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600,000 
microbial genes*

23,000 
Human
gène

* per individual

< 4% human genes

Science of the microbiome is changing the
landscape of biology and Medicine

The Human is Microbial, Ecosystem and Symbiosis



The human intestinal microbiota

Faecalibacterium prausnitzii Ruminococcus  spp  Clostridium difficile 
From mice cecumPhotos INRA

Bacteroides dorei Escherichia coli Bacteria anchored in a 
Peyer patch   
Mouse intestine

ü 39 trillions microorganisms (Sender et al, Cell 2016) ; 
ü As many microorganisms as human cells
ü Hundreds of different species predominantly not yet cultured (~70% of dominant 

species); 
ü a few dozen species conserved between individuals (core); a stable community. 
ü A key organ, interacting with food (fermentation,…); interacting with our cells (Immune & 

nervous systems,…); protecting against pathogens (barrier function);…
ü A true organ, revealed as playing a role in several diseases
ü Thousands of metabolites/molecules with potential functional interest 
(Blottière & Doré, médecine/science, 2016)



Intestinal & immune 
Maturation

Developement
of the microbiota

‘unique’ symbiosis :
microbiota being 
recognized
as an integral part of 
the whole organism

Holobionth

Maintained symbiosis :
health and well-being

Disruption of tolerance :
Risk of immune-mediated

disorders

Disruption of 
ecological balance :

Risk of infection

A man-microbe mutualism that starts at birth

Prevention & Therapy of the 
Holobiont : evaluation, 

monitoring and treatment



MetaGenoPolis
Platforms dedicated to quantitative 

and functional exploration of the 
microbiome

MetaGenomic tools to characterize 
the microbiome

Investment for the Future, 
FRANCE



Quantitative metagenomic Pipeline at Metagenopolis
Sambo-MetaQuant-InfoBioStat
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Gene and species catalogues for various microbiomes

• 10.4 M genes
• 1990 species

13 M genes
Internal catalog

• 2,6 M genes
• 541 species

ADULT GUT

INFANT GUT

MOUSE GUTCHICKEN GUTWork in progress

PIG GUT 7.7 M genes13 M genes COW RUMEN 

HUMAN SKINWork in progress

HUMAN ORALComing soon



Gut microbiota in healthy individuals

What is symbiosis ?



• colonization is affected by :
– Mode of delivery (vaginal delivery or caesarean section)
– Hygiene of neonatal environment
– Drugs administration (antibiotic, PPI, …)
– Maternal nutrition and maternal microbiome
– Mode of feeding (breast milk versus bottled milk; probiotics)
– Weaning

• early colonization, hygiene hypothesis and DOHaD
exposure to low bacterial diversity in the neonatal period would prevent or 
delay maturation of the mucosal immune system and favor aberrant 
responses to allergens or auto-antigens and onset of associated pathologies

Sterile in utero, the intestine is colonizedat birth

Bach JF. N Engl J Med. 2002
Okada et al, Clin Exp Immunol, 2010



Developmental trajectory of the healthy human gut microbiota during
the first 5 years of life

Roswall et al, Cell Host & Microbes, 2021

Children gut microbiota mature along similar trajectories but at different speeds

Different microbes follow discrete trajectories in the developing gut microbiota

The effect of c-section on gut microbiota is normalized in 3–5- y.o. children

The gut microbiota has not yet reached adult complexity in 5- y.o. children



Yatsunenko et al, Nature 2012 

by the analyticmethods used, by the lownumber of subjects examined,
or by the scope of the populations surveyed. These studies have
nonetheless provided important insights. Using 16S rRNA gene-based
microarrays14, a recent study found considerable intra- and inter-
personal variation in fecal bacterial community structures during the
first year of life in 12 unrelated children and 1 twin pair. Interpersonal
variation was less within the twin pair, and intrapersonal variation
decreased as a function of age. A quantitative PCR study of five
bacterial taxa in the fecal microbiota of 1,032Dutch infants at 1month
of age15 documented differences based on birth mode (Caesarian
versus vaginal; also see ref. 8).
We collected bacterial V4 16S rRNAdata from326 individuals aged

0–17 years (83 Malawian, 65 Amerindian and 178 US residents), plus
202 adults aged 18–70 years (31 Malawians, 35 Amerindians and 136
US residents). The 16S rRNA data sets were first analysed using
UniFrac, an algorithm that measures similarity among microbial
communities based on the degree to which their component taxa
share branch length on a bacterial tree of life16. There were several
notable findings. First, the phylogenetic composition of the bacterial
communities evolved towards an adult-like configuration within the
three-year period after birth in all three populations (Fig. 1a and
Supplementary Fig. 1). Second, interpersonal variation was signifi-
cantly greater among children than among adults; this finding was
robust to geography (Fig. 1b; see also ref. 4). Third, there were

significant differences in the phylogenetic composition of fecal micro-
biota between individuals living in the different countries, with espe-
cially pronounced separation occurring between the US and the
Malawian and Amerindian gut communities; this was true for indi-
viduals aged 0–3 years, 3–17 years, and for adults (Fig. 1b and
Supplementary Table 3). Unsupervised clustering using principal
coordinates analysis (PCoA) of UniFrac distance matrices indicated
that age and geography/cultural traditions primarily explain the vari-
ation in our data set, in which US microbiota clustered separately
from non-US microbiota along principal coordinate 1 (Fig. 1c and
Supplementary Fig. 2). However, within the non-US populations,
separation between Malawians and Amerindians was also observed
(along principal coordinate 3 in the case of adults; Supplementary Fig.
2f).We did not find any significant clustering by village forMalawians
and Amerindians or by region within the United States. Fourth,
bacterial diversity increased with age in all three populations
(Fig. 2a, b). The fecal microbiota of US adults was the least diverse
compared with the two other populations (Fig. 2c, P, 0.005, analysis
of variance (ANOVA) with Bonferroni post-hoc test): these differ-
ences were evident in children older than 3 years of age (P, 0.005,
ANOVA with Bonferroni post-hoc test), but not in younger subjects.
We next used the non-parametric Spearman rank correlation to

determine which bacterial taxa change monotonically with increasing
age within and between the three sampled populations. We only
considered children who were breastfed and used data sets obtained
from the V4 region of the 16S rRNA gene as well as data sets of
shotgun pyrosequencing reads from the fecal microbiomes of the
110 sampled individuals (24 babies (0.6–5 months old), 60 children
and adolescents (6 months to 17 years old) and 26 adults). Shotgun
reads were mapped to 126 sequenced human gut-derived microbial
species (Supplementary Table 4). The advantage of using these 126
gut microbes as a reference database is that spurious hits of shotgun
microbiome reads to taxa that are not present in the gut areminimized.
Nonetheless, when we repeated the entire analysis, blasting against
1,280 genomes in KEGG, the results were similar (Supplementary
Fig. 3). Phylotypes belonging to Bifidobacterium longum exhibited a
significant decline in proportional representation with increasing age
in all three populations (Supplementary Fig. 3a). Most (756 20%)
shotgun and 16S rRNAV4 sequences in all babiesmapped tomembers
of the Bifidobacterium genus. Bifidobacteria continued to dominate
fecal communities throughout the first year of life, although their
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Figure 1 | Differences in the fecal microbial communities of Malawians,
Amerindians and US children and adults. a, UniFrac distances between
children and adults decrease with increasing age of children in each population.
Each point shows the average distance between a child and all adults unrelated
to that child but from the same country. Results are derived from bacterial V4
16S rRNA data sets. b, Large interpersonal variations are observed in the
phylogenetic configurations of fecal microbial communities at early ages.
Malawian and Amerindian (Amr) children and adults are more similar to one
another than to US children and adults. UniFrac distances were defined from
bacterial V4 16S rRNA data generated from the microbiota of 181 unrelated
adults ($18 years old) and 204 unrelated children (n5 31 Malawians 0.03–3
years old, 21 3–17 years old; 30 Amerindians 0.08–3 years old, 29 3–17 years
old; 31 US residents 0.08–3 years old, 62 sampled at 3–17 years of age).
*P, 0.05, **P, 0.005 (Student’s t-test with 1,000 Monte Carlo simulations).
See Supplementary Table 3 for a complete description of the statistical
significance of all comparisons shown. c, PCoA of unweighted UniFrac
distances for the fecal microbiota of adults. PC, principal coordinate.
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Figure 2 | Bacterial diversity increaseswith age in each population. a–c, The
number of observed OTUs sharing$97% nucleotide sequence identity plotted
against age for all subjects (a), during the first 3 years of life (b), and adults
(c). Mean6 s.e.m. are shown in c. *P, 0.05, **P, 0.005 (ANOVA with
Bonferroni post-hoc test).
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Evolution of intestinal microbiota through aging



But What is symbiosis ? Can we really define IT ?

Falony et al, Science, 2016

Population-level analysis of gut microbiome variation

Medication explain 10 % of gut microbiota variation 
followed by blood parameters, bowel habits, health status, 
anthropometric features, and lifestyle.

1106 Belgium Flemish individuals
16 S sequencing (V4) 

Global human Gut  Microbiome

Schoaie et al, preprint, 2021



Arumugam et al, Nature 2011

All individuals studied today (n>1000) are clustered
in 3 « Entérotypes », each characterized by an 

ecological context dominated by Bacteroides, 
Prevotella, Ruminococcus/Methanobrevibacter

Introducing Enterotypes

Link with food habits
Bacteroides Prevotella Ruminococcus

Ecology underlying
enterotypes should be
better understood



Human gut microbiomes differ on gene (and species) richness

n=277

High gene
count

Low gene count

Le Chatelier, et al, Nature 2013; Cottillard et al, Nature, 2013

LGC
≈15 % of lean
individuals

≈ 40%
Overweight-
moderate obese

≈ 75%
Morbid obese 
before bypass
surgery

58 « species » significantly linked to gene count



National citizen contribution to microbiome science
with the ambition of defining the heterogeneity of
healthy gut microbiomes within the French
opulation, the environmental and lifestyle factors
impacting them, as well as their deviations seen in
chronic diseases

Le FRENCH GUT

MGP participates to 
MMHP by bringing
100,000 French gut
metagenomes

Million Microbiome of Humans Project (MMHP) 
Introducing « Le French Gut » project



From Human clinical studies

Perturbation of intestinal 
microbiota and diseases

Pathologies References

Crohn’s disease Qin, Nature 2010
Gevers, Cell Host Microbe 2014

Ucerative colitis Qin, Nature 2010
Lepage , Gastroenterology, 2011

Celiac disease D’Argenio, Am J Gastroenterol 2016

Irritable bowel syndrome Saulnier, Gastroenterology 2011
Rajilic-Stojanovic, Gastroenterology 2011 

Colorectal cancer Zeller,  Mol Syst Biol 2014
Sobhani PLoS one 2011

Obesity Le Chatelier, Nature 2013
Ley, Nature 2006

Type 1 diabetes Kostic, Cell Host Microbes 2015
Murri, BMC medicine 2012

Type 2 diabetes Forslund, Nature 2015

Seniors frailty Claesson Nature 2012

GVHD Taur, Blood, 2014

Allergy Abrahamsson, J Allergy Clin Immunol 2012

Liver pathologies Qin, Nature 2014

Cardiovascular diseases Karlsson Nat Commun 2012
Projet MetaCardis

Autism, Depression, Finegold, Anaerobe 2010
Naseribafrouei Neurogastroenterol Motil 2014

Blottière & Doré, 
médecine/science, 2016

also
ü Multiple sclerosis
ü Alzeimer disease
ü Parkinson disease
ü Hypertension
ü Spondyloarthritis
ü Bone
ü Kidney diseases
ü Cancer
ü ….



Human Inflammatory Bowel Diseases 
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 Salmonella.enterica.subsp..enterica.serov ar.Heidelberg.str..SL476 

 Finegoldia.magna.ATCC.29328 

 Streptococcus.suis.05ZYH33 

 Thermoanaerobacter.sp..X514 

 Actinobacillus.pleuropneumoniae.serov ar.7.str..AP76 

 Anaerof ustis.stercorihominis 
 Clostridium.phy tof ermentans.ISDg 

 Proteus.penneri 

 Streptococcus.py ogenes.MGAS10750  Lactobacillus.ultunensis.DSM.16047  Lactobacillus.helv eticus.DPC.4571 
 Lactobacillus.johnsonii.NCC.533  Lactobacillus.paracasei.subsp..paracasei.ATCC.25302 
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 Enterobacter.sakazakii.ATCC.BAA.894 
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 d = 5 
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 Axis3 
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 d = 2 
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 N:N 
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p-value: 0.031

Crohn Patients

UC Patients

Healthy
Controls

Qin et al Nature, 2010

Reduced richness

Eight groups of microorganisms including Faecalibacterium, 
could be used to discriminate CD from non-CD

Pascal et al Gut, 2017



Intestinal
Microbiota

Composition 
and functions

Gene Richness

Species or group 
of bacterial 

species

Bacterial 
metabolites

(i.e. Butyrate, 
TMA, AACR,…)

Bacterial 
components 

(i.e. LPS)

Energy harvest, lipid 
metabolism,

Stimulation of  Innate immunity

Inflammation

Insulin Resistance

Metabolic  Syndrome

Chronic disease
(CVD, T2D)

Adapted from Harris et al.  J Obes 2012

Concept in metabolic diseases

Oral microbiote

Tremaroli et al. Nature 2012



Rich & diverse 
microbiota

RedOx
balance

Immune 
tolerance

Mucosal 
interface

Resilient 
symbiosis

Critical transitions of the ecosystem

van de Guchte, Blottière, Doré, Microbiome,  2018 ; 
van de Guchte et al, Microbiome, 2020



Genetics
Nutrition

Antibiotics
Xenobiotics

Critical transition

Rich & diverse 
microbiota

RedOx
balance

Immune 
tolerance

Mucosal 
interface

Resilient 
symbiosis

Low richness 
microbiota

Oxidative stress /
Epigenetic methylation

inflammation
Intestinal 
permeability

Non-resilient
dysbiosis

Critical transitions of the ecosystem

van de Guchte, Blottière, Doré, Microbiome,  2018 ; 
van de Guchte et al, Microbiome, 2020



B. Routy
L. Zitvogel

E. Le Chatelier

Microbiome can predict anti-PD1 response IN Cancer patients 

Routy et al Science, 2018



Deciphering the Microbiome - Gut - Brain axis

A new promising area of research

ü Mood disorders
ü Depression
ü Anorexia
ü Autism
ü Alzeimer disease
ü Parkinson disease
ü …



Microbiota

Stratification tool

Source of novel
drugs & targets

Target for 
modulation

A treatment on its own

² Diet, 
² Antibiotics, drugs
² Probiotics,
² Fibre, prebiotics

The microbiota useful for human health  ?

² Metabolites
² Receptors
² Functional metagenomic

² FMT, 
² fraction, 
² consortium,
² LBP
² Modified strains 

² Diagnostic
² Predictor of response, 
² Companion diagnostic



We need more knowledge, larger cohorts
of healthy people and patients 
but it's promising

We must keep on working

Future will tell us herve.blottiere@inrae.fr

www.mgps.eu https://www6.angers-nantes.inrae.fr/phan


