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Hypotheses for immune/metabolic diseases
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C-section alters the microbiome
Vaginal C-Section

Shao 2019 Nature 574(7776):117-121

LETTERRESEARCH

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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C-section alters the microbiome

Betran AP, et al. BMJ Glob Health. 2021. PMID: 34130991.



CS and Autism Spectrum  Diseases
Study Outcome Cesarean Delivery Vaginal Delivery OR(95% Cl) 

ASD 
Matsuishi et at,311999 ASD 1/18 25/205 0.42 (0.05-3.32) 
Mrozek-Budzyn et at,32 2013 ASD 21/74 67/204 0.81 (0.45-1.45) 
Hamade et al, 83 2013 ASD 24/74 62/184 0.94 (0.53-1.68) 
Maramara et al, 33 2014 ASD 73/31872 190/84023 1.01 (O. 77-1.33) 
Burstyn et at,34 2010 ASD 304/49456 834/170572 1.04 (0.88-1.22) 
Axelsson et al,20 2019 ASD 1564/119 433 6703/560440 i.10 ci.04-1.16)
Maimburg et at,35 2006 ASD 76/633 371/4099 1.10 (0-70-1.70) 
Dodds et at,36 2011 ASD 218/26 754 706/102948 i.19 ci.02-1.39> I 
Chien et al,37 2015 ASD 684/174376 1166/3 62 2 97 1.22 (1.11-1.34) 
Curran et al, 24 2015 ASD 4330/340108 23 960/2 357 206 1.26 {l.22-1.30) 

 I 
I 

Guisso et al, 38 2018 ASD 64/125 72/189 1.28 (0.63-2.70) 
Yip et al, 39 2017 (Finland) ASD 1331/156 863 5753/891684 1.32 (1.24-1.40) 
Schieve et al, 40 2014 ASD NA NA 1.38 (1.25-1.52) 
Haglund et al, 41 2011 ASD 36/7434 214/61530 1.39 (0.98-1.99) 
Chen et al, 42 2017 ASD 36/6285 52/12 698 1.40 (0.91-2.15) 
Yip etal,39 2017 (Norway) ASD 213/127922 1090/924475 1.41 (1.22-1.64) 
Polo-Kantola et al, 43 2014 ASD 860/3349 3328/17117 1.43 (1.31-1.56) 
Duan et at,44 2014 ASD 152/287 134/285 1.50 (0.70-4.30) 
Durkin et al, 45 2015 ASD 33/4624 127 /26843 1.51 (1.03-2.22) 
Yip et al, 39 2017 (Western Australia) ASD 289/65953 802/279228 1.53 (1.34-1.75) 
Eriksson et al, 46 2012 ASD 52/23 286 134/94242 1.57 (1.14-2.17) 
Hultman et al,47 2002 ASD 87/352 321/2096 1.60 (1.10-2.30) 
Kissin et at,48 2015 ASD 328/27152 109/15231 1.70 (1.36-2.11) 
Glasson et at,49 2004 ASD 134/380 331/1398 1.76 (1.38-2.24) 
Zhang et at,50 2010 ASD 43/77 43/104 1.83 (0.98-3.43) 
El-Baz et al, 51 2011 ASD 39/89 61/213 1.94 (1.16-3.25) 
Ji et a1,s2 2018 ASD 22/214 22/434 2.15 (1.16-3.97) 
Winkler-Schwartz et al, 53 2014 ASD 7/35 5/48 2.15 (0.62-7.45) 
Al-Jammas et at,54 2012 ASD 14/19 36/81 3.50 (1.15-10.63) 
Subtotal / 2=69.5%, P<.001 1.33 (1.25-1.41) 
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CS and Neurodevelopmental Diseases

ADHD ADHD 
c;ak et al, 55 2013 ADHD 18/80 4/12 0.58 (0.16-2.15) 
Murray et al,56 2016 (Pelotas) ADHD NA NA 0.79 (0.51-1.20) 
Yeo et al, 57 2015 ADHD 24/34 34/46 0.96 (0.30-3.04) 
Gustafsson and Kallen et al, 58 2011 ADHD 22/2996 215/29016 0.99 (0.64-1.54) 
Axelsson et al,19 2019 ADHD 3167 /117 863 14804/553 727 1.01 (0.97-1.05) 
Silva et al, 59 2014 ADHD 2819/8863 10363/34829 1.02 (0.80-1.30) 
Curran et al,24 2016 ADHD 7230/238 687 40 548/1483 861 1.11 (1.08-1.14) 
Sucksdorff et al, 60 2018 ADHD 1892/8034 8428/40963 1.19 (1.12-1.26) 
Chen et al,42 2017 ADHD 71/6320 112/12 758 1.28 (0.95-1.73) 
Ketzer et al, 61 2012 ADHD NA NA 1.30 (0.80-2.00) 
Halm~y et al, 62 2012 ADHD 186/69051 2137/1103345 1.30 (1.10-1.50) 
Ji et al, 52 2018 ADHD 75/267 113/525 1.42 (1.02-2.00) 
Murray et al,56 2016 (ALSPAC) ADHD NA NA 1.54 (0.94-2.52) 
Amiri et al, 63 2012 ADHD 103/162 61/168 I 3.06 (1.96-4.80) I
Subtotal /2 = 79.2%, P<.001 I i.11 ci.01-i.26> I

Attention Deficit 
Hyperactivity Disorder
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Current Biology 
Article 

Enduring Behavioral Effects Induced by Birth by 
Caesarean Section in the Mouse 
Graphical Abstract 
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In Brief 
Recent evidence points to an important 
role for the microbiome in regulating brain 
function and behavior. Here, Morais et al. 
show that birth by C-section results in a 
different pattern of microbiota 
colonization with long-term behavioral 
consequences in the mouse. Targeting 
the gut microbiota reverses social 
behavioral effects of C-section. 

Morais et al., 2020, Current Biology
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Experimental Design: brain and the gut microbiome
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Vaginal community is distinct…
Alpha Diversity

Observed ASVs Faith PD Pielou Evenness
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Vaginal community is distinct… but overlaps with Feces
Alpha Diversity Beta Diversity
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Vaginal inocula is responsible for colon restoration at P7
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Kozareva 2019 Aging Cell

Brain protein profile effects induced by C-section

Proliferation 
- Cyclin E G1 -> S phase transition 
- Sox2 SRY Box 2: Pluripotent neural 

stem-cells 

Post-mitotic cytoskeleton 
- Tuj1 B3 Tubulin: Neuron cytoskeleton 
- Dex Doublecortin: Developing brain 

Differentiation 
- GFAP Glial Fibrillary Acidic Protein: 

Astrocytes 
- Tbr2 T-box Brain 2: Developing brain 
- lba1 Ionized Ca2+ Binding Adapter 1: 

Microglia 



Cerebellum protein profile effects induced by C-section

Changes also in hippocampus proteins

*
*



Unsupervised Heatmap: CS affects Hyppocampus transcriptome
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Unsupervised Heatmap: CS affects Hyppocampus transcriptome



CS-altered hippocampus transcriptomic not restored by vaginal seeding

P7 Hippocampus

Vaginal C-Section Restoration
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Summary

C-section causes early alterations in brain development

Microbial restoration after C-section partially restored the microbiome

Microbial restoration did not fully rescue brain gene expression at P7 



Metabolic/Behavioral effects induced by C-section birth in 11w old 
Swiss Webster mice5-6 individuals from different litters per group

-Lower nocturnal metabolic rate 
   in CS females- partially restored

Lower nocturnal activity- restored



5-6 individuals from different litters per group

-Lower nocturnal metabolic rate 
   in CS females- partially restored

Metabolic/Behavioral effects induced by C-section birth in 11w old 
Swiss Webster mice

-Lower nocturnal activity in CS- 
restored



Metabolic effects induced by C-section birth in 11w old 
Swiss Webster mice

  
   

5-6 individuals from different litters per group

-Glucose intolerance in CS
restored



Lower energy expenditure in babies born to germ-free mice fed HFD 

Kimura et al, 2020, Science Vol 367 



Kimura et al, 2020, Science Vol 367 

Lower energy expenditure in babies born to germ-free mice fed HFD 



Experimental Design



Fecal diversity in 4 week-old offspring mice
transplanted with human baby feces 

 



70% mouse bacterial engraftment from vaginally-born babies
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70% mouse bacterial engraftment from vaginally-born babies



46% mouse bacterial engraftment from C-section-born babies
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Simpler co-abundance network of human bacterial ASVs
from the C-section feces mouse group

GVD (16 nodes, 33 edges) GCS (7 nodes, 11 edges)

Repeated measurement correlation based on log-transformed ASV abundance.
Correlations with BH adjusted p<0.05 were kept in the network.

Simpler co-abundance network of human bacterial ASVs

Repeated measurement correlation based on log-transformed ASV abundance.
Correlations with BH adjusted p<0.05 were kept in the network.

from the C-section feces mouse group
GVD (16 nodes, 33 edges) GCS (7 nodes, 11 edges)



Ileum gene expression in mice receiving feces from 
vaginally or C-section born human babies

N= 35 mice 

Inoculum has a 
significant effect  



KEGG ileal gene pathways in mice
at week 4 post- gavage a
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mmu04670 Leukocyte transendothelial migration
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mmu05332 Graft−versus−host disease
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mmu05167 Kaposi sarcoma−associated herpesvirus infection
mmu05163 Human cytomegalovirus infection
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mmu05165 Human papillomavirus infection
mmu05160 Hepatitis C
mmu04622 RIG−I−like receptor signaling pathway
mmu05145 Toxoplasmosis
mmu04621 NOD−like receptor signaling pathway
mmu00100 Steroid biosynthesis
mmu04512 ECM−receptor interaction
mmu04923 Regulation of lipolysis in adipocytes
mmu04510 Focal adhesion
mmu04530 Tight junction
mmu04151 PI3K−Akt signaling pathway
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mmu04810 Regulation of actin cytoskeleton
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mmu04142 Lysosome
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mmu05162 Measles
mmu04217 Necroptosis
mmu05135 Yersinia infection
mmu05235 PD−L1 expression and PD−1 checkpoint pathway in cancer
mmu04611 Platelet activation
mmu04540 Gap junction
mmu05205 Proteoglycans in cancer
mmu04722 Neurotrophin signaling pathway
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mmu04062 Chemokine signaling pathway
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mmu05031 Amphetamine addiction
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mmu00190 Oxidative phosphorylation
mmu04713 Circadian entrainment
mmu04024 cAMP signaling pathway
mmu04915 Estrogen signaling pathway
mmu04015 Rap1 signaling pathway
mmu05208 Chemical carcinogenesis − reactive oxygen species
mmu04921 Oxytocin signaling pathway
mmu05034 Alcoholism
mmu05022 Pathways of neurodegeneration − multiple diseases
mmu05012 Parkinson disease
mmu05010 Alzheimer disease
mmu04672 Intestinal immune network for IgA production
mmu04640 Hematopoietic cell lineage
mmu05340 Primary immunodeficiency
mmu04940 Type I diabetes mellitus
mmu05416 Viral myocarditis
mmu05310 Asthma
mmu04061 Viral protein interaction with cytokine and cytokine receptor
mmu05323 Rheumatoid arthritis
mmu05321 Inflammatory bowel disease
mmu05140 Leishmaniasis
mmu05144 Malaria
mmu05166 Human T−cell leukemia virus 1 infection
mmu04662 B cell receptor signaling pathway
mmu05322 Systemic lupus erythematosus
mmu04650 Natural killer cell mediated cytotoxicity
mmu04660 T cell receptor signaling pathway
mmu04613 Neutrophil extracellular trap formation
mmu05202 Transcriptional misregulation in cancer
mmu05150 Staphylococcus aureus infection
mmu05171 Coronavirus disease − COVID−19
mmu00140 Steroid hormone biosynthesis
mmu00590 Arachidonic acid metabolism
mmu01230 Biosynthesis of amino acids
mmu03320 PPAR signaling pathway
mmu00071 Fatty acid degradation
mmu00830 Retinol metabolism
mmu04610 Complement and coagulation cascades
mmu01232 Nucleotide metabolism
mmu03015 mRNA surveillance pathway
mmu00983 Drug metabolism − other enzymes
mmu00240 Pyrimidine metabolism
mmu01240 Biosynthesis of cofactors
mmu03020 RNA polymerase
mmu00670 One carbon pool by folate
mmu00860 Porphyrin metabolism
mmu03018 RNA degradation
mmu03410 Base excision repair
mmu04110 Cell cycle
mmu03420 Nucleotide excision repair
mmu03430 Mismatch repair
mmu03440 Homologous recombination
mmu03040 Spliceosome
mmu03460 Fanconi anemia pathway
mmu03013 Nucleocytoplasmic transport
mmu03030 DNA replication
mmu03008 Ribosome biogenesis in eukaryotes
mmu00970 Aminoacyl−tRNA biosynthesis
mmu03010 Ribosome
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T cell profiles in mice transplanted baby microbiotas at w6

Derek 
Sant’Antgelo
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Summary

In relation to feces from vaginally born,
feces from C-section human babies 
caused in transplanted mice:

• Different bacterial engraftment 

• Altered intestinal gene expression

• Altered immune responses towards
low tolerance/high inflammation



Vaginal seeding after C-section



Microbiome trajectories by birth mode and exposure
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Compositional Tensor Factorization (CFT) analyses
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Primordial Restoration of Infant Microbiome and Development 
PRIMED 

Effect of vaginal seeding in Cesarean-delivered infants 
BM I-for-age z score over the first 3 years of life. 

Randomized trial, 600 infants 
Pis: Larry Appel (Pl) 

ClinicalTrials.gov Identifier: NCT03298334 

Allergy Prevention in C-secTion Infants ViA Microbiome TransfEr - - - -- - -

ACTIVATE 
Effect of vaginal seeding in Cesarean 
born infants on the microbiome and 
allergic sensitization to food allergens 

120 infants, 80 born by C-section with 
randomized exposure (pilot) 

Pis: Hugh Sampson and Jose 
Clemente 

ClinicalTrials.gov Identifier: NCT03567707 

Icahn 
School of 
Medicine at 
Mount 
Sinai 

Randomized clinical trials

Restoration of Microbiota in Newborns 
~,,,~ l\yTGERS II UNIVERSITY I NEW BRUNSWICK 
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Vaginal-fecal exposure at birth in CS born babies, 

microbiota and systemic I mucosal immune 

responses during infancy (up to 4 years). 

Randomized trial, 200 infants 

Pis: Lars Engstrand (Pl) 

ClinicalTrials.gov Identifier: NCT03928431 

Randomized clinical trials
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MICROBIOLOGY 

Preserving microbial diversity 
Microbiota from humans of all cultures are needed to 
ensure the health of future generations 

Science 2018

By Maria G. Dominguez Bello1
, Rob Knight2

, 

.JackA. Gilberl\ Martin.J. Blaser4 

Rural Urban 

I 

Reversing declining microbiota diversity 
Reversal must be based on restorative 
strategies that require the collection and 
banking of microbes from minimally 
disturbed traditional populations. 
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