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1677 

 



 



 



animalcula 

 



1681 

• Initially, his findings were met with skepticism 
 

• Another early microscopist  Robert Hooke 
demonstrated the presence of these 
“animalcules” to the members of the Royal 
Society.  
 

• This acceptance of Leewenhoeck’s findings led to 
him publishing many articles in the 
society’s Philosophical Transactions of the Royal 
Society and becoming a full member 



• In examining his own skin, saliva, mouth, teeth, tongue 
coating , and diarrhea  
– “curious  animalcules everywhere” 

 
• He did comparisons of himself when sick and healthy 

 
• He compared scrapings from the tooth surface, 

between the “scurf” of the teeth, and the saliva of 
himself, 2 women, an 8 year old, a sober old man who 
had never cleaned his teeth.  
– “In them all many very little living animalcules”  



 



• He examined the influence of different 
substances on the animalcules when he 
examined the teeth of another non-tooth-
brushing man who drank brandy and wine and 
smoked tobacco.  

– “continual alcohol and tobacco didn’t kill the 
small, living animals in the mouth” 

 



• Leewenhoeck tries to unsuccessfully sterilize 
his own mouth using vinegar.  

– “could kill only those animals on the outside of the 
scurf but not those within it” 



1970s: culture–based techniques 

• Anaerobic culture–based techniques  

 

• identified more than 400 to 500 distinct 
bacterial species in the human gut. 

 



 



 



1977 

• Woese and Fox described a technique for 
molecular characterization of bacterial 
phylogeny based on ribosomal RNA sequence 
analysis 



16S rRNA  

• Ribosome 70S 

• 16S rRNA: molecule universally present in 
bacteria  

– highly conserved domains flanking 
hypervariable sequences that can be used to 
distinguish bacterial groups 

 



Woese 

 



 

Tyler et al., 2014 



Bill Martin, 1998 

 



1980s: profiling / fingerprinting 
techniques  

• Various culture-independent molecular 
techniques based on the 16S rRNA 

• used extensively to during the last 3 decades  

• Examples:  

– Terminal restriction fragment length 
polymorphism (TRFLP) 

– Denaturing gradient gel electrophoresis (DDGE) 

– Fluorescent in situ hybridization (FISH)  



 



 



 



 



80% de bactéries non cultivables  



1990-2000 

• Cloning and then sequencing of the 16S rRNA 
gene in an automated capillary sequencer is a 
higher-resolution method of studying bacterial 
phylogeny 

• Sanger sequencing to produce a long read (∼800 
base pairs) of the 16S rRNA gene, which enables 
identification of bacteria at a higher-level 
phylogenetic resolution  

• Robust bioinformatics tools, such as the 
Ribosomal Database Project. 



Métagénomique 
Métagénomique ciblé (ARNr16S) ou non 
(shotgun sequencing) 

 



• Domaines conservés: 

– Site de complémentarité  

pour Amorces universelles 

• Régions variables:  

– Séquences signatures 

 

     16S rRNA 



Shotgun sequencing of microbial DNA 

 



Analyse taxonomique 

 

HMP, 2012 



Analyse taxonomique 

 

HMP, 2012 



Shotgun sequencing  

• Forces: 

– Résolution taxonomique 

– Analyse fonctionnelle 

• Challenges 

– Coût 

– Quantité de données 

– Référence 

 



Alpha diversity  

 

Jeffery et al., 2016 



Beta diversity 
 

HMP, 2012 



Analyse en coordonnées principales 
PCoA 

UniFrac 
 Echantillon A Echantillon  B 



Taxonomie 

 

Obregon-Tito et al., 2014 



Taxonomie 

 

Obregon-Tito et al., 2014 



Origin of microbiome 

• The word "microbiome" was first coined by 
Lederberg: 

 
"the ecological community of commensal, 
symbiotic, and pathogenic microorganisms that 
literally share our body space and have been all 
but ignored as determinants of health and 
disease“  



 



 



• In subsequent publications people started to 
use "microbiome" as the second "genome of 
the host".  

– “Collectively, the resident flora represent a virtual 
organ with a metabolic activity in excess of the 
liver and a microbiome in excess of the human 
genome” (Shanahan 2002) 



• Jeff Gordon seem to use that same definition:  

– "This microbiota and its collective genomes 
(microbiome) provide us with genetic and 
metabolic attributes we have not been required to 
evolve on our own, including the ability to harvest 
otherwise inaccessible nutrients.“ (Bäckhed et al. 
2005) 



• 1014   

• Colon +++++ 

• Ratio  Bacterial cells/human cells: ~ 1/1 

Sender et al., 2016 



HMP , 2012 



 



Hug et al., 2016 



Publications pubmed 

 



 

Blum, 2017 



 

Blum, 2017 



Intestinal microbiota 

Lloyd-Price et al., 2016 



 

Falony et al., 2016; Zhernakova et al., 2016 



 

Falony et al., 2016 



 

Falony et al., 2016 



Falony et al., 2016 



 

Falony et al., 2016 



 
 
 
 
 
 
 

• Analysis of dietary questionnaires, environment, 
medication use 

• intrinsic factors can explain 10–20% of 
interindividual gut microbiome variation  

Falony et al., 2016 



 

Falony et al., 2016 



 

Falony et al., 2016 



• 1135 participants from a Dutch population-
based cohort  

• paired-end metagenomic shotgun sequencing 
(MGS) on a HiSeq 2000,  

• 3.0 Gb of data (32.3 million reads) /sample 

 

Zhernakova et al., 2016 



 

 

 

Fig. S1. Overview of the LifeLines-DEEP cohort 
 

The LifeLines-DEEP cohort study assessed 207 exogenous and host intrinsic factors in 

1,135 participants, including smoking, diet, drugs, diseases, intrinsic factors with various 

anthropological and physiological measures, and biochemical measures in stool and 

blood samples. The data was collected through questionnaires (Q) or clinical 

measurements (M). Summary statistics of some factors are given. The detailed 

information and summary statistics of all factors is shown in table S1. 
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Zhernakova et al., 2016 



Zhernakova et al., 2016 

 

• 97.6%: Bacteria  

 

• Phyla 
• Firmicutes (63.7%)  

• Bacteroidetes (8.1%) 



 

Zhernakova et al., 2016 



 

 

 

Fig. S6. High function stability across individuals based on GO categories 
 

 

 
 

15 

 

Zhernakova et al., 2016 



 

r = –0.285, adjusted P= 2.53× 10−20) (tablesS4 to

S9). The association of CgA with composition dis-

tance was then validated in an independent co-

hort of 19 individuals for whom 16S rRNA gene

sequencing data were available (P = 0.0065) (fig.

S10). A lower amount of CgA wasassociated with

higher diversity, with functional richness, with

high concentrations of high-density lipoprotein

(HDL), and with intake of fruits and vegetables.

In contrast, elevated fecal CgA was associated

with high fecal levels of calprotectin, high blood

concentrations of triglycerides, high stool fre-

quency, soft stool type, and self-reported irritable

bowel syndrome (IBS) (Fig. 4B). After correcting

for the confounding effect of all other factors, our

analysisrevealed 61speciesexclusively associated

with CgA (Fig. 4, C and D, and table S13) whose

abundances collectively accounted for 53% of

the total abundance of the microbiomeon aver-

age, and with 40 MetaCyc pathways (table S14)

that accounted for 34.6% of the pathway pro-

files. The strongest associat ion to CgA was ob-

served for theArchaea speciesMethanobrevibacter

smithii (fig.S11A), which playsan important rolein

the digestion of polysaccharides by consuming

the end products of bacterial fermentation and

methanogenesis (12) (fig. S11B). A negative asso-

ciation with CgA abundance was observed for

24 out of 36 species from phylum Bacteroidetes

(Fig. 4, C and D).

CgA isamember of thegraninepeptides,which

are secreted in nervous, endocrine, and immune

cells under stress (13) and during active periods

of gut-related diseasessuch asIBSand inflamma-

tory bowel disease, although some findings are

contradictory (14–16). Many different functions

have been proposed for CgA and other granine

peptides, includingrolesin neurological pathways,

pain regulation,and antimicrobial activity against

bacteria, fungi, and yeasts(17, 18). However, their

mechanism of action and physiological importance

need further detailed investigation. Totest whether

genetic variants that influence CHGA gene expres-

sion (encoding CgA) can affect fecal CgA level

and the gut microbiome, we tested the effect of

six single-nucleotide polymorphisms known to

regulate gene expression of CHGA on fecal CgA

and abundances of species (table S15). No signif-

icant association was observed, suggesting that

genetic variation in CHGA expression does not

explain the variation observed in the fecal CgA

levels and microbiome composition (tables S16

and S17). Our observation that CgA strongly corre-

lates with microbiome composition, especially

with a largenumber of speciesfrom Bacteroidetes

phylum, and with diversity will hopefully encour-

agestudiesto unravel theroleof CgA in gut health.

We also observed associations (FDR<0.1) be-

tween 63 dietary factors and interindividual dis-

tancesin microbiotacomposition, includingenergy

(kilocalories); intakeof carbohydrates, proteins,

and fats; and intakeof specific food itemssuch as

bread and soft drinks (Fig. 3 and tableS4). Drink-

ing buttermilk (sour milk with a low fat content)

wasassociated with high diversity,whereasdrink-

ing high-fat (whole) milk (3.5% fat content) was

associated with lower diversity (tableS6). Two of

the species most strongly associated with drink-

ingbuttermilk areLeuconostocmesenteroides(q =

9.1× 10−46) and Lactococcus lactis (q = 2.5× 10−8),

both used as a starter culture for industrial fer-

mentation (table S11). The abundance of dairy-

fermentation–related bacteria increased with

increasing dairy consumption, indicating poten-

tial for the use of probiotic drinks to augment

and alter the gut microbiome composition. Con-

sumption of alcohol-containing products, coffee,

tea, and sugar-sweetened drinks was also corre-

lated with microbial composition. Consumption

of sugar-sweetened soda had a negative effect

on microbial diversity (adjusted P = 5 × 10−4),

whereas consumption of coffee, tea, and red

wine, which all have a high polyphenol content,

wasassociated with increased diversity (19–21).Red

wine consumption correlated with Faecalibac-

ter ium prausnitzi i abundance, which has anti-

inflammatory properties, correlates negatively

with inflammatory bowel disease (22), and shows

higher abundance in high-richness microbiota

(23). Apart from the negative associations be-

tween sugar-sweetened soda and bacterial diver-

sity, other features of a Western-style diet, such as

higher intakeof total energy,snacking, and high-

fat (whole) milk, werealso associated with lower

microbiota diversity (Fig. 3). A higher amount of
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Fig. 3. Factors associated wit h int erindividual variat ion of gut microbiome. A total of 126 factors

(FDR<0.1) were associated with interindividual variation of the gut microbiome.The bar plot indicates the

explained variation of each factor in the interindividual variation of microbial composition [Bray-Curtis (BC)

distance].The heatmap next to the bar plot shows the correlation coefficients of each factor with Shannon’s

index of diversity, gene richness, and COG richness, respectively. Color key for correlation is shown.
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r = –0.285, adjusted P= 2.53× 10−20) (tablesS4 to

S9). The association of CgA with composition dis-

tance was then validated in an independent co-

hort of 19 individuals for whom 16SrRNA gene

sequencing data were available (P = 0.0065) (fig.

S10). A lower amount of CgA wasassociated with

higher diversity, with functional richness, with

high concentrations of high-density lipoprotein

(HDL), and with intake of fruits and vegetables.

In contrast, elevated fecal CgA was associated

with high fecal levels of calprotectin, high blood

concentrations of triglycerides, high stool fre-

quency, soft stool type, and self-reported irritable

bowel syndrome (IBS) (Fig. 4B). After correcting

for the confounding effect of all other factors, our

analysisrevealed 61speciesexclusively associated

with CgA (Fig. 4, C and D, and table S13) whose

abundances collectively accounted for 53% of

the total abundance of the microbiomeon aver-

age, and with 40 MetaCyc pathways (table S14)

that accounted for 34.6% of the pathway pro-

files. The strongest associat ion to CgA was ob-

served for theArchaea speciesMethanobrevibacter

smithii (fig.S11A), which playsan important rolein

the digestion of polysaccharides by consuming

the end products of bacterial fermentation and

methanogenesis (12) (fig. S11B). A negative asso-

ciation with CgA abundance was observed for

24 out of 36 species from phylum Bacteroidetes

(Fig. 4, C and D).

CgA isamember of thegraninepeptides,which

are secreted in nervous, endocrine, and immune

cells under stress (13) and during active periods

of gut-related diseasessuch asIBSand inflamma-

tory bowel disease, although some findings are

contradictory (14–16). Many different functions

have been proposed for CgA and other granine

peptides, includingrolesin neurological pathways,

pain regulation,and antimicrobial activity against

bacteria, fungi, and yeasts(17, 18). However, their

mechanism of action and physiological importance

need further detailed investigation. Totest whether

genetic variants that influence CHGA gene expres-

sion (encoding CgA) can affect fecal CgA level

and the gut microbiome, we tested the effect of

six single-nucleotide polymorphisms known to

regulate gene expression of CHGA on fecal CgA

and abundances of species (table S15). No signif-

icant association was observed, suggesting that

genetic variation in CHGA expression does not

explain the variation observed in the fecal CgA

levels and microbiome composition (tables S16

and S17). Our observation that CgA strongly corre-

lates with microbiome composition, especially

with a largenumber of species from Bacteroidetes

phylum, and with diversity will hopefully encour-

agestudiesto unravel theroleof CgA in gut health.

We also observed associations (FDR<0.1) be-

tween 63 dietary factors and interindividual dis-

tancesin microbiotacomposition, includingenergy

(kilocalories); intakeof carbohydrates, proteins,

and fats; and intakeof specific food itemssuch as

bread and soft drinks (Fig. 3 and tableS4). Drink-

ing buttermilk (sour milk with a low fat content)

wasassociated with high diversity,whereasdrink-

ing high-fat (whole) milk (3.5% fat content) was

associated with lower diversity (tableS6). Two of

the species most strongly associated with drink-

ingbuttermilk areLeuconostocmesenteroides(q =

9.1× 10−46) and Lactococcus lactis (q = 2.5× 10−8),

both used as a starter culture for industrial fer-

mentation (table S11). The abundance of dairy-

fermentation–related bacteria increased with

increasing dairy consumption, indicating poten-

tial for the use of probiotic drinks to augment

and alter the gut microbiome composition. Con-

sumption of alcohol-containing products, coffee,

tea, and sugar-sweetened drinks was also corre-

lated with microbial composition. Consumption

of sugar-sweetened soda had a negative effect

on microbial diversity (adjusted P = 5 × 10−4),

whereas consumption of coffee, tea, and red

wine, which all have a high polyphenol content,

wasassociated with increased diversity (19–21).Red

wine consumption correlated with Faecalibac-

ter ium prausnitzi i abundance, which has anti-

inflammatory properties, correlates negatively

with inflammatory bowel disease (22), and shows

higher abundance in high-richness microbiota

(23). Apart from the negative associations be-

tween sugar-sweetened soda and bacterial diver-

sity, other features of a Western-style diet, such as

higher intakeof total energy,snacking, and high-

fat (whole) milk, werealso associated with lower

microbiota diversity (Fig. 3). A higher amount of

SCI EN CE sciencemag.org 29 APRI L 2016 • VOL 352 I SSUE 6285 56 7

Explained Variance

in BC distance (R2)

S
h

a
n

n
o

n
’s

 in
d

e
x

G
e

n
e

 ric
h

n
e

s
s

C
O

G
 ric

h
n

e
s
s

Intrinsic factors

Diseases

BioMK_ChromograninA
antrop_age

Bristol_av.stool.freq
Bristol_av.stool.type

antrop_gender.F1M2
Biochem_TG

Biochem_HDL
BlCells_Ery

BioMK_BetaDefensin2
antrop_SBP
BlCells_Hb

Biochem_Insulin
antrop_BMI

BlCells_Leuco
BioMK_Calprotectin

antrop_height
BlCells_Lympho
BlCells_Granulo

antrop_hip_cir
antrop_DBP

Biochem_Creatinine
antrop_WHR

BlCells_Mono
QOL_phys.comp.score

Biochem_Glucose
Biochem_LDL

Biochem_Cholesterol
BioMK_IL10

BioMK_Citrullin
BioMK_IL1beta

HBF

0 0.010 0.020

S
h

a
n

n
o

n
’s

 in
d

e
x

G
e

n
e

 ric
h

n
e

s
s

C
O

G
 ric

h
n

e
s
s

S
h

a
n

n
o

n
’s

 in
d

e
x

G
e

n
e

 ric
h

n
e

s
s

C
O

G
 ric

h
n

e
s
s

Explained Variance

in BC distance (R2)

Medicine

PPI
statin

antibiotics_merged
laxatives

beta_blockers
tricyclic_antidepressant

opiat
platelet_aggregation_inhibitor

ACE_inhibitor
calcium

SSRI_antidepressant
anti_androgen_oral_contraceptive

other_antidepressant
vitamin_D

oral_contraceptive
metformin

beta_sympathomimetic_inhaler
angII_receptor_antagonist

folic_acid

0 0.002 0.004

IBS
ever_heart_attack

depression

anemia
fibromyalgiae

kidney_stones

CFS
food_allergy

COPD_bronchitis
stomach_ulcer

osteoporosis
bloodpressure_ever_high

0 0.001 0.002

Explained Variance

in BC distance (R2)

S
h

a
n

n
o

n
’s

 in
d

e
x

G
e

n
e

 ric
h

n
e

s
s

C
O

G
 ric

h
n

e
s
s

Explained Variance

in BC distance (R2)

Explained Variance

in BC distance (R2)

0<=-0.3 >=0.3

Color key for correlation

Smoking

Diet

smk_history
smk_current

smk_father
smk_mother

0 0.001 0.002

carbohydrates.total
protein.plant

how_often_fruits
beer

breads
kcal

soda_with_sugar
coffee

nonalc_drinks
how_often_coffee

how_often_soda
how_often_vegetables

red_wine
fruits

pastry
savoury_snacks

low_carb_diet
protein.animal

how_often_chocomilk_sweetened_milk_drinks
pasta

how_often_pasta
protein.total

cereals
rice

how_often_crisps_savory_crackers
how_often_alcohol

alcohol_products
sauces

fat.total
ready_meal

meat
how_often_muesli

vegetables
wholefat_milk

how_often_rice
dairy

how_often_breakfast
how_often_yoghurt_milk_based_puddings

cheese
buttermilk

vegetarian
tea

gluten_free_diet

soda_no_sugar
how_often_pulses

how_often_tea
halffat_milk

alcohol.g
weight_related_diet

how_often_meat
how_often_nuts
how_often_juice

how_often_milk_or_sourmilk
spreads

how_often_bread
how_often_boiled_potatos

how_often_fish
legumes

eggs

potatos

S
h

a
n

n
o

n
’s

 in
d

e
x

G
e

n
e

 ric
h

n
e

s
s

C
O

G
 ric

h
n

e
s
s 0 0.002 0.004

Fig. 3. Factors associated wit h interindividual variat ion of gut microbiome. A total of 126 factors

(FDR<0.1) were associated with interindividual variation of the gut microbiome.The bar plot indicates the

explained variation of each factor in the interindividual variation of microbial composition [Bray-Curtis (BC)

distance].The heatmap next to the bar plot shows the correlation coefficients of each factor with Shannon’s

index of diversity, gene richness, and COG richness, respectively. Color key for correlation is shown.
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r = –0.285, adjusted P= 2.53× 10−20) (tablesS4 to

S9). Theassociation of CgA with composition dis-

tance was then validated in an independent co-

hort of 19 individuals for whom 16SrRNA gene

sequencing data were available (P= 0.0065) (fig.

S10).A lower amount of CgA wasassociated with

higher diversity, with functional richness, with

high concentrations of high-density lipoprotein

(HDL), and with intake of fruits and vegetables.

In contrast, elevated fecal CgA was associated

with high fecal levels of calprotectin, high blood

concentrations of triglycerides, high stool fre-

quency,soft stool type, and self-reported irritable

bowel syndrome (IBS) (Fig. 4B). After correcting

for theconfoundingeffect of all other factors, our

analysisrevealed 61speciesexclusivelyassociated

with CgA (Fig. 4, Cand D, and table S13) whose

abundances collectively accounted for 53% of

the total abundanceof themicrobiomeon aver-

age, and with 40 MetaCyc pathways (table S14)

that accounted for 34.6% of the pathway pro-

files. The strongest associat ion to CgA was ob-

served for theArchaea speciesMethanobrevibacter

smithii (fig.S11A),which playsan important rolein

the digestion of polysaccharides by consuming

the end products of bacterial fermentation and

methanogenesis (12) (fig. S11B). A negative asso-

ciation with CgA abundance was observed for

24 out of 36 species from phylum Bacteroidetes

(Fig. 4, Cand D).

CgA isamember of thegraninepeptides,which

are secreted in nervous, endocrine, and immune

cells under stress (13) and during active periods

of gut-related diseasessuch asIBSand inflamma-

tory bowel disease, although some findings are

contradictory (14–16). Many different functions

have been proposed for CgA and other granine

peptides, includingrolesin neurological pathways,

pain regulation,and antimicrobial activity against

bacteria, fungi, and yeasts(17,18). However, their

mechanism of action and physiological importance

need further detailed investigation.Totest whether

genetic variants that influence CHGA gene expres-

sion (encoding CgA) can affect fecal CgA level

and the gut microbiome, we tested the effect of

six single-nucleotide polymorphisms known to

regulate gene expression of CHGA on fecal CgA

and abundances of species (table S15). No signif-

icant association was observed, suggesting that

genetic variation in CHGA expression does not

explain the variation observed in the fecal CgA

levels and microbiome composition (tables S16

and S17).Our observation that CgAstronglycorre-

lates with microbiome composition, especially

with a largenumber of speciesfrom Bacteroidetes

phylum, and with diversity will hopefully encour-

agestudiestounravel theroleof CgAin gut health.

We also observed associations (FDR<0.1) be-

tween 63 dietary factors and interindividual dis-

tancesin microbiotacomposition, includingenergy

(kilocalories); intakeof carbohydrates, proteins,

and fats; and intakeof specific food itemssuch as

bread and soft drinks(Fig. 3and tableS4). Drink-

ing buttermilk (sour milk with a low fat content)

wasassociated with high diversity,whereasdrink-

ing high-fat (whole) milk (3.5% fat content) was

associated with lower diversity (tableS6). Two of

the species most strongly associated with drink-

ingbuttermilk areLeuconostocmesenteroides(q=

9.1× 10−46) and Lactococcuslactis(q = 2.5× 10−8),

both used as a starter culture for industrial fer-

mentation (table S11). The abundance of dairy-

fermentation–related bacteria increased with

increasing dairy consumption, indicating poten-

tial for the use of probiotic drinks to augment

and alter the gut microbiome composition. Con-

sumption of alcohol-containing products, coffee,

tea, and sugar-sweetened drinks was also corre-

lated with microbial composition. Consumption

of sugar-sweetened soda had a negative effect

on microbial diversity (adjusted P = 5 × 10−4),

whereas consumption of coffee, tea, and red

wine, which all have a high polyphenol content,

wasassociated with increased diversity(19–21).Red

wine consumption correlated with Faecalibac-

terium prausnitzi i abundance, which has anti-

inflammatory properties, correlates negatively

with inflammatory bowel disease(22),and shows

higher abundance in high-richness microbiota

(23). Apart from the negative associations be-

tween sugar-sweetened soda and bacterial diver-

sity, other features of a Western-style diet, such as

higher intakeof total energy,snacking,and high-

fat (whole) milk, werealso associated with lower

microbiota diversity (Fig. 3). A higher amount of
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Fig. 3. Factors associated with interindividual variat ion of gut microbiome. A total of 126 factors

(FDR<0.1) were associated with interindividual variation of the gut microbiome.The bar plot indicates the

explained variation of each factor in the interindividual variation of microbial composition [Bray-Curtis (BC)

distance].The heatmap next to the bar plot shows the correlation coefficients of each factor with Shannon’s

index of diversity, gene richness, and COG richness, respectively. Color key for correlation is shown.
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bacterial taxa or pathways using quantitative 
trait mapping [microbial quantitative trait loci 
(mbQTLs)].  
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