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Préambule

Définition d’un arbre ?

L'arbre de la connaissance du Bien et du Mal

Tableau de Lucas Cranach I'Ancien.

s

& _ Le pin de Bristlecone Mathusalem,
% Californie, USA, 4850 ans



Définition : plante terrestre capable de se développer en hauteur, en général au dela de
plusieurs metres, grace a une structure rigide composée d'un tronc qui peut
éventuellement se ramifier en formant des branches.

L arbre est une plante pérenne qui vit plusieurs années, le plus souvent plusieurs
décennies, ou méme plusieurs siecles.

Physiologie particuliere :

- ancrage des racines dans le sol

- résistance mécanique de la tige / tronc

- passage hiver - dormance des bourgeons

- accumulation de réserves pendant la belle saison
- résistance accrue aux aléas climatiques

Formation du bois ou xyleme secondaire



Plan du cours

Introduction : le bois pour ’homme / pour l'arbre

La formation du bois

Mécanismes moléculaires de la formation du bois — qques exemples

Stratégies / Modeles d’étude / Approches

Contréle de l'activité cambiale

Régulation transcriptionnelle de la formation des parois secondaires
Contréle de I'angle des microfibrilles de cellulose

Mort cellulaire

Conclusion



Utilisations du bois par I’lhomme /
son role pour I'arbre



Bois = a la fois matériau, matiére premiére et source d’énergie renouvelable

Utilisation traditionnelle dans la construction, 'ameublement, la fabrication de papier, le
bois de chauffage




Bois = a la fois matériau, matiere premiére et source d’énergie renouvelable

Utilisations plus récentes

Bois énergie
matériaux composites bois

agglomeré faible densité




produits semi-finis de construction bois




Utilisations innovantes

Bois moulé Bois extrudé



Utilisations futures : bioéthanol de seconde génération

LE PROCEDE ml

COPRODUITS AGRICOLES ME“EF’ ,ﬁﬂmf,h
ET FORESTIERS BIOMASSE
RESIDUS PRETRAITEE

SIOMASSE DEDIEE  PRETRAITEMENT
|

DISTILLATION

HYDROLYSE
ENZYMATIQUE ek
FERMENTESCIELE

FERMENTATION LEVURES




A quoi sert le bois pour I'arbre?

Conduire I'eau des racines jusqu’au houppier

Supporter la masse en constante croissance de l'arbre

Stocker des réserves




Le bois est composé de différents types cellulaires

Bois d’arbres feuillus = bois hétéroxylé

Bois = Xyleme secondaire
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Le bois est composé de différents types cellulaires

Bois de résineux = bois homoxylé
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Fibres et vaisseaux

Peuplier

Vaisseaux

Fibres

s

1
B E 100 pum
2 ¢ _
Coupe transversale de bois Fibres de bois et éléments de
observée au microscope optique vaisseaux séparés par maceration

Fibre

Parois
cellulaires
d'une fibre

Vaisseaux

wrl pg

*F. Laurans

Coupe longitudinale de bois observée au
microscope électronique a balayage.



Le bois est variable entre espéces (essences)

Les 3 plans d’observation de la
structure du bois




Fonction

Feuillus
Angiospermes

Résineux
Gymnospermes

Conduction de la séve Vaisseaux Trachéides
brute
Soutien Fibres Trachéides

Stockage des réserves
et communication entre
cellules

Parenchyme des rayons

Parenchyme des rayons
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Le bois est var

Bois de printemps (initial) / bois d’été (final)
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ironnementales

is répond aux conditions env

Contraintes hydriques

Le bo
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Le bois répond aux conditions environnementales

Contraintes mécaniques




Le bois répond aux conditions environnementales

Contraintes mécaniques
Chez les arbres feuillus, le bois de tension possede des
propriétés mécaniques particulieres permettant a
I’arbre de réorienter ses axes ...

Face supérieure

Face inférieure

... et de garder un certain
équilibre...




Un peu de mécanique : comment le bois de tension est-il le moteur
du redressement des axes de lI'arbre ?

Tronc

Jauge de
déformation

| Bois detension

(pueasaq uowad|)) 4vid-4IAN

Le déplacement enregistré est une
mesure de la contrainte longitudinale,

en périphérie du tronc. L. .
Perip asymeétrie des contraintes

-

redressement de l’'axe

Retrait longitudinal

Peuplier

Bois normal -300 um/m

Bois de tension -3000 um/m
(Clair et al., 2006)



Ces propriétés macroscopiques ont pour origine
la structure trés particuliere du bois de tension
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_ Face supérieure
“‘r e

Bois de tension

(BT)

Bois opposé

(BO)

Face inférieure

CT tige de Peuplier - Coloration Safranine/Bleu Astra

2 principales réponses a l’inclinaison :
Populus tremula x P. alba, P P P

clone INRA 717-1B4 e Augmentation des divisions cellulaires

e Différenciation de fibres particulieres



Le bois répond aux conditions environnementales

Contraintes mécaniques

Bois de tension chez les feuillus

Bois de tension
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Le bois répond aux conditions environnementales

Contraintes mécaniques

Bois de compression chez les résineux
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aubier / bois de coeur CT Noyer

Jeune xyléme en
différenciation

Aubier

Bois de cosur ou
Duramen

Zone de tfransition




Formation du bois
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La formation du bois est un processus de d



Le bois est formé essentiellement de I'’enchevétrement
tridimensionnel de parois de cellules mortes
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Le bois est formé essentiellement de I'enchevetrement
tridimensionnel de parois de cellules mortes

SUBDNVISIONS ET EPAISSELRS COMPOSITION ET ORIEMTATION
DES MICROFIBRILLES

S pl

* 90§ cellulow

afd b

porpondadores @ o

52(1410p)

52 * 50 % celulose
* microhbeilles

porallides & Foxe

Poroi secondaine

51 microhbriles
perpendiculowes d Fase

A * 105 cellose |

= macrahbolled ou hasard

(Chapelet et al., 1991)

La paroi secondaire est composée de
plusieurs couches qui different par :

- Epaisseur
- Angle des microfibrilles de cellulose
- Degré de cristallinité de la cellulose

- Contenu en lignines

Propriétés chimiques et
mécaniques du bois



Dans la paroi des fibres de bois, les lignines cimentent

les cables de cellulose

Pour I'arbre, les lignines sont indispensables
pour :

- le support mécanique

- le transport de la séve

- la résistance aux pathogéenes
1L,
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Les fibres G présentent, dans leur paroi, une couche trés riche en
Face tendue CE"UIOSQ

Face opposée

— e Cellulose tres cristalline, organisée
. en macrofibrilles de 30 a 40 nm de ¢
L [N (Daniel el al., 2006)
- e AMF proche de 0°
ﬁ o e pas ou peu de lignines
\ Js ' e Autres polysaccharides :
' xyloglucanes, glucomannanes et

arabinogalactanes (Nishikubo et al.,

CT tige de Peuplier 2007)
Coloration Safranine/Bleu Astra

Microscopie électronique a balayage



Déconstruction de la biomasse lignocellulosique

Prétraitement pour séparer les composants de la
paroi et libérer I'acces a la cellulose

Lignin
/ Papier

Cellulose
AN
saccharification
A4S Glucose — Ethanol
\Hemicellulose fermentation
Hydrolyse acide / alcaline / Explosion a la vapeur... Lignines : énergie ... composés a haute

valeur ajoutée (substituant phénol)

Hémicelluloses : valorisation et
fermentation des sucres en C5



Les différentes étapes de la formation du bois :
lien processus biologiques / propriétés du bois

Phloeme Il

Divisions cellulaires

il !.?.\

LA \T]
LE YN

Zone
cambiale Elongation cellulaire

Différenciation
(vaisseaux, fibres,
Xyleme Il rayons)

{
'R
*

Formation des parois
secondaires lignifiées

Mort cellulaire

CT tige de Peuplier - Coloration
Safranine/Bleu Astra

Croissance en diametre
Quantité de bois

Plan ligneux

Composition chimique
Angle des microfibrilles
Cristallinité cellulose
Epaisseur des parois

(Plomion et al. 2001, Déjardin et al. 2010)

Densité
Propriétés
mécaniques




Le cambium est formé de deux types d’initiales

Cellules disposées en files réguliéres
Parois minces cellulosiques

Cambium

Initiales fusiformes

Vaisseaux

Fibres

Initiales radiales
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(Goué et al., 2008)



Fonctionnement du cambium

Une cellule du cambium (C) produit les futures cellules du bois (B)
vers l'intérieur et les cellules du phloéme (P) vers I'extérieur.
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Fonctionnement du cambium

A Dormant cambium

Previous
year
phloem

-

Previous
year
xylem

Rathgeber et al, 2016

-
-
-
-
-
-
-
-
L
-

—
-
-

B Active cambium

% Current

4 year

-V*:-Rn.'e%@__-.
1

..t Cambium
 Enlargin
--J--L:-----'ynngnn
| &

Thickening

i Mature

j_ zone
U

Previous
tree-ring

C Developing radial file

Phloem
cell

Dividing
cambial
cells

Enlarging
cell

Thickening
cells

Previous
year xylem

Ex : Epicéa

Cytoplasm

Cell membrane

Middle lamella

Primary cell wall

Cellulosic secondary cell wall

Lignifying middle lamellia,
primary, and secondary walls

Mature cell wall

Empty lumen

Pit



Fonctionnement du cambium : une activité saisonniere

B
Code Phenological Environmental
avent cue
bD Onset of cambial Warm
cell division temperature
Chilling
Photoperiod
bE Onset of xylem cell l
enlargement l
bw Onset of secondary
cell wall deposition
1Gx Occurrence of Photoperiod
maximal growth
cD Cessation of Low
cambial cell temperature
division Water stress
l Photoperiod?
cE Cessation of xylem ?
cell enlargement l
cW Cessation of
secondary cell wall  Temperature?

deposition

Rathgeber et al, 2016



s Dynamique de la mise en place des
' 6= il Tl différentes couches de la paroi
. cellulaire
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Orientation des microfibrilles de cellulose dans la paroi secondaire

Gunning & Steer, 1975

Paroi secondaire S2 : parallele

Paroi primaire : au hasard



fibrille de
cellulose

microfibrille

molécule
de glucose
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Lignines

Un polymere

| _:: ﬁ?ﬁ:m@w complexe de formule
R $ m&:__? wtwo :h- C41 H32 06, dont les propriétés

2 9 : dépendent des proportions entre les
He T ST e MO—CHg O (3< 641 "y X
" ;’:&#@a o différents types de monomeéres



HaN o

Lignines B

Phenylalanine

|

C4aH
Cinnamate — 4-Coumarate

4CL i
C3H and HCT CCoAOMT
p-Coumaroyl CoA —» Caffeoyl CoA —= Feruloyl CoA
CCR l CCR #
FsH
p-Coumaraldehyde Coniferaldehyde —»=
CAD l’ CAD l
OH OH
- -
OMe
H OH G OH
p-Coumaryl alcohol Coniferyl alcohol

S-Hydrouy- COMT
coniferaldehyd —= Sinapaldehyde

CAD
SAD

OH

MaO OMe

OH
S Sinapyl alcohol

TRENDS in Plant Science




Dynamique de mise en place des polymeres pariétaux

T BALTT BN

.
Temav

Cambium Dep,ot de_s, Parois matures
composes parietaux
LM : lamelle moyenne, LM PI Pl S
P | : paroi primaire,
P Il : paroi secondaire, S1- S2
$1, 52, S3 : couches de la e S3
paroi secondaire,
H: alcool p-Coumarylique, >Hémicelluloses
G: alcool coniferylique —arabinogalactanes
S: alcool sinapylique, | {----- — Xylanes———>
(Terashimaetal,1993) { | --—--—-- —MmMannanes—
~Cellulose
SH > Lignines

______ — G >
_______ —S >




Meécanismes moléculaires de la
formation du bois



Stratégies / Modeles d’étude /
Approches



Arabidopsis as a model plant to study wood formation

- Wood formation in the hypocotyl of short-day

grown Arabidopsis (c)

- SCW in interfascicular fibers of floral stems

- Differentiation of tracheary element in cell
culture

Poplar stem Arabidopsis hypocotyl

Phloem

.. -

A‘\.‘“

~« Cambium

ot of
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Demura & Fukuda, 2007




Tree resources for the study wood formation

- Populus spp., Pinus spp. and Eucalyptus spp., Robinia
pseudoacacia, Walnut

- Reaction wood has received a lot of attention (Populus, Pinus,
eucalyptus)

- Heartwood formation was studied preferentially on Walnut and

Black locust

Populus was the first tree genome sequenced (2006), and
eucalyptus recently (2010) - see http://www.phytozome.net

Populus became a “model tree” for Genomics


http://www.phytozome.net/

Le peuplier : espece d’intérét économique et espece modele en
biologie forestiere

Peupleraies cultivées Vitesse de croissance rapide
2% de la surface forestiere Multiplication végétative aisée par bouturage
3éme essence feuillue en volume de bois récolté Transformation génétique

Populations naturelles, d’amélioration, cartes
génétiques

Nombreuses données de génomique
(plus de 400 000 EST pour le genre Populus)

!

Génome séquenceé (Populus trichocarpa, Nisqually-1)

@ INRA A.Gavaland

File View Teals Ceme Casssicanon Hel
Featere Simager BIASL Srarih palinim Selecreghn  Chisge Speoes Cleas Gwa

Camem

R s e B B

Autres génotypes séquencés (P. trichocarpa, P. nigra)
Utilisations actuelles : déroulage (emballages légers), «——m .
tranchage (contreplaqué) | |

i
Bois énergie

En développement : bioéthanol e e e e




Functional genomics: objectives and tools

Functional genomics objectives:

- Inventory of gene (proteins, RNAs) functions and interactions

- high-throughput methods rather than “gene-by-gene” approach
- Links between genes and phenotype

Functional genomics tools:

- Characterization of mutants (nearly absent in tree species )

- Characterization of transgenic plants

- “omics” (transcriptomics, proteomics, metabolomics, Chip-seq,
degradome...)

and combinations of these tools




Approche génomique de la formation du bois
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Intérét de lI'outil transgénese pour étudier la fonction des genes

Modification de |'expression d’un géne
(surexpression, silencing, ciblée ou non dans un tissu particulier)

Modification du phénotype

Fonction du gene (?)




Transformation génétique du peuplier via Agrobacterium
tumefaciens (Leplé et al., 1992)

P. tremula x P. alba, clone INRA 717-1B4

2 isopentenyl adenine (CK)
Acide Naphtaléne Acétique (AUX)

Thidiazuron (CK)

Cefotaxime (ANT)

Ticarpen (ANT)
Cefotaxime (ANT) Agent de sélection
Ticarpen (ANT)
Agent de sélection




Hertzberg et al., 2001

Gene expression patterning along the developmental stages of
xylogenesis
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Hertzberg et al., 2001

Gene expression patterning along the developmental stages of

xylogenesis

TRANSVERSE SECTION

SAMPLE
30um
TANGENTIAL
SECTION

__ NON-FUNCTIONAL
PHLOEM

__ FUNCTIONAL
PHLOEM

—CAMBIAL ZOMNE

— XYLEM

TRANSVERSE SECTION
for determination of
sample position

Cryosectioning of the vascular cambium

Microarray based on a unigene set
of 2,995 cDNA clones



Hierarchical cluster analysis of 1,791 selected genes with
differential expression in the tissues
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Cyclins, cyclin-dependent kinases (still
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- Cell expansion (pectin metabolism,
protein synthesis and 6 MYBs
transcription factors

C-E: biosynthesis of SCW

Tubulins, 2 CesA, KOR, polygalacturonase
(pectins remodelling), Glycosyl-
transferases, a specific SCW UDP glucose
dehydrogenase (hemicellulose synthesis)
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Hertzberg et al., 2001

Lignin biosynthesis
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Controle de Vactivité cambiale



Regulation of cambium activity and cell
proliferation
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Regulation of cambium activity and cell proliferation

The TDIF/CLE41/CLE44-TDR/PXY-WOX4 signaling pathway

- TDIF, processed from the translated products of CLE41/ CLE44 in Arabidopsis, is
produced in the phloem; it interacts with its receptor, the receptor-like kinase
TDR/PXY, which is expressed in (pro)- cambium.

- WOX4 & WOX14: WUSCHEL HOMEOBOX RELATED genesW0OX14, acts
redundantly to regulate cambial cell proliferation

- MOL1 and RUL1 are RLKs and potential partners of TDR/PXY. MOL1 acts as a
repressor and RUL1 as an activator of secondary growth.

Master BIOVIGPA
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Regulation of cambium activity and cell proliferation

- Class | KNOX TFs are important in maintaining the meristematic activity in the
shoot apical meristem of Arabidopsis. Arabidopsis BP/KNAT1 and its ortholog
ARK2 in populus, when overexpressed, promote the expansion of the cambium
region and the inhibition of xylem differentiation.

- In the tdr/pxy Arabidopsis mutant background, a double mutant of ERF109 and
ERFO18 shows reduced secondary growth while an ethylene over-producing
mutant displays enhanced growth

- In populus several ERFs have been identified which modify secondary growth,
wood properties and tension wood formation

Master BIOVIGPA



Regulation of xylem specification and cell expansion

- HDZIPIIl in Populus. Knockdown of POPCORONA (orthologue of Arabidopsis
CNA/AtHB15) causes abnormal lignification of pith cells, while overexpression of
miRNA-resistant POPCORONA results in delayed lignification of xylem and
phloem fibers. On the other hand, when a micro-RNA-resistant form of
popREVOLUTA (ortholog of Arabidopsis REV/IFL1) was overexpressed, ectopic
layers of cambium with reversed polarity were formed within cortical
parenchyma. popREVOLUTA plays a fundamental role in the initiation of the
cambium and in regulating the patterning of secondary vascular tissues.

- auxin found in the cambium. a concerted role of PXY and WOX4 in auxin-
dependent cambium stimulation

- gibberellic acid is observed in the differentiating xylem cells of tree stems When
GA levels are increased by over- expressing GA-20 oxidase in Populus, an increase
in both the number and length of xylem fibers is observed, indicating that GA
promotes both cell division and xylem elongation

- NAC master regulators (VND6, VND7, NST1 and SND1/NST3) switch on the xylem
differentiation program largely by inducing the expression of MYB46 and MYB83

Master BIOVIGPA
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The Populus ARBORKNOX1 homeodomain transcription factor
regulates woody growth through binding to evolutionarily
conserved target genes of diverse function

Lijun Liu!, Matthew Zinkgmfl, H. Earl Pet‘mldz, Eric P. Beers?, Vladimir Filkov® and Andrew Groover'™*

'Pacific Southwest Research Station, USDA Forest Service, Davis, CA 95618, USA; "Department of Horticulrure, Virginia Tech, Blacksburg, VA 24061, USA; *Deepartment of Compurer

Science, Uniw:rs'lt_'.' of California, Davis, CA 95618, USA: ll—:h:p;u‘tnu:nr. of Plant E'mlnu_'p_ Uul\ﬁ:rﬁit}' of California, Davis, CA 95618, USA

The class | KNOX homeodomain transcription factor ARBORKNOX1 (ARK1) is a key
regulator of vascular cambium maintenance and cell differentiation in Populus.

Identification of ARK ChlIP- binding loci at the genome level by ChIP-SEQ technology :
more than 13 000 putative targets

ARK1 binds to thousands of loci which are highly enriched proximal to the transcriptional
start sites of genes of diverse functions. However, only a small portion of ARK1 target
genes are significantly differentially expressed in an ARK1over-expression mutant.



Le ChIP — SEQ permet d’identifier les cibles de facteurs de transcription

au niveau génome entier

ChIP-SEQ = Séquencage haut-débit de fragments d’ADN issus de ChIP

Fragments ADN
immunoprécipités
(200 pb)
séquencés en 5’

Alignement des tags de
36 pb sur le génome de
référence

Détection des sites
d’enrichissement

(Park, 2009, Nature Reviews)

! ! Protein or
| | nuclecsome
: : of interest
5 Positive strand : : 3

3

Megative strand 5

5 ends of
fragments are
sequenced

Short reads
are aligned

Distribution of tags
is computed

Reference genome

Profile is generated from i |
combined tags —

For example, each mapped
location is extended %

with a fragment of [: ?

Peak identification
can be performed

! ! on either profile
estimated size ) E : e
| —
= |
Fragments are added

Intéréts :

- Permet de cartographier au niveau
du génome les sites d’interaction
entre ADN et FT (précision de 10 a
50 pb, selon profondeur de
séquencage)

- Ne requiert « que » 5 ng d’ADN

- Contraintes : nécessite d’avoir un
génome de référence séquencé
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Fig. 2 Overview of ARBORKNOX1 (ARK1) binding loci in the Populus
genome. (a) ARK1 binding loci are highly enriched in the promoter regions
around the transcriptional start site (TSS) of genes. (b) ARK1 binding loci
relative to gene features. (c) Significant ARK1 chromatin
immunopredipitation sequencing (ChlP-seq) peaks associated with two
Gibberellin 2-oxidase (ga2ox) genes, homologs of which were characterized
as direct targets of the class | KNOX protein KN1 in maize. For each gene,
tracks from top to bottom represent the gene size and orientation, ARK1
ChlP-seq peak called by macs2 (red bars), mapped reads of the pooled
ARK1 ChlP-seq, and mapped reads of the input control used to subtract
background differences in read mapping efficiencies from ChlP-peak
calling, respectively. The black amow indicates the gene TSS and orientation.
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Fig. 4 Enrichment of ARBORKNOX1 (ARK1)
target genes in gene ontology (GO)
categories related to DNA, RNA, and protein
catabolism. Numbers at the top of each
histogram are P-values of the GO category
enrichment. ‘Expected’ (blue bars) and
‘Observed’ (red bars) represent the numbers
of expected and observed ARK1 chromatin
immunoprecipitation sequencing (ChlP-seq)
target genes in each GO category.
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Fig.5 ARBORKNOX1 (ARK1) binding to
promoters of class Ill HD ZIP genesin
Populus. (a) ARK1 chromatin
immunopredipitation sequencing (ChiP-seq)
peaks associated with the promoters of class
Il HD ZIP genes. For each gene, tracks from
top to bottom represent the gene size and
orientation, ARK1 ChlP-seq peak called by
macs2 (red bars), mapped reads of the pooled
ARK1 ChiP-seq, and mapped reads of the
input control used to subtract background
differences in read mapping efficiencies from
ChiP-peak calling, respectively. The break
lines in the mapped read tracks of PtrHB2/
popREV (Populus trichocarpa HOMEOBOX
GENE 2/Populus REVOLUTA) indicate that
sequence read mapping in this region was off
the scale, and is not enriched in ARK1 ChiP-
seq reads compared with the input control.
The black arrow indicates the gene
transcriptional start site (TS5) and
orientation. (b) Yeast one-hybrid assay
identification of five Populus transcription
factors, including ARK1, that putatively
interact with the popREV promoter. RAD-like
(MYB protein RADIALIS-like)
(Potri.002G260000) and NAC118

(Potri.003 CG022800) are positive (strong
interactor) and negative (noninteractor)
controls, respectively. Four additional
transcription factors were able to support
weak to moderate growth: Myb-like,
Potri.005G063200; NAC157,
Potri.004G049300; bZIP (basic leucine zipper
dornain protein), Potri.008G018400; and
POPCOROMNA (PCN), Potri.001G188800.
Cells were diluted to OD Agyy 0f 0.100 and
grown for 3 d on minimal medium deficient
in His, Ura, and Trp, and in the presence of
60 mM 3 -Amino-1,2,4-triazole (3-AT).
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(b)

ARK1 ChlP-seq target genes

DEG = Differentially Expressed Genes

(c)

Fig. 6 Overlap between ARBORKNOX1 (ARK1) target genes and significantly differentially expressed genes in an ARKT over-expression mutant. (a)

Whole-plant phenotype of wild-type control (left) and ARKT gain-of-function mutant (right) hybrid aspen (Populus tremula x Populus alba). Bar, 1.0 cm.

(b) Venn diagram showing the overlap between ARK1 chromatin immunoprecipitation sequencing (ChIP-seq) target genes and RNA-seq significantly

differentially expressed genes. (c) Visualization of enriched biological pathway gene ontology (GO) categories of the overlapping genes between ARK1

direct targets and significantly differentially expressed genes. 69



Régulation transcriptionnelle de la
formation des parois secondaires



Ce qui a été établi chez Arabidopsis

Hussey et al., 2014
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The Poplar MYB Master Switches Bind to the SMRE Site and Activate the

Secondary Wall Biosynthetic Program during Wood Formation
Ruigin Zhong, Ryan L. McCarthy, Marziyeh Haghighat, Zheng-Hua Ye

Published: July 29, 2013 « DOI: 10.1371/journal.pone.0069219

Effects of overexpression and dominant repression of poplar orthologs of
MYB46 and MYB83 on wood formation in poplar trees

- ldentification of the cis-elements these MYBs bind to

Master BIOVIGPA 72



Figure 1. PtrMYB2 and PtrMYB21 are able to functionally complement the growth arrest and vessel wall-
thickening defects in the Arabidopsis myb46 myb83 double mutant.
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Figure 5. Overexpression of PtrMYB3 and PtrMYB21 causes ectopic deposition of secondary wall components in

transgenic poplar stems.
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Figure 6. Reduction in secondary wall thickening and alteration in vessel morphology in the wood of transgenic
poplar with dominant repression of PtrMYB3 (PtrMYB3-DR) and PtrMYB21 (PtrMYB21-DR).
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Figure 8. Activation of SMRE-driven GUS reporter gene expression by PtrMYBs.
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Figure 7. EMSA of binding of PtrMYB3, PtrMYB20, PtrMYB2, and PtrMYB21 to the SMRE sequences.
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Figure 4. The promoters of poplar secondary wall biosynthetic genes are activated by poplar MYB master
switches.
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Controle de I'angle des
microfibrilles de cellulose
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- Intérét des études sur modeles type Arabidospis
- Besoin de travaux sur les arbres, méme si plus long

Depuis gques années, développement d’approche de Biologie des systemes



Vers une approche réseau de genes

Ex : paroi secondaire Arabidopsis G

Promoteurs 50 génes connus /
criblage 460 facteurs de
transcription exprimés dans le
xyléme (racine)

—) Réseau 240 genes /
600 nouvelles interactions

1 gene / 5 facteurs de

transcription @ Transcription factors (prey) b

Feed-forward loop:

{:} Cell cycle

@ HD-ZIP I { O O‘}
Beaucoup de boucles « feed- - b— OB, O8O
forward » @ KNATT/KNAT? coexpressed 4

@ Lignin )

G Hemicellulose +
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Taylor-Teeples et al., Nature, 2015



Approche de biologie des systemes

Tree populations
(high/low LD)

DNA RNA Metabolite Complex traits

(genotype) (expression) (small molecules) (growth, wood)

Genetic Map Expression, metabolite QTL mapping
(SNPs)
Multilevel Data Integration
(Systems model)

Currart Opinion in Plant Biology

A prion
interactions

Integration of component data in a systems model. Trees in structured or unstructured populations are genotyped for construction of a framework
expression map. Gene expression and metabolite levels are measured, and genetic signal for their variation is calculated via eQTL mapping/
GWAS. These data can be integrated with a priori interactions (e.g9. membership in a pathway or process, protein/protein or known directional
regulatory relationships) and complex growth, wood or processing traits to construct a working model. Methodology for this type of multilevel data
integration is still eveolving.

(Mizrachi et Myburg, 2016)



Etablissement de réseaux biologiques
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Futur : modification a facon du génome / genome editing

Trends in Biotechnology, July 2013, Vol 31, No. 7

Cel

FPRESS

ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering

Thomas Gaj" %3, Charles A. Gersbach*®, and Carlos F. Barbas Il1'%3

Zinc-finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs) comprise a powerful
class of tools that are redefining the boundaries of
biological research. These chimeric nucleases are com-
posed of programmable, sequence-specific DNA-binding

modules linked to a nonspecific DNA cleavage domain.

ZFNs and TALENs enable a broad range of genetic mod-
ifications by inducing DNA double-strand breaks that
stimulate error-prone nonhomologous end joining or
homology-directed repair at specific genomic locations.
Here, we review achievements made possible by site-
specific nuclease technologies and discuss applications
of these reagents for genetic analysis and manipulation.
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Utilisations possibles de nucléases site-spécifiques pour

manipuler le génome
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Systeme CRISPR-Cas9 = endonucléases ARN-guidées
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Démonstration de l'efficacité du systeme CRISPR-CAS9 sur peuplier

Démonstration sur la famille oligogénique des 4CL (4-coumarate:CoA ligase)

(a)
co I - acL2-gRNA
Potri.0193049500
717 .4CL2
scz— Potri.006G169700
T717.4CL3
Potri.006G1l6e9600
4&5[_ 717.4CL6
Potri.0183094200
(b) 4cL1-gRNA 717.4CL4
Potri.0013036900 Potri.0013036900
717 .4CL1 717 .4CL1
Potri.003G188500 Potri.003G188500
717.4CL5 717.4CL5
Potri.006G169700 4CL5-gRNA
717 .4CL3 Potri.0033188500
Potri.006G169600 J717.4ACLS5 1
717.4CL6 717.4CL5_2
Potri.018c094200 Potri.001G036900
T717.4CL4 717.4CL1
Potri.019Gz049500 Potri.006G169700
717 .4CL2 717 .4CL3
Potri.0063169600
717 .4CLé
Potri.0183094200
717 .4CL4
. Potri.0193049500
Selection of 1 gRNA / gene target based RNA-Seq data from .

717-1B4 and the reference genome (P. trichocarpa)

Zhou et al., New Phytol, 2015



Démonstration de l'efficacité du systeme CRISPR-CAS9 sur peuplier

Ex : 4CL1: 100% efficacité, chaque transformant porte une modification bi-allelique

(a)

Line Target sequence (GN19NGG) % reads indel
717 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCTG . GAGGGGCTC 50 -
GGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATARAATCTG . GAGGGGCTC 50 -
C-18 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATARAATCTG . GAGGGECTC 49 -
GETCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCTG . GAGGGGCTC 41 -
C-39 AGTCACCTGATCTTGACRAGCATGACTTGTCTTCTTTGAGGATGATAAAATCTG. GAGGGGCTC 50 -
GGTCACCTGATCTTGACARAGCATGACTTGTCTTCTTTGAGGATGATARAATCTG, GAGGGGCTC 49 -
1-14 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCT - . GAGGGGCTC 34 -1
GGETCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCT - . GAGGGGECTC 65 -1
4CL1 1-39 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCT - . GAGGGGCTC 43 =1
GGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATRARATCT - . GAGGGGCTC 51 =1
1-42 AGTCACCTGAGCTTGAGTAGCATGACTTGTCTTCTTTGAGGATGATTARATCTGTGAGGGGCTC 56 +1
GGETCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARATCT - . GAGGGGCTC 28 -1
1-53 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAA = ~AGGGGCTC 52 -7
GETCACCTGATC T TGACAAGCATGACTTCTCTTCTTTGAGGATGATARAATCT -, GAGGGGCTC 40 -1
1-61 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATARRATCT-.GAGGGGCTC 49 -1
GGTCACCTGATCTTGACARGCATGACTTGTCTTCTTTGAGGATGATAARATCT - . GAGGGGCTC 49 -1
1-68 AGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATARRR - . GAGGGGCTC 35 -4
GGTCACCTGATCTTGACAAGCATGACTTGTCTTCTTTGAGGATGATAARRTCT - . GAGGGGCTC 51 -1

I

/

e\, 10! e

171l

Phenotype observed in
agreement with gene KO of
4CL1 and 4CL2

Zhou et al., New Phytol, 2015
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