GENOMIQUE DE DIVERSITE :
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Metagénomique

approche classique : isolation d’un seul espece + clonage + séquencage

meétagénomique : extraction d’ADN d’un échantillon environmental (+ amplifica-

tion ) + séquencage

* pour bep d’organismes (99%), on n’arrive pas avoir une culture au laboratoire

* bcp d’organismes ne fonctionnent que dans une communauté avec d’autres

analyses :
X composition taxonomique
% composition fonctionnelle

x* métagénomique comparative
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Analyse taxonomique

approche classique : filtrage d’une région (primers spécifiques) qui identifie 'espece

+ comparaison a une grande base de données sur cette région

ARN ribosomique petite sous-unité (16S chez procaryotes) — régions hyperva-
riables (V1-V9)

! va V3 V4 V5 Ve v7 Ve Vo

0 500 1000 1500
Length in bp

Figure 2. Approximately 1.5 kb 16S rRNA gene of E.coli showing the nine variable regions that make it an ideal target as a phylogenetic marker gene.

bases de donnés d’ARNs alignés :
* Ribosomal Database Project (RDP)

* greengernces

* ARB-SILVA
+ outils spécialisés pour la recherche / alignement rapide

Cox & al. Human Molecular Genetics 22 :R88 (2013)
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Analyse taxonomique / binning

séquencgage + comparaison a un arbre phylogénétique

on veut lier les séquence a des unités taxonomiques (OTU = operational taxonomic
unit)

méthodes de classifications : alignement/similarité, composition (k-mers, codons)

T

| Assignment dependent | | Assignment independent I

\
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Mande & al Briefings in Bioinformatics 13 :669 (2012)
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Analyse fonctionnelle

g Subsystem: Histidine Degradation 7%
» 1|HutH |Histidine ammonia-lyase (EC 4.3.1.3)
U 2| HutU |Urocanate hydratase (EC 4.2.1.49)
3|Hutl |Imidazolonepropionase (EC 3.5.2.7)
A 4|GluF |Glutamate formiminotransferase (EC 2.1.2.5)
T 5|HutG |Formiminoglutamase (EC 3.5.3.8)
]E): 6/|NfoD [N-formylglutamate deformylase (EC 3.5.1.68)
% 7| Forl |Formiminoglutamic iminohydrolase (EC 3.5.3.13) 2
fj Subsystem Spreadsheet
B Organism Variant| HutH HutU Hutl GlF | HutG | NfoD | Forl
\Caulabacter crescentus 1 Ps80s2 | QoA9MI Q9AIMO | QIAILY
S \Pseudomonas putida 1 QB88CZ7 Q88CZ6 Q88CZ9 Q88D00 =m
Y p 1 Q8PAAT P58988 Q8PAAG Q8PAAS | QS8PAAS
S Halobacterium sp. 2 QIHQDS | Q9HODS | QIHQDG QIHQD?
T | |Peinococcus radiodurans 2 Q9RZ06 | QIRZ02 | QIRZOS QIRZ04
E | Daciius subiiti 2 P10944 | P25503 | P42084 P42068
i ides thetaiotaomicron | 3 Q8A4B3 | 08A4A9 | Q8A4B1 | Q8A4BO
L1 [Desulfotela psychrophila 3 | gi51246204 | gi51246203 |
Subsystem Diagram Tetrahydrofolate Formiminotetrahydrofolate
C
NH3

Connecting intermediates

I |L-Histidine

1T Urocanate

111 4-Imidazolone-5-Propanoate

I\ N-Formimino-L-Glutamate

\ N-Formyl-L-Glutamate

VI L-Glutamate
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base de données sur procésssus
biologiques

vocabulaire controlée

«— sous-systemes (SEED)

(autre BD utile : KEGG)

Overbeek & al. Nucleic Acids Res 33 :5691 (2005)



Assemblage metagénomique (IDBA-UD)

Paired-end

¢ Construct de Bruijn for k = ky;,

enlever les tips
- (chemins courts) et

' les bubbles

découper les ponts avec

<--""I'" couverture trop petite

¢ Progressive Depths

o/'o\so O/O\O_m corriger les

Error C . L - lectures qui s'alignent
i rror Correction bien avec les contigs

——

o

a partir de

Local Assembling
! lectures appariées

<---

Construct de Bruijn
for larger k

{ : joindre les contigs
O—»O0—»0 o0—O0—>0—>»0—>»0 4 ----""" 3 la fin

Scaffolding
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extensions aux extrémités

problemes : bcp de séquences hétérogenes; cou-
verture variable a travers des génomes

de Bruijn :
petit k — trop de branchements (ambiguité) ;
grand k — trop d’erreurs, moins de contigs

IDBA-UD : travailler avec k, k + 1, k+ 2 ...
(= fusion / désambiguation de chemins)

u W uv VW
v - O »O
u " e %

Fig. 3. Example of resolving repeats by iteration from k to k+ 1. The repeat
region is a single k-mer, uvw and u’'vw’ appear in the genome. After the
iteration, repeat v is resolved

Peng & al. Bioinformatics 28 :1420 (2012)
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Outils

NBC,
RDPclassifier

BWA, Bowtie,
FR-HIT

MetaVelvet, Genovo,
MetaORFA, MetalDBA,
IDBA-UD

MetaGeneAnnotator
FragGeneScan
Glimmer-MG, GeneMark

HMMer3, RPSBlast,
BLAST, RAST, RAPsearch

Silva
GreenGenes
RDP

MinPath, Pathway Tools
KEGG mapper

FET, GSEA, PCA, GLM,
STAMP, SPIA, MetaPath
ShotgunFunctionalizeR,

HUMANRN
Pfam
Prk MEGAN, CARMA,
COG Sort-ITEMS, Sphinx
FIGFam

eggNOG RAST, MG-RAST,

Model SEED

Pathway Tools, COBRA
Model SEED

/—I_\
EBI Biomodels
JWS Online
Model SEED

De Filippo Briefings in Bioinformatics 13 :696 (2012)
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Comparaisons

UniFrac : % de larbre qui est unique (mesure la distance entre la compoisition
taxonomique de deux échantillons)

— visualisation par positionnement multidimensionnel (multidimensional scaling)
— PCoA = principal coordinate analysis
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Lozupone & Knight Applied and Environmental Microbiology 71 :8228 (2005)
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Ecosystemes

System

1D information
(parts list)

2D information
(interactions)

3D information
(spatial)

4D information
(temporal)

Promising technologies that provide global, high-throughput read outs for

Biomolecule (protein,
DNA, sugar or lipid)

++

eco-systems biology

Level of
measurement

1D information
(parts list)

2D information
(interactions)

3D and 4D
information
(spatial and
temporal)

Molecules

Chemical
profiling and
meta-
metabolomics

>_.

Chemical
profiling and
meta-
metabolomics

Pathway Cell or
or process microorganism

++

++

Genes or
proteins

Metagenomics
and single-cell
sequencing

>_.

Meta-transcriptomics
and
meta-proteomics

++

Cells or
individuals

Massive
parallel

16S tag
sequencing

>_,

Phylochips

3 Ecosystem
! (local)

Ecosystem
network analysis
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2523%,
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Figure 3 | Visualizing complex environmental patterns. Novel visualization techniques will be
needed to describe complex data and patterns. The example shown here is a summary of the meta-
bolic variation along a longitudinal transect of ocean surface water samples (data from REF. 42; the
samples used (red) were selected for similarity in habitat type). Colour intensity shows the contribu-
tion to the overall variance for different KEGG®* maps that are involved in central metabolism (for
example, red indicates maps with low contribution and therefore low variability over sites, whereas
yellow indicates maps with high contribution) and grey indicates no significant KEGG mapping for
these samples. The inset shows the large contribution of photosynthesis to the overall functional
variation among samples.

Raes & Bork Nat Rev Microbiol 6 :1 (2008)
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Microbiome humain

10 fois plus de cellules, 100 fois plus de genes que ’humain

Human host Microbiota
Oral cavity
Climate Fauna & flora 3 Food, Microbes
. Human Environmental factors drugs S
Housing . . o Probiotics
interactions prebiotics
Human GUT
Genome Genetic & cellular features Microbiome
H.pylori 103 human cells 104 prokaryotic cells
Skin stomach 30,000 genes 4,500,000 genes
(CNVs, SNPs) (Enterotypes)

Taxonomic composition
Microbial eukayotes
& viruses

Immunological Cellular stress

H. pylori () status & damage

stomach

- Dysbiosis

- Infectious agents/diseases
Hepatitis C virus, HIV, HPV
Pathogenic Enteric bacteria

Parasites (e.g. helminths,
Entamoeba, Giardia, Blastocytis)

ece

& Actinobacteria
@ Firmicutes

&@ Proteobacteria
@ Bacteroidetes
< Cyanobacteria
& Fusobacteria

- Chronic disease
IBD, IBS, diabetes, obesity,

asthma, cancer

eeee

Cho & Blaser Nat Rev Genet 13 :260 (2012) ; Collison & al Briefings in Bioinformatics 13 :751 (2012)
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Catalogue de genes et organismes

Bacteroides uniformis ' e o e— T
Alistipes putredinis ' | —
Parabacteroides merdae —_— T }—
Dorea longicatena v T}
Ruminococcus bromii L2-63 —_— ] T}
Bacteroides caccae —_—l T }—
Clostridium sp. SS2-1 I [y S— — ]
Bacteroides thetaiotaomicron VP1-5482 —_—_T T}
Eubacterium hallii Coa
Ruminococcus torques L2-14
Unknown sp. SS3 4 e
Ruminococcus sp. SR1 5
Faecalibacterium prausnitzii SL3 3 . " — T
Ruminococcus lactaris e I— E—
Collinsella aerofaciens f W wean C— T —
T T . . . 0.5 . . . EBJorea fo(;micig(lenerani 106G 8482
acteroides vulgatus
20 40 60 80 100 1.0 9'8 0.6 0.4 0.2 Roseburia intestinalis M50 1
Number of samples Fraction of gene length covered Bacteroides sp. 2_1_7
Eubacterium siraeum 70 3
Parabacteroides distasonis ATCC 8503
Bacteroides sp. 9_1_42FAA
Bacteroides ovatus
D o T L oo CECE8oee® — Bacteroides sp. 4_3_47FAA
il Bacteroides sp. 2_2_4
OGs + novel gene families Eubacterium rzcta/e M104 1
Bacteriodes xylanisolvens XB1A
Coprococcus comes SL7 1
Bacteroides sp. D1
Bacteroides sp. D4
Eubacterium ventriosum
Bacteroides dorei
Ruminococcus obeum A2-162
- = = = = = = = = = = — ... o S e saggscCess 065566~ — Subdoligranulum variabile
?gfo o Bacteroides capillosus
& Known + unknown OGs Streptococcus thermophilus LMD-9
Clostridium leptum e
Holdemania filiformis .
Bacteroides stercoris
Coprococcus eutactus
Clostridium sp. M62 1
Bacteroides eggerthii
Butyrivibrio crossotus
Bacteroides finegoldii
Parabacteroides johnsonii
Clostridium sp. L2-50
Clostridium nexile
Bacteroides pectinophilus
- Anaerotruncus colihominis
Ruminococcus gnavus
Known OGs Bacteroides intestinalis
Bacteroides fragilis 3_1_12
Clostridium asparagiforme
Enterococcus faecalis TX0104
Clostridium scindens
Blautia hansenii
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prédiction de genes : modeles pour séquences partielles, groupage par similarité

Qin, Li & al. Nature 464 :59 (2010)
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Analyse comparatif

1 AGGCTACACGTCATC |
: TACGTACGT : BMI
B TATTACGACGGT

Microbiome In vivo sample Isolated DNA Metagenome Metagenomic dataset
‘el . R TACGTACGT ™ “Metagenomes and metadata N
il DOV oo {oACGACOaGAEAA \ ! Metagenomes and metadata |
| TATGGGTCGTTACCA | | [ "} Environment ;
| TCACATCAGGTCGAGCTA iz |

\ Samp\e DNA_ DNA_ : GATTACGAGGGT | Multiple | : Health/disease |
1‘ collection extraction Sequencing : ATATCATGCACCATCGTA | samples ! pH 1
TJ ! TATCCACGACGGGGCCCC ! e ! \ sali |
'GCA 1 alinity H
i

|

\

1)

Taxonomic profiling pipeline

Example tool: MetaPhlan

Install Me taPh1An, provide your sample’s
FASTQ file as input to me taphlan.py and
save the resulting list of microbial
abundances

—

i ——
- w— —
—_— — T —
[ ——

Taxonomic marker DB

Metabolic profiling pipeline Apply USEARCH

(or BLASTX)
and run the tool using scons to generate

@
a table of samples by pathway abundances.

Example tool: HUMANN

Install HuMAnN, place one file of USEARCH
results per sample in the input directory,

(e.g., MetaPhlAn DB) /

Each sample contains: Taxonomic profiles
27.4%  H. parainfluenzae erge_metaphlan_table
13.1%  S. parasanguinis
11.37% P. melaninogenica
7.8% R. mucilaginosa

(-] GraPhlAn
visualization
Firmicutes

Proteobacteria
Actinobacteria

MIE=i

15 Most abundant species

Others

[ERE===Emamazeseaarae)
20 Example metagenomes

Il Tongue dorsum
Il Buccal mucosa

Taxonomic biomarkers

Upload the abundance table
into the L7 == galaxy server
(or run it locally) to identify
taxonomic biomarkers with
significance and effect size,
and plot graphical reports

\

. . | I I
Negaivicutes S —
Veilongllaceae

Veilonelia

Firmicuites

L
Bacilli

‘svmms; i i
36 24 12 0 12 24 36

LDA effect size (log score)
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DB
+ (e.g., KEGG DB)

Each sample contains:

2.9% Bacterial ribosome

2.7% Inosine monoph. biosynthesis
2.6% F-type ATPase

2.5% RNA polymerase

(-] GraPhlaAn
visualization
Energy met.

Carbohydrate
and lipid met.

Nucleotide and
amino acid met.

Metabolic profiles

15 most abundant metabolic modules

O T T e
Others 20 example metagenomes

Il Tongue dorsum
Il Buccal mucosa

%0, .
& e R, Metabolic biomarkers
% 7%,
5’7 ((Example tool: LE£Se )
f g Upload the abundance table
S into the 1.1 == galaxy server

(or run it locally) to identify
metabolic biomarkers with
significance and effect size,
and plot graphical reports

v

ATP Synthesis I ———

K L!p B E L
7 Libopolyc, . Ve nérgy met
Metabofsacharide  Upopalysaceh do et

Py transp.
Phosphate and amino acid transp.
transp.

transport
Putine metabolism g
infotmation proc.

X arid polyol tiansp.
1 2 3
LDA effect size (log score)

Segata & al Molecular Systems Biology 9 :666 (2013)
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Diete

enfants de la ville de Florence, Italie et du village du Boulpon, Burkina Faso

— diete riche en fibre — présence de bactéries qui consument les polysaccharides

A

4% 2
8

® Actinobacteria " Bacteroidetes ® Firmicutes ~ Proteobacteria u Others

m Prevotella
BF
= Xylanibacter

= Acetitomaculum
= Faecalibacterium | Firmicutes

subdoligranulum

] Bacteroidetes

Others

4%
22%
U
Alistipes Bacteroidetes
EU [ Bzaemides]

W Acetitomaculum
® Faecalibacterium Eirmicut
= Roseburia HHNGIRES

Subdoligranulum
Others

Relative abundance (%) O

= Gram positive = Gram negative

Relative abundance (%) M

De Filippo & al. PNAS 107 :14691 (2010)
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Deéveloppement de notre microbiome

Mother’s body habitat:
@ Oral mucosa

Vagina
Skin B
Baby’s delivery mode:
@ Vaginal Other
.Cesarean 73 08 Streptococcus
8 Staphylococcus
5 Sneathia
g— 0.6 " Propionibacterineae
3 " Prevotella
5 Pasteurellaceae
g 04 " Neisseria
:.a ! - - ¥ Micrococcineae
[ - | Flactobacillus
e ——
L S - " Haemophilus
o\o 0.2 - - ® Corynebacterineae
) — - Coriobacterineae
[e] - " Bacillales
Y] 0 — - - ¥ Acinetobacter
8 Mom-Oral ~ Mom-Vagina ~Baby-Vaginal ~ Mom-Skin ~ Baby-Cesarean
PC1:12% Mother's body habitat or Baby's delivery mode
Effect of
maternal Dental
exposures amalgam Bottle feeding
Environment
* Antisepsis Oral
* Antibiotics (pre-mastication of food)
e Diet ;
Other hosts Mammary, through breastfeedlng
. X (selection)
Epigenetics

Cutaneous
(contact with skin)

Vaginal
(passage through birth canal)
Early life
Early/ antibiotics
extensive
bathing Caesarean section

Dominguez-Bello & al. PNAS 107 :11971 (2010) ; Cho & Blaser Nat Rev Genet 13 :260 (2012)
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Quelques lecons

1. 1l existe des signatures universelles a travers des individus

PC2 (8.2%)

® Gut (>2.5years)
® Gut (<=2.5years)
@ Oral Cavity

@ Vagina

@ Skin and other

PC1 (15%)

2. corrélations avec maladies

Disease
Psoriasis

Reflux oesophagitis

Obesity
Childhood-onset asthma

Inflammatory bowel disease (colitis)
Functional bowel diseases
Colorectal carcinoma

Cardiovascular disease

< trajectoires pour bébés

Relevant finding
Increased ratio of Firmicutes to Actinobacteria

Oesophageal microbiota dominated by gram-negative anaerobes;
gastric microbiota with low or absent Helicobacter pylori

Reduced ratio of Bacteroidetes to Firmicutes

Absent gastric H. pylori (especially the cytotoxin-associated gene A
(cagA) genotype)

Larger populations of Enterobacteriaceae
Larger populations of Veillonella and Lactobacillus
Larger populations of Fusobacterium spp.

Gut-microbiota-dependent metabolism of phosphatidylcholine

Lozupone & al. Genome Res 23 :1704 (2013) ; Cho & Blaser Nat Rev Genet 13 :260 (2012)
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