2.2 Identification des génes régulateurs

Comment identifier les génes régulateurs?

+ mutations |étales chez I'embryon

+ mutations Iétales chez la jeune plantule (aprés la germination)
+ mutations non létales, provoquant des malformations mineures
+ approche bio-informatique

Chez Arabidopsis:

— environ 4000 génes essentiels pour 'embryogenese
(mais pas nécessairement des génes régulateurs)

— environ 40 « embryonic patterning genes »

2.2.1 Mutations létales chez ’embryon

fournissent des information sur les génes essentiels pour I’embryogenése

p.e. mais — mutants emb
O

Embryo Stage: | pro tans

Phénotype: arrét précoce du e [E
développement, a un stade i 8
précis s

Informations: :::E Zi

-nombre de génes pour chaque ||

embe.8541

stade bsipenyd PR

omb*.8519 | 15

42?//////27///14

emb*8520 | 15

-progression du processus ombasia| 1

emb*510

W//////////ﬂ/ﬁ
//’ M/

emb 6507 | L
emb"$532 | 3L
emb=g521 | 3L
emb~g545 | 15
o507
omb=g513 | 4L

\\

Probléme: les génes mutés sont généralement des « génes d'entretien »
(« housekeeping gene »)

p.e. géne de synthése de la biotine :

- embryon jeune: biotine fournie par la plante-mére
- embryon plus agé: produit sa propre biotine

arrét du développement : au moment ou ’'embryon devrait commencer
a produire lui-méme ce co-facteur

— mutation d’'un géne métabolique et non de développement

2.2.2 Des mutations létales chez la plantule ont permis d’identifier
des génes intervenant dans la mise en place de I’axe apical-
basal de I’embryon

Chez ces mutants:

+ I'embryogenese est complétée (donc: genes d'entretien OK)
+ la germination est normale

+ la plantule a des malformations (absence de certaines parties) et
meurt quelques jours apres la germination

L’expression des genes sauvages intervient a un stade précis:
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Les génes identifiés par cette approche interviennent dans des
phénoménes de signalisation

— les mutants présentent un développement désorganisé

Exemple 1: signalisation par 'auxine
Génes MP (Monopteros), BDL (Bodenlos) et AXR6 (Auxin resistant 6)

Figure 6: Embryo axis formation and auxin signal transduction

A: Basal domain of the wild type triangular-stage embryo (marked by bracket) comprises files of narrow cells In the center (embryonic stele) and a
characteristically dividing uppermost suspensor cell (‘hypophyseal’ cell), whose derlvatives form the QG and celumella Initials of the primary RAM.
B: Trlangular-stage mp mutant, cell divisions are not orlented along the apical basal axis, narrow cells of the embryenic stele are missing and the
uppermost suspensor cell divides abnormally. D-F: Seedlings mutant for the presumed auxin signal transduction genss MONOPTEROS (MP),
AUXIN RESISTANT 6 (AXR6) and BODENLOS (BDL) are defective in embryo axls formation and vascular differentiation. Hypocotyl and root are
missing In mp and axré mutants (D and E} and are variably reduced In bdi mutants (F).

A and B: from Berleth and Jargens, 83. C-E: Seedling phenotypes and dark fleld view of xylem strands of Indicated genotypes reproduced fram
Berleth et al., 2000; Hobbie et al., 2000 and Hamann et al., 1999, respectively.

NB Mutants: pas de méristéme racinaire

Exemple 2: signalisation par des dérivés de stérols
(brassinostéroides et autres)

Geéne FK (Fackel)

Figure 3. Embryogenesis is abnormal in fk mutants. (A-E, K) Wild type. (F-[,L-O) fk. (A F) Globular stage embryo. In wild type, the
central vascular precursor cells divide asymmetrically to produce small apical and elongated basal cells (two arrows). In fk, the central
cells divide to give cells of similar sizes (single arrow). (B,) Early heart stage embryo. In wild type, the cotyledon primordia become
visible and the central cells are elongated. In fk, cotyledon primordia are not visible and cells in the center of the embryo fail to
elongate. Some cells are grossly enlarged (arrow); (C,H] Heart stage embryo. In wild type, the cotyledon primordia mark the bilateral
symmetry of the embryo. fk embryos exhibit abnormal cell morphologies and incomplete cell walls {arrow); (D,I) Torpedo stage
embryo. Wild-type embryo shows a characteristic torpedo shape. The fk embryo displays an abnormal heart shape and cell elongations
leading to longitudinal eutgrowth are defective. (E, ) Transverse sections of torpedo stage embryos. Wild-type embryo shows radial
organization of tissue layers. The fk embrye lacks an organized radial pattern. Cells are misshapen and either larger or smaller than
cells of the corresponding layer in wild type.

2.2.3 Des mutations provoquant des malformations mineures de la
plantule ont permis d’identifier les génes contrélant I'initiation du
développement embryonnaire

Les génes LEC1 et LEC2 (Leafy
Cotyledons) sont nécessaires et
suffisants au développement
embryonnaire (de l'induction jusqu’a
la maturation)

Aclivated SAM

*  Mutants:

Figure 1. Pleiotropic Effects of the lec 7 Mutation on Embryo Devel-
opment

- pO”S épidermiques sur Ies COtyIédonS Major differences between wild-type and lec 7 mutant embryos are

. 5 as follows. Embrya shape: the axes of mutant embi are short, and
- paS de maturation de I embryon their coﬁyledor??are :I'Oplf'bd and do not curl. Anmlgﬁanin generally

accumulates at the tips of mutant cotyledons. Precocious germina-
. . .. tion: the shoot apical meristems of fec? embryos are activated in
*  Produits: regulateurs de la transcri pt|0n that they are domed and possess leaf primordia, unlike their wild-
type counterparts that are flat and do not contain leaf primordia.
Defects in seed maturation: fec7 mutant embryos are intolerant of
desiccation and nommally die if dried on the plant. However, lec
embryos isolated before desiccation can be germinated to produce
fertile homozygous mutant plants. The promoter of a 75 storage
|protein gene that is normally active during wild-type embryogenesis
iis not active in the Jec? mutant. Incomplete specification of cotyle-
don identity: jec seedlings possess trichomes on cotyledons. Tri-
chomes are present on Arabidopsis leaves and stems but not on
wild-type cotyledons. a, axis; ¢, cotyledon; SAM, shoot apical mer-
istem,

+ Expression:

— embryon, cotylédons et albumen
— du début a la fin de 'embryogenése

Vérification : plantes transgéniques exprimant genes LEC de fagon
ectopique (promoteur 35S: expression forte, dans toute la plante)

— 35S-LEC1
embryons a partir de cellules de feuille

— 35S-LEC2 (fonctions partiellement redondantes)

Figure 7. Embryo-like Structures on Trans-
genic Plants Ectopically Expressingthe LECT
Gene

(A) 355/LEC1 seedling that grew vegetatively
and produced multiple cotyledon-like organs.
(B) Embryo-like structures on the leaf of a
35S/LECT plant that grew vegetatively.

(C) Axes of embryo-like structures that “ger-
minated” to produce roots.

(D and E) SEM analysis of embryo-like struc-
tures. Structures resemble fused cotyledon-
stage embryos with multiple cotyledons.

(F) SEM of wild-type colyledon-stage embryo.
a, axis; ¢, cotyledon; I, leaf; r, root. Bars, 1
mm (A and C), 0.5 mm (B), 0.1 mm (D and E),
and 0.05 mm (F).




2.2.4 Approche bio-informatique
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Global analysis of gene activity during Arabidopsis seed development and identification of Fig.2. Genesactive before, during, andafter Arabidopsis seed development.

seed-specific transcription factors. Brandon H. Lea et al. PNAS (2010) 107, 8063-8070

Conclusion: les différentes parties de I'embryon correspondent a des

. ; : e : . R 2.3 Mise en place des axes de symétrie et des méristemes
domaines d’expression spécifique de plusieurs génes (détermination)

Transcriptional patterns in Arabidopsis embryos. 2-3-1 Axe apical basal
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i Auxin-fluxtinitherembiyo (blue arrows) is initially directed upward and mediated by PIN7 (orange). At the
globular stage, apical-to-basal auxin transport becomes established and persists throughout the life cycle.
o o —_ — This is marked by the localization of PIN1 (red) at the basal membranes of the provascular cells. Auxin
' 1L Ew ea® T perception maxima ( green) in the embryo can be visualized by the use of a DR5 construct that consists of
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\g 4 primordia, PIN1 becomes redistributed to direct auxin flux toward the emerging tips.



Thomas DI PASCOLI
Embryogénèse c'est l'expression de certains gènes à certains endroits à certains moments du développement. 

Thomas DI PASCOLI



Transport polarisé de I’auxine:

phénoméne qui s’auto-amplifie, & partir d’'une source (¥): « canalisation »

permet la différenciation de files de cellules (systéme vasculaire, p.e.)

Figure 6. Integration of cell polarity through auxin transport.

A highly schematic view. Rectangles represent cells and arrows of different strength represent the intensity of auxin flow. For simplicity it is assumed that
intensity and direction of auxin flow is solely controlled through the quantity and distribution of auxin efflux carriers (dark blue) in the plasma membrane.
Routes of preferred auxin transport have been associated with sites of vascular differentiation (dark purple).

The central proposition is that auxin flow and cell polarization are connected in a positive feedback loop, illustrated here by restricting auxin effiux to the
basal side of each cell as an expression of cell polarization. Thereby, cells in a given region, including cells newly formed by division, would integrate polar-
ity. The feedback system could further include the stabilization of auxin sources or sinks. Note that the same cellular feed-back mechanism would progres-
sively enhance initial in auxin ity leading to the ication of different cell types in the radial dimension. Drawn after Sachs (1991),

Le transport polarisé de I'auxine dépend d’une série de
transporteurs transmembranaires: lesiprotéinesiPIN

PIN1
PIN4.

B Auxin

Figure 5. PIN-mediated auin transport and on during is embryo . The upper panel illusirates
embrya development, auxin ransport and distribution from the ane-cell stage to the triangular-stage. PIN7 become expressed
from the earliest stages of embryo development (marked by yellow arow), Iater also PINT and PINS become present (marked by
red and blue arrows, respectivelyl. Notice that during embryo development the polarity of PIN lacalization changes. PIN expres-
sion comelates with the accumulation of auxin (highlighted in green) first in the apical cell and developing proembiyo, and later at
the basal part of the embryo with a maximum in the upper suspensor cell. The lower panel shows pictures of auxin accumulation
as indirectly visualzed by DRSrev::GFP. Images adapted from Friml et al (2008b) and Benkova et al (2003)

+ Les participent a
I'établissement de la polarité (segmentation) de 'embryon, p.e.

'/

il .

Mutants wox2

WOoxa

+ Produits des génes WOX: régulateurs de transcription a
homéodomaine (HD; définissent segmentation chez les embryons
animaux)

Expression des génes WOX au cours de ’embryogenése
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Figure 5. Apical-basal WOX expression domains.

(A-E) Expression domains of WUSCHEL-RELATED HOMEOBOX (WOX) genes during the early stages of embryogenesis and development from the
single-celled zygote. Images A~E are redrawn after Haecker et al. (2004) and Nawy et al. (2008).

(A) The zygote expressing WOX2 (green) and WOXB (yellow), which subsequently mark the apical and basal daughter cels of the first division (B).

(B) WOX9 is upregulated in the basal cellat this time.

(C) After division of the basal cell, WOX® s expressed only in the more apical cell, while WOX8 is expressed in both daughter cells.

(D) At the octant stage, the upper and lower tiers of embryo proper are marked by WOX2 and WOX9 expression, respectively. Both WOX8 and 9 are
expressed in the hypophysis.

(E) At th stage WOX9 expr is in the embryo proper, except for the outer cells of the lower tier. Simultaneously, WUS-
CHEL is turned on i the inner cells of the upper tier and WOXS within the hypophysis.

Segmentation de 'embryon — accumulation différentielle des ARNm et protéines
WOX dans le zygote (mécanisme?) puis dans les différentes parties de ’embryon

— détermine le développement différentiel des deux cellules issues d’'une méme
cellule-meére



Thomas DI PASCOLI
L'auxine est souvent exportée préférenciellement et à partir d'une source d'auxine le processus de canalisation va démarrer et s'autoamplifier. 

Thomas DI PASCOLI
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Thomas DI PASCOLI
Gènes homéotyques qui sont des gènes de segmentation de l'embryon. 

Thomas DI PASCOLI
La mitose a séparer des protéines et des ARNm, c'est un phénomène très peu connus pour le moment .


Conclusion: le transport polarisé de I’auxine est le signal orchestrant
la polarité (segmentation) de I'embryon
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Current Opinion in Plamt Biclogy

(b) Dynamic patterns of gene expression closely parallel the anatomical pattern of cell
divisions. Expression of WUSCHEL -type homeodomain (WOX) genes reflects subdivision of the apical-basal axis, while the distantly related
homeodomain gene MERISTEM LAYERT (MLT) marks formation of the protodemn. (c) Auxin flux is organized in two phases. In the early embryo,
localization of the auxin transporter PIN-FORMED7? (PIN7: orange) to the apical membranes of suspensor cells presumably mediates transport
(green arow) towards the proembryo, where PIN1 (red) is present but not localized in a polar fashion. In the globular embryo, PIN1 and PIN7
localization to basal membranes establishes apical-to-basal auxin flux, as it persists throughout the life cycle. Auxin accumulates in the hypophysis,
tiggering robust expression of the syrthetic reporter DR5 (green). Asymmetric division of the hypophysis produces a lens shaped cell, the presumptive
QC, and is dependent on an inductive signal mediated by the ARF MONOPTEROS (MP; blue dots) in the provasculature.

Talk global, act local - patterning the Arabidopsis embryo. Tal Nawy, Wolfgang Lukowitz and Martin Bayer.
Current Opinion in Plant Biology 2008, 11:28-33

2.3.2 Signalisation pour I’établissement de la symétrie radiale
(domaines central/périphérique de I’embryon)
Par I'effet antagoniste de deux groupes de régulateurs

Central | Abaxial
Peripheral

miR166

——| YABBY
HD—Z.lP n CANADL

Instructive border? '
YABBY  Auxin

|

Cotyledon
outgrowth

FILAMENTOUS FLOWER

KANADI 1

The origin of central versus peripheral domains and the breaking of radial symmetry. (a) Class Ill
homeodomain leucine-zipper (HD-ZIP IIl') genes, such as PHABULOSA (PHB), and KANADI (KAN) genes,
such as KANT1, are initially expressed throughout the early embryo, but their expression soon becomes
limited to the central (PHB) or peripheral (KAN1) domain. In adult plants, the HD-ZIP lil and KAN genes
show mutually antagonistic interactions. In addition, the miR166 family of microRNAs plays a role in
delimiting HD-ZIP Il expression to the central/adaxial domain. KAN activity restricts expression of the auxin
transporter PIN1 in the periphery of the hypocotyls, negatively regulating auxin responses. The YABBY
(YAB) gene FILAMENTOUS FLOWER (FIL) is first expressed at the late globular stage, marking the abaxial
side of cotyledon primordia.

Le cas particulier de I’épiderme:

+ geénes ATML1 (Arabidopsis thaliana Meristem Layer1) et PDF2
(Protodermal Factor2)

— expression spécifique: protoderme
— produits: régulateurs de transcription 8 homéodomaine (HD)

— double mutant: plantule sans épiderme, non viable
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2.3.3 Symétrie bilatérale: les cotylédons sont formés AVANT le SAM
et déterminent la position de celui-ci

Principe: mise en place d’un réseau de régulateurs de transcription
pour partager la région apicale en 2 partie:

+ bande centrale: répression des génes de formation d’organes
(maintien d’une population de cellules-souches)

+ zone périphérique: formation des primordia de cotylédons

Le géne ANT (AINTEGUMENTA) définit les primordia de cotylédons

— maintient un état méristématique — mitoses

o= Antagonisme avec génes CUC...

ANTH— cuc




Les génes CUC1, CUC2 et CUC3
(CUp-shaped Cotyledons) établissent
la frontiere SAM-cotylédons (BCM)

» Mutants: croissance anormale entre
les primordia de cotylédons:

— fusion des cotylédons
— absence de SAM

+ Participation de I'auxine:

— mutants mp, bdl, axr6 (et pin1)
ou
— inhibiteur du transport d’auxine

— fusion des cotylédons

wWT

cuc

Fig. 1. Development of the apical region in the wild type and cuci
cric? embryos. (A) Schematic diagram of the apical region of the
wild-type embryo viewed from above. CP. cotyledon primordia
region; PS, presumptive SAM region: BCM. boundary region of
cotyledon margins (B-D} Seanning electron micrograph (SEM)
images of (B) wild-type seedling at 3 days postgermination viewed
from above: (C) wild-type embryo at the heart stage: (D) cucl cuc?
embryo at the heart stage. Arrowheads indicate ectopic bulging of
BCM. Scale bars, 100 pm (B) and 40 pum (C.D). c. cotyledon
primordia; co. cotyledons: sa, SAM: bem. boundaries of cotyledon
margins.

Les frontieres méristéme-organe (M-O) et organe-organe (O-O) sont
composées de cellules particuliéres:
cellules-frontiéres (« boundary cells »)

Examples of shoot organ boundaries in Arabidopsis. (a) Top view of the inflorescence meristem. (b) Floral meristem. (c) Longitudinal section
of the seedling apex stained with Toluidine blue. The M-0O boundary (black arrows) corresponds to the region between a meristem and an
organ primordium, whereas the O-O boundary (white arrows) is the region between adjacent organ primordia. Growth is generally suppressed
in both types of boundary, as evident by the formation of a hollow or groove. Note that in (c), the shoot meristem (SM) consists of densely
stained small cells, whereas the cotyledons (CO) contain vacuolated and elongated cells. The border of these cell types coincides with the
location of the M-O boundary (black arrows). FM, floral meristem; IM, inflorescence meristem; P1-P7, flower primordia; S, sepal primordia.

Principaux caractéres des cellules-frontiéres

+ Peu ou pas de mitose
+ Morphologie particuliere

+ Trés grande sélectivité au niveau du transport par les plasmodesmes

(limite échange de signaux entre organes différents)

+ Source de signaux pour le développement de tissus adjacents

+ Expression des génes CUC:

régulation négative par I'auxine (primordia) et par un miRNA

p.e. surexpression de miR164 — méme phénotype que mutant cuc

2.3.4 La conservation d’un groupe de cellules-souches entre les
primordia de cotylédons permet la formation du SAM

& @

t6cell ooy g,c'j,‘jar transition |ate heart seedling shoot meristem

B ANT

= Ewus
Cuc2isTM
cuc2
S5TM
cLv3
adaial domain
sbaxial domain

early globular late globular  transition late heart

Figure 2. Development of the Apical Embryo Domain.

The top row shows schemes of longitudinal median sections. The upper and lower thick lines represent clonal boundaries between the descendants of
the apical and basal daughter cells of the zygote and between the apical and central embryo domains, respectively. The bottom row shows cross-
sections of the same stages as indicated by the dashed line at left. CZ, central zone; PZ, peripheral zone; RZ, rib zone. The expression domains of early

genes in the apical region are shown in color as indicated. See text for details.

Génes: WUS (WUSCHEL), STM (SHOOT MERISTEMLESS)




Position du SAM:

, - . B
Déterminée par signaux provenant iy
de la face adaxiale des cotylédons Eéh‘%

[l adaxial domain
I sbaxial domain

NB adaxial: situé du cbté de I'axe
abaxial: situé du c6té opposé a I'axe

late heart

Observations:

— Mutation transformant la face adaxiale en face abaxiale: probleme de
mise en place du SAM

— Mutation favorisant identité adaxiale: SAM de plus grande taille

Signalisation SAM — cotylédons
puis
SAM « feuilles

Inhibition du
transport de
Cl’auxine

2.3.5 La position du RAM est déterminée par I’'auxine

1- Mise en place des cellules du
centre quiescent (QC) sous le
contréle de l'auxine:

mutants mp, bdl, axr6
— (pas de RAM)

[ Lateral root cap [0 Columelia roct cap

O Ousescent cantar [ Columelia nitale

W Auin (reporter] maximum

2- Signaux provenant du QC
déterminent 'identité des
cellules voisines:

— cellules initiales, a I'origine
des différents tissus de la
racine

Figure 8: Cell fate specification in the root meristem

A: Organization of cell types in the root meristem. Centrally located
QC cells (grey) are flanked by initials of varicus tissues: initials extend-
ing tissue layers in the growing root and, laterally and basally, initials
replenishing cells in the lateral (violet) and central root cap (orange).
Blue arrows indicate that the acquisition of QC cell fate seems to be
dependent on signals from the shoot {[compare Figure 24); red arrows
the dependence of stem cell fate on signals from the QC. Black
arrows represent endodermis inducing signals from the stele (Figure
18) and green arrows the stabilization of tissue identity within each
layer. B: An auxin-response reporter gene detects a maximum (blue)
at the position of the columella initial cells. C: When the auxin
response maximum is displaced (e.g. because of auxin transport inhi-
bition), the positions of all three cell types in relation to the stele and
auxin response maximum are maintained, suggesting an important

. N rele for auxin distribution in root meristem patterning. From Scheres,
NB Columella root cap : coiffe a columelles ,q,,

3- Signalisation entre tissus
adjacents




