisons in 
sliding time windows (day 4 to 7, n = 274 individuals and day 7 to 21, 
n = 285 individuals) during the neonatal period (b), in the context 
of the overall infancy period (c). Microbiota stability measurements 
from the TEDDY15 study (the earliest measurements on day 90, and 
at year 3) are plotted in crosses. Solid lines show the median per time 
window. Shaded areas show the 99% confidence interval, estimated using 
binomial distribution. Error bars indicate median absolute deviation. 
The significance of the difference between groups was determined by  
two-sided Wilcoxon rank-sum test.
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Extended Data Fig. 2 | Microbiota variation associated with 
mode of delivery in the neonatal period and infancy. Non-metric 
multidimensional scaling ordination of Bray–Curtis dissimilarity between 
the species relative-abundance profiles of the gut microbiota sampled 
from babies on day 4 (vaginally delivered, n = 157 babies; delivered 
by caesarean section, n = 153 babies), day 7 (vaginally delivered, 
n = 280 babies; delivered by caesarean section, n = 252 babies), day 21 

(vaginally delivered, n = 147 babies; delivered by caesarean section, 
n = 178 babies) and during infancy (vaginally delivered, n = 160 babies; 
delivered by caesarean section, n = 142 babies). The microbial variation 
explained by the mode of delivery is represented by the PERMANOVA 
R2 value (bottom left), and is significant across four cross-sectional 
PERMANOVA tests. False-discovery-rate-corrected P values are reported 
in Supplementary Table 2.
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Extended Data Fig. 3 | Microbial succession in the neonatal gut 
microbiota of vaginally delivered babies. Bar plots show longitudinal 
changes in the mean relative abundance of faecal bacteria at the genus level 
on day 4, day 7 and day 21, for genera with >1% mean relative abundance 

across all neonatal samples. Left, n = 316 samples from 160 vaginally 
delivered babies detected with Bacteroides. Right, n = 290 samples from 
154 vaginally delivered babies with the low-Bacteroides profile (defined in 
‘Classification of babies with the low-Bacteroides profile’ in Methods).
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Extended Data Fig. 4 | Transmission of maternal microbial strains 
during the early neonatal period. Transmissions of maternal microbial 
strains across 178 mother–baby pairs (for 112 vaginally delivered babies, 
and 66 babies delivered by caesarean section) who sampled at least once 
during the early neonatal period. Only the frequently shared species that 
were detected with sufficient coverage for strain analysis in more than 
ten pairs are shown. The neighbour-joining tree is constructed on the 

basis of the pairwise mash distances of the respective reference genomes. 
Phylogenetically related species shared a similar pattern for the timing of 
transmissions; for example, the frequent transmission of Bacteroides spp., 
Parabacteroides spp. and Bifidobacterium spp. in vaginally delivered babies 
and the lack of species of these genera in babies delivered by caesarean 
section, and the fact that most Streptococcus species were transmitted from 
environmental sources other than the maternal gut microbiota.
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Extended Data Fig. 5 | Frequency and abundance of opportunistic 
pathogens in the neonatal gut microbiota. a, b, Babies delivered by 
caesarean section, and vaginally delivered babies with the low-Bacteroides 
profile, more frequently carried opportunistic pathogens (as defined in 
‘Classification of the opportunistic pathogen carriage’ in Methods) and 
at higher level of species relative abundance during the first 21 days of 
life, as compared to vaginally delivered babies (a) and vaginally delivered 
babies with the normal Bacteroides profile (b), respectively. There was 
a significantly different presence in the neonatal samples within each 
major neonatal-period sampling group (day 4 (n = 310 individuals), day 7 
(n = 532 individuals) and day 21 (n = 325 individuals))—in terms of mean 
relative abundance and frequency—of six known opportunistic pathogens 

that are associated with the hospital environment, and rarely carried by 
adults (n = 175 mothers) (b). The numbers of individuals sampled in the 
neonatal period were 314 (vaginally delivered), 160 (vaginally delivered, 
and with a normal level of Bacteroides) and 154 (vaginally delivered, 
with the low-Bacteroides profile). Error bars indicate the 95% confidence 
interval of the mean relative abundance. The significance (P values 
indicated to the right of the bars) of the difference in mean species relative 
abundance and combined-pathogen carriage (defined in ‘Classification of 
the opportunistic pathogen carriage’ in Methods) frequency was obtained 
by applying two-sided Wilcoxon signed-rank test and Fisher’s exact test, 
respectively.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Phylogeny and pathogenicity potential of 
E. faecalis strains of the BBS. a, Phylogenetic tree of E. faecalis strains of 
the BBS (n = 282 strains, isolated from 269 faecal samples of 160 subjects). 
The midpoint-rooted maximum-likelihood phylogeny is based on SNPs 
in 1,827 core genes. Five major lineages (>10 representatives in strains 
of the BBS; ST179, n = 60; ST16, n = 30, ST40, n = 27; ST30, n = 21; and 
ST191, n = 14) were identified within UK hospital collections, distributed 
across three hospitals in this study and with no phylogroup limited to 
any single hospital. Solid lines between strains indicate intra-subject 
strain persistence (n = 92 strains in 67 babies). Dashed lines indicate 
phylogenetically distinct strains that were isolated from longitudinal 
samples (n = 18) or mother–baby paired samples (yellow, n = 10); arrows 
indicate the direction of the potential transmission (early-to-later or 
mother-to-baby). In situations in which multiple identical strains (no 
SNP difference in species core genome) were isolated from the same 
faecal sample, only one representative strain was included in the species 
phylogenetic tree (total number of strains, n = 356). b–e, Prevalence 
of virulence-related genes (b, c) and AMR-related genes (grouped 

by antibiotic class) (d, e) detected in E. faecalis strains of the BBS. 
Significance results shown are coloured according to the group with higher 
frequency of detected genes, by two-sided Fisher’s exact test between the 
groups of the public gut microbiota strains (n = 28) versus strains of the 
BBS (n = 356), and strains of the BBS versus the epidemic strains in UK 
hospitals (n = 89; tree branches coloured blue in Fig. 4c). ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05. Virulence-related genes: asa1, 
EF0149, EF0485 and prgB, aggregation substance; esp, enterococcal 
surface protein; genes that encode exoenzymes: gelE, gelatinase; EF0818 
and EF3023, hyaluronidase (spreading factor); sprE, serine protease; and 
fsr, quorum sensing system; toxin-encoding gene: cyl, cytolysin. Genes 
detected across all isolates (dfrE, efrA, efrB, emeA and lsaA) are not shown. 
AMR-related genes: Am, aminoglycosides (aph3″-III, ant(6)-Ia, aph(2'') 
and str); Chlor, chloramphenicol (catA); Linc, lincosamides (lnuB); 
MLSB, macrolide, lincosamide and streptogramin B (ermB or ermT); Tet, 
tetracycline (tetL, tetM, tetO and tetS); Trim, trimethoprim (dfrC, dfrD, 
dfrF or dfrG); and Vanc, vancomycin.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Phylogenies of E. cloacae, K. oxytoca and 
K. pneumoniae strains. a–f, Midpoint-rooted core-genome maximum-
likelihood trees of E. cloacae complex, K. oxytoca and K. pneumoniae 
strains isolated in this study (a–c) and in the context of public genomes 
(d–f). a–c, Number of strains of E. cloacae (a) (n = 37, isolated from 
37 faecal samples of 30 subjects, 1,861 core genes), K. oxytoca (b) (n = 107, 
isolated from 90 faecal samples of 62 subjects, 2,910 core genes) and 
K. pneumoniae strains (c) (n = 53, isolated from 47 faecal samples of 
35 subjects, 3,471 core genes) of the BBS. Solid lines between strains 
indicate the intra-subject strain persistence (E. cloacae, n = 5 strains 
in 5 babies; K. oxytoca, n = 25 strains in 18 babies; and K. pneumoniae, 
n = 11 strains in 8 babies. Dashed lines indicate phylogenetically distinct 
strains isolated from longitudinal samples (E. cloacae, n = 2 strains in 2 
individuals; K. oxytoca, n = 7 strains in 6 subjects; and K. pneumoniae, 
n = 1 strain in 1 individual); arrows indicate the direction of potential 
transmission (early-to-later samples). In situations in which multiple 

identical strains (no difference in SNPs in species core genome) were 
isolated from the same faecal sample, only one representative strain was 
included in the species phylogenetic tree (number of non-redundant 
BBS strains: E. cloacae, n = 52; K. oxytoca, n = 150; K. pneumoniae, 
n = 78). For each species, the main phylogroups identified with UK 
hospital collections are shown (E. cloacae, III and VIII; K. oxytoca, KoI, 
KoII, KoV and KoVI; K. pneumoniae, KpI, KpII and KpIII); these were 
distributed across three hospitals in this study, with no phylogroup limited 
to any single hospital. d–f, The number of public genomes included in 
the phylogenetic analysis of E. cloacae (d) (UK hospitals, n = 314; gut 
microbiota, n = 8; environmental sources, n = 43; 1,484 core genes), 
K. oxytoca (e) (UK hospitals, n = 40; gut microbiota, n = 9; environmental 
sources, n = 8; 3,399 core genes) and K. pneumoniae strains (f) (UK 
hospitals, n = 250; gut microbiota, n = 17; environmental sources, n = 66; 
2,510 core genes).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Carriage of AMR and virulence genes in 
Klebsiella and Enterobacter strains. a–d, Frequency and heat maps 
of isolates for putative AMR-related (a, b) and virulence-related genes 
(grouped by antibiotic class) (c, d) that are most-frequently detected 
in strains of the UK hospital collection of E. cloacae (green), K. oxytoca 
(orange) and K. pneumoniae (blue). Significance results shown are 
coloured according to the group with higher frequency of detected 
genes, by two-sided Fisher’s exact test between the groups of the 
public gut microbiota strains (E. cloacae, n = 8; K. oxytoca, n = 9; and 
K. pneumoniae, n = 17) versus strains in the BBS (E. cloacae, n = 52; 
K. oxytoca, n = 150; and K. pneumoniae, n = 78), and strains in the BBS 
versus strains in UK hospitals (E. cloacae, n = 314; K. oxytoca, n = 40; 

K. pneumoniae, n = 250). ****P < 0.0001, ***P < 0.001, **P < 0.01, 
*P < 0.05. AMR-related genes: extended-spectrum β-lactamases, SHV 
(blaSHV), CTX-M (blaCTX-M) and TEM (blaTEM); other β-lactamases, 
OXA (blaOXA), OXY (blaOXY), ACT (blaACT) and LEN (blaLEN); Tet, 
tetracycline (tetA and tetR); Am, aminoglycosides (aac(3), aac(6′), aad 
and str). Virulence-related genes: iron acquisition, fyu; yersiniabactin, 
ybt; iron transporter permease, kfu; iron regulatory proteins, irp; allatonin 
metabolism, all; capsule, wzi; aerobactin siderophore receptor, iutA; 
fimbriae and biofilm formation, mrk; flagella biosynthesis, fli; siderophore 
production, iro; and fimbrial chaperones, lpf. Genes detected across all 
isolates are not shown.
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Extended Data Table 1 | The main clinical characteristics of the BBS 
cohort

The complete clinical metadata of the study participants are reported in Supplementary Table 1.
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