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β-diversity

A measure of diversity that 

describes the differences 

between any two ecosystems 

(for example, the UniFrac 

distance metric). Related to 

α-diversity and γ-diversity, 

which are measures of the 

diversity in a single ecosystem 

and across a group of 

ecosystems, respectively.

UniFrac

A β-diversity measure that is 

phylogeny based. Microbial 

communities are more similar if 

they are composed of members 

that are more closely related, 

phylogenetically, as this implies 

a shared evolutionary past. 

UniFrac units range from 0 

(identical communities) to 1 

(totally different communities).

mice can been reduced by exposure to the microbiota 

from NOD mice lacking myeloid differentiation primary 

response protein 88 (MYD88)22. In humans, anecdotal 

evidence suggests that specific microbiota can effec-

tively treat IBD, and microbial transplantation of whole 

microbial communities is sometimes used as therapy 

in pseudomembranous and ulcerative colitis, chronic 

constipation, Crohn’s disease and Clostridium difficile- 

associated diarrhoea23,24. In a recent case study of 

Clostridium difficile-associated colitis, the amelioration 

of symptoms was associated with the persistence of the 

transplanted healthy community in the patient25.

Together, these recent studies suggest that a specific 

combination of microorganisms in the gut can affect 

host health; therefore, host control over the microbiota 

could help maximize fitness. Biogeographical patterns of 

diversity in a single host show that the physiochemical 

properties of the human gut habitat are very important 

selection pressures for its microbial constituents (FIG. 1). 

Variations in those host genes that contribute to proper-

ties of the gut habitat therefore have strong potential to 

affect the variation in the microbiome. Evidence to sup-

port a contribution of host genetics to the diversity of the 

microbial community has been scarce, so the strength 

of the effect is controversial. However, an increasing 

number of studies are now evaluating this effect, and the 

analysis of host genetics is just beginning to be incorpo-

rated into studies of how the diversity of the gut bacteria 

relates to host susceptibility to disease.

In this Review, we describe how environmental fac-

tors can contribute to variation in the diversity and com-

position of the microbiota, and we explore the role of 

host genes in this process. We also highlight an emerg-

ing view of the microbiota: one in which the microbiota 

itself may be considered as a complex trait that is under 

host genetic control and that interacts with environmental 

and host factors in a number of chronic inflammatory 

diseases.

Environmental impact on the microbiota

To measure the impact of host genetics on microbial 

diversity, it is useful to have an understanding of the 

factors that can influence variation in the microbiota in 

the absence of host genetic variation, as these environ-

mental factors constitute the ‘noise’ that can mask host 

genetic effects. Model organisms provide a system for 

controlling variation between identical hosts: genetically 

inbred animals act as replicate hosts, allowing the impact 

of environmental factors on the variation in the micro-

biota to be assessed. Mice are useful models for studies of 

human microbial ecology because the intestines of mice 

harbour communities that are grossly similar in com-

position (that is, have similar phylum and family level 

abundances) to those of human intestines, diverging 

mainly at the genus level (BOX 1). Husbandry conditions 

can be standardized across mice, and experiments can 

incorporate full factorial designs for testing the effects of 

various parameters on microbial diversity.

‘Stochastic variability’ of the microbiome. One of the 

earliest factors that can have a profound influence on 

the microbiota composition is the maternal environ-

ment (BOX 2). Several studies have shown that genetically 

identical mice from the same litters have a more similar 

microbiota than mice from different litters, even though 

they may be reared in adjacent cages22,26,27. This ‘maternal 

effect’ occurs when mouse pups are born vaginally and 

the birth mother’s microbiota is their primary inocu-

lum. Maternal effects can influence bacterial β-diversity28 

(measured by UniFrac) regardless of host genotype22,27, as 

well as affecting the relative abundances of phylotypes26. 

The maternal effect has been documented across two27 

and as far out as four generations26. As a consequence, 

the maternal effect can be a major confounding factor 

when comparing the microbiota of mice with different 

genotypes or under different treatments.

But, despite shared environments and parental inoc-

ula, substantial differences in community composition 

and structure can exist between littermates reared in the 

same cage. Although many bacterial phylotypes can be 

Figure 1 | Microbial community composition at different body locations in a 

healthy human. The relative abundances of the six dominant bacterial phyla in each  

of the different body sites: the external auditory canal (nine subjects), the hair on the 

head (nine subjects), the mouth (ten subjects), the oesophagus (four subjects), the 

gastrointestinal tract (nine subjects), the vagina (eight subjects), the penis (12 subjects), 

the skin (nine subjects) and the nostril (nine subjects). Data taken from REFS 93–97 . 

REVIEWS

280 | APRI L 2011 | VOLUM E 9  www.nature.com/reviews/micro

REVIEWS

© 2011 Macmillan Publishers Limited. All rights reserved

canal auditif cuir chevelu bouche

narine œsophage

peau intestin

pénis vagin

10 000 milliards de 

cellules humaines 

10 000 milliards de 

microbes intestinaux 

 

1 000 milliards de

microbes sur la peau

100 milliards de 

microbes par ailleurs



Méats 

inter-

cellulaires



Une hyper-

diversité foliaire 

ignorée… 

jusqu’à 100 

espèces de 

champignons 

endophytes 

dans une feuille 

tropicale !



Une hyper-

diversité foliaire 

ignorée… 

jusqu’à 100 

espèces de 

champignons 

endophytes 

dans une feuille 

tropicale !

 

108 bactéries/g 

de feuille





3
nutrition





Mycélium et spores de Gloméromycètes

MYCORHIZES



Sans (stérile)   ou   avec champignons

MYCORHIZES



PLANTE
CHAM-

PIGNON

Sucres, vitamines

Eau et sels
minéraux (N, P, K)

MYCORHIZES, 80% des plantes



MICROBIOTE  INTESTINAL
Résultat de recherche d'images pour "bactérie"

Aliments 

complexes

Aliments 

assimilables

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwit39KqvfPZAhWD_qQKHQg9C8UQjRx6BAgAEAU&url=https://www.sciencesetavenir.fr/sante/flore-bacterienne-humaine-le-chiffrage-du-microbiote-etait-faux_29779&psig=AOvVaw3WLLsXlZ2SULGOtqrmmfsm&ust=1521380279693651


MICROBIOTE  INTESTINAL
Résultat de recherche d'images pour "bactérie"

Aliments 

complexes

Aliments 

assimilables

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwit39KqvfPZAhWD_qQKHQg9C8UQjRx6BAgAEAU&url=https://www.sciencesetavenir.fr/sante/flore-bacterienne-humaine-le-chiffrage-du-microbiote-etait-faux_29779&psig=AOvVaw3WLLsXlZ2SULGOtqrmmfsm&ust=1521380279693651


MICROBIOTE  INTESTINAL
Résultat de recherche d'images pour "bactérie"

Aliments 

complexes

Aliments 

assimilables

Déchets de 

fermentation :

butyrate, 

acétate…

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwit39KqvfPZAhWD_qQKHQg9C8UQjRx6BAgAEAU&url=https://www.sciencesetavenir.fr/sante/flore-bacterienne-humaine-le-chiffrage-du-microbiote-etait-faux_29779&psig=AOvVaw3WLLsXlZ2SULGOtqrmmfsm&ust=1521380279693651


MICROBIOTE  INTESTINAL
Résultat de recherche d'images pour "bactérie"

Aliments 

complexes

Aliments 

assimilables

Cell. mortes

Déchets de 

fermentation :

butyrate, 

acétate…

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwit39KqvfPZAhWD_qQKHQg9C8UQjRx6BAgAEAU&url=https://www.sciencesetavenir.fr/sante/flore-bacterienne-humaine-le-chiffrage-du-microbiote-etait-faux_29779&psig=AOvVaw3WLLsXlZ2SULGOtqrmmfsm&ust=1521380279693651


MICROBIOTE  INTESTINAL

EPITHELIUM  INTESTINAL

Résultat de recherche d'images pour "bactérie"

Aliments 

complexes

Aliments 

assimilables

Cell. mortes

Déchets de 

fermentation :

butyrate, 

acétate…

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwit39KqvfPZAhWD_qQKHQg9C8UQjRx6BAgAEAU&url=https://www.sciencesetavenir.fr/sante/flore-bacterienne-humaine-le-chiffrage-du-microbiote-etait-faux_29779&psig=AOvVaw3WLLsXlZ2SULGOtqrmmfsm&ust=1521380279693651


Action enzymatique

  Bacteroidetes plebeius

  et le nori (algue rouge)

Production de produits 

assimilables

  vitamines

  acides gras volatiles (couvant 10% de nos besoins)

 

ésultat de recherche d'images pour "maki"

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiwg5jN3fPXAhUP_aQKHbdcCrMQjRwIBw&url=http://www.matsuri.fr/produits/a-la-carte-24/maki-11&psig=AOvVaw2-iurZjbxpnXDEwHCBUy8n&ust=1512592846688343


4
protection



Non 

mycorhizé

Myco-

rhizé

Protection foliaire contre Botrytis cinerea

Jung, S.C. et al. (2012) 

J. Chem. Ecol. 38, 651



Non 

mycorhizé

Myco-

rhizé

Protection foliaire contre Botrytis cinerea

Jung, S.C. et al. (2012) 

J. Chem. Ecol. 38, 651



Non 

mycorhizé

Myco-

rhizé

0

1

2

3

4

5

6

7

8

9

Nm Gm Gi Gsp marg

a

c

c

Protection foliaire contre Botrytis cinerea

Non 

mycorhizé

Myco-

rhizé

Dégâts (% surface feuille morte)

Jung, S.C. et al. (2012) 

J. Chem. Ecol. 38, 651



0

2

4

6

8

10

12

14

12h 24h 72h

Protection foliaire contre Botrytis cinerea

Non 

mycorhizé

Accumulation des 

composés de défense (pin II)

Non 

mycorhizé

Myco-

rhizé

Myco-

rhizé

Jung, S.C. et al. (2012) 

J. Chem. Ecol. 38, 651



0

1000

2000

3000

4000

5000

6000

Systé-
mine

Jasmo-
nate

Ethy-
lène

Acide 
salycilique

qPCR: expres-

sion de PinII

Facteur

d’induction

après application

d’hormone

exogène

>>   la colonisation endomycorhizienne

potentialise la perception du jasmonate

Non mycor.

+ Glomus

+ Gigaspora

Protection foliaire contre Botrytis cinerea



PLANTE
CHAM-

PIGNON

Sucres, vitamines

Eau et sels
minéraux (N, P, K)

Protection contre les agressions

physiques et biologiques

MYCORHIZES, 80% des plantes



MICROBIOTE ANIMAL

Leishmania 

major



MICROBIOTE ANIMAL

Leishmania 

major

Contrôle  Axénique



MICROBIOTE ANIMAL

Leishmania 

major

Contrôle  Axénique



Contrôle  Axénique

Con-

trôle

Axé-

nique

MICROBIOTE ANIMAL

Leishmania 

major

Lésions (mm)



Contrôle  Axénique

Con-

trôle

Axé-

nique

MICROBIOTE ANIMAL

Leishmania 

major

+ Staphylococcus

epidermidis 

Lésions (mm)



Contrôle  Axénique

MICROBIOTE ANIMAL

Leishmania 

major

Contrôle

Axénique

Axé. + S. epidermidis 

Nombre de lymphocytes TCRß+



5
partout



Sambucus nigra

sureau noir

Scientific Report (2014) 4 : 6727

JUSQUE DANS LE PARFUM FLORAL



JUSQUE DANS LE PARFUM FLORAL

jours

E
m

is
si

o
n

 d
e 

te
rp

èn
es

 o
d

o
ra

n
ts

Scientific Report (2014) 4 : 6727

-2     0      2     4      6      8



JUSQUE DANS LE PARFUM FLORAL

jours

E
m

is
si

o
n

 d
e 

te
rp

èn
es

 o
d

o
ra

n
ts

FUMIGATION PAR

DES ANTIBIOTIQUES

Scientific Report (2014) 4 : 6727

-2     0      2     4      6      8



JUSQUE DANS LE PARFUM FLORAL

jours

E
m

is
si

o
n

 d
e 

te
rp

èn
es

 o
d

o
ra

n
ts

FUMIGATION PAR

DES ANTIBIOTIQUES

Scientific Report (2014) 4 : 6727

-2     0      2     4      6      8



MICROBIOTE ET IMMUNITE

D’après J.-F. Bach

Rougeole
Oreillons

Hépatite A

Tuberculose

Rhumatisme 

articulaire

F
ré

q
u

en
ce

 d
es

 m
a

la
d

ie
s 

ii
n

fe
ct

ie
u

se
s 

(%
)



MICROBIOTE ET IMMUNITE

D’après J.-F. Bach

Rougeole
Oreillons

Hépatite A

Tuberculose

Rhumatisme 

articulaire

Maladie

de Crohn

Sclérose en 

plaque

Diabète 

de type 1

Asthme
F

ré
q

u
en

ce
 d

es
 m

a
la

d
ie

s 
im

m
u

n
it

a
ir

es
 (

%
)

F
ré

q
u

en
ce

 d
es

 m
a

la
d

ie
s 

ii
n

fe
ct

ie
u

se
s 

(%
)



MICROBIOTE ET IMMUNITE

Maladie

de Crohn

Sclérose en 

plaque

Diabète 

de type 1

Asthme
F

ré
q

u
en

ce
 d

es
 m

a
la

d
ie

s 
im

m
u

n
it

a
ir

es
 (

%
)Maladies :

- du métabolisme (diabètes, 

obésité…)

- du système immunitaire 

(asthme, allergie, maladies 

auto-immunes…)

- du système nerveux 

(autisme, Parkinson, 

Alzheimer…)



MICROBIOTE ET IMMUNITE

Maladie

de Crohn

Sclérose en 

plaque

Diabète 

de type 1

Asthme
F

ré
q

u
en

ce
 d

es
 m

a
la

d
ie

s 
im

m
u

n
it

a
ir

es
 (

%
)

Nature Reviews | Microbiology

Firmicutes

Actinobacteria

Bacteroidetes Fusobacteria

ProteobacteriaVerrucomicrobia

Healthy control Patient

Inflammatory
bowel disease

Type 2 diabetes

Necrotizing 
enterocolitis

b

a

c

Altered Schaedler flora

A standard enteric flora 

containing eight species that 

are known to exhibit tissue 

tropism, occupying different 

niches in the mouse 

gastrointestinal tract.

Quantitative trait locus

A genomic region for which 

variation is associated with the 

quantitative variation in a 

phenotypic trait.

Heritability

The proportion of phenotypic 

variation in a population that is 

attributable to genetic 

variation among individuals.

shared across littermates, often the majority of domi-

nant phylotypes in an animal’s gut bacteria are unique or 

shared with just a subset of other animals22,27. Separating 

littermates into different cages can drive the differences 

in their microbiota further. For instance, when the abun-

dances of the eight members of the altered Schaedler 

flora29 were analysed in isogenic mice, it was found that 

those mice that were cohabiting at weaning, whether 

from the same or different litters, had little variation in 

their microbiota profiles. By contrast, the microbiota of 

litters split among different cages at weaning diverged 

in composition. Interestingly, the degree of divergence 

depended on the genotype of the mouse30. Thus, although 

the initial inoculum may be largely obtained from the 

mother, stochastic differences in the colonization process 

between mice, and subtle differences in their environ-

ments, interact with the mouse genotype to determine 

inter-mouse variation in the microbiome31.

Effect of diet on microbiome variation. Diet is one of the 

most important factors shaping microbial diversity in 

the gut, and its effect on the composition of the human 

microbial community is reviewed elsewhere32,33. Here, 

we highlight how changes in the diet can alter the rela-

tive abundances of the taxa that are already present in 

the community. One family of the Firmicutes in particu-

lar, the Erysipelotrichaceae, has been shown by several 

independent studies to alter in abundance in response 

to changes in the amount of dietary fat. After inducing 

obesity in mice by feeding them a ‘Western’ diet (high 

in saturated and unsaturated fats), a bloom occurred for 

an uncultured member of the family Erysipelotrichaceae 

that is related to the human-associated Eubacterium 

dolichum19. The relative abundance of this uncultured 

phylotype diminished when the mouse diet was changed 

to the usual mouse chow19. In a subsequent set of experi-

ments using ‘humanized’ mice (formerly germ-free mice 

harbouring a human faecal microbiota), human-derived 

erysipelotrichi were found to bloom under a high-fat 

diet34. Other groups have also noted that erysipelotrichi 

respond to dietary fat: for instance, it has been reported 

that four clades of this family reacted differently (either 

increased or decreased in abundance) to high-fat and 

low-fat diets in mice35. In humans, changes in diet 

composition can also lead to shifts in the abundances 

of specific gut taxa. For example, changes in the dietry 

amounts of particular carbohydrates result in changes in 

population levels of the butyrate-producing Roseburia 

spp.36. Bacteroides spp. differ in their ability to use spe-

cific substrates such as inulin, and these differences can 

predict the outcomes of competitive interactions between 

the species37. Microbial specialization to diet substrates 

probably underlies the high species diversity of the gut 

microbiota, as bacterial species partition the niche space 

according to their substrate preference and use and, as 

a result, modulation of the diet composition alters the 

relative abundances of the taxa that are present.

Host genetics and the heritability of the microbiota

A significant association between variation in the com-

position of the gut microbiota and variation in the 

genotype of the host would be a hallmark of genetic con-

trol. This type of influence is distinct from inheritance  

of the microorganisms themselves via ‘non-genetic’ 

transmission between generations (for example, the 

maternal effect). In the simplest scenario, specific host 

alleles would result in a different microbiota that may 

be detrimental or beneficial to host health. Studies 

using human twins, comparisons between mouse lines, 

and a more recent ‘quantitative trait loci’ (QTL) detec-

tion approach have measured the heritability of the gut 

microbiota; these studies have yielded contrasting but 

informative results, as discussed below.

Human twin studies. Several studies have used compari-

sons between monozygotic (MZ; identical) and dizygotic 

(DZ; fraternal) twins to ascertain the heritability of the 

microbiota13. Heritability can be assessed using a classic 

technique in which a measure of the phenotypic trait of 

interest is correlated for twin pairs, and the strength  

of the correlation is compared for MZ versus DZ twin 

pairs (that is, h2 = 2 × (r
MZ
 – r

DZ
), in which h2 is herit-

ability and r is the correlation between twins). In tradi-

tional twin studies, it is assumed that the resemblance 

between twins that is due to common environmental 

effects is the same for MZ and DZ twins. For any given 

component of the microbiota, a greater within-pair simi-

larity for MZ twins than for DZ twins would be an indi-

cation of heritability. Heritable aspects of the microbiota 

that are under host genetic control could include, for 

Figure 2 | Gut microbial dysbiosis associated with 

disease. The relative abundances of the predominant 

bacterial phyla: in caecal samples from patients with 

inflammatory bowel disease (using clone libraries for 

bacterial identification)17 (part a); in faecal samples from 

(using pyrosequencing)16 (part b); and in faecal samples 

from ten healthy infants and ten infants with necrotizing 

enterocolitis (using clone libraries)18 (part c).
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