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They may look the same but do they
develop the same?

* Might certain developmental mechanisms be of
such general utility that they appear repeatedly
in evolution (need to exclude homology)?




Common features of plant lateral organs -
periodicity and a flattened shape




Plant organ positioning
(phyllotaxis) - an old question

Leonardo Da Vinci ¢.1500

Elm Elderberry Walnut



Plant organ positioning
(phyllotaxis) - an old question

Leonardo Da Vinci ¢.1500 Alan M. Turing ¢.1950

Codex Urbinas 251

Elm Elderberry ~ Walnut Turing applied his ditfusion-
reaction mechanism to

create phyllotactic patterns
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Organogenesis at the shoot meristem

time lapse
over 40 hrs
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How does the plant actually
create such a spacing?



Auxin - Master regulator of plant
development
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Auxin transport is required for
organ formation

Auxin application can rescue primordium
formation Reinhardt et al 2000, 2004

pin1 mutants fail to
form primordia

Wild type apex

Vernoux et al., 2000.



PINI| polarities form convergence
patterns that concentrate auxin locally
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PINI| polarities form convergence
patterns that concentrate auxin locally

R2D2 auxin sensor

Heisler et al 2005



How are cell polarities
patterned?



Evidence of self-organisation

pinoid + broader
auxin at periphery

e pinoid + local auxin o
|

A periodic spacing is generated no matter the initial
distribution of auxin

Reinhardt et al (2003) Nature
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Could auxin act as a polarity cue?

If so, how?
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A candidate pathway for the “up-the-gradient”
mode]
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Using Cre-Lox to create cell-cell
differences in MP activity
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Cre .
recombinase




MP clones mark PIN1 convergence points from where organ
initiate
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ARF5 clones orient cell polarity non-cell

autonomously
—— PINT

A ‘8 days B ‘8days|C | ?;1%’8 D: p "’_v\x‘dayg, E | (5‘5;),'3_
PDogin |/ .08 ) A

, [N 1
b : i s a9 A

NP L ol | AKYAST
— L LA I PN ot b

PIN1



ARF5 clones orient cell polarity non-cell

autonomously
—— PINT

A 8days |B ‘8days(C~ " 4days D‘ 'i.xﬁﬁ"days = 4;6‘day's
.......... ad ; 3 : o '\, 5 , ‘ ¢ ,
5. wdss K )
.......... 5 & ,,..-{n‘
N ph ¢ ¥’z
i MP g v !
PINT ! \ ‘MP\

n = 60 peripheral clones

Peripheral MP clones associated PIN1 convergences not
with PIN1 convergences associated with clones



ARF5 clones orient cell polarity non-cell

autonomously

— PINT

100

90

80
== 70
< 60

50
40
g 30
20
10
0

uency (%

Fr

8days |B |,
L5 PR ¥
........... ﬁ.:: .‘f“ ?;(’\ (g
» MP ,
PIN
n = 60 peripheral clones

Peripheral MP clones associated
with PIN1 convergences

‘8days(C

""‘:j‘

‘.MF’\\ | f"\’/

PIN1 convergences not
associated with clones

4 days x“days

5

VP

PIN{ | P!

max i ™ J ] b v
I - N2 I . —
< B et
c. - '
min > e §
‘T' ] / 3 *-.

E

6 days




ARF5 clones orient cell polarity non-cell

autonomously

— PINT

100

90

80
== 70
< 60

50
40
g 30
20
10
0

uency (%

Fr

8days |B |,
L5 PR ¥
........... ﬁ.:: .‘f“ ?;(’\ (g
» MP ,
PIN
n = 60 peripheral clones

Peripheral MP clones associated
with PIN1 convergences

‘8days(C

""‘:j‘

‘.MF’\\ | f"\’/

PIN1 convergences not
associated with clones

4 days x“days

5

VP

PIN{ | P!

max i ™ J ] b v
I - N2 I . —
< B et
c. - '
min > e §
‘T' ] / 3 *-.

E

6 days




Is epidermal MP expression
sufficient to generate periodic
patterns?
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Restriction of MP activity to the epidermis resulted in two
continuous spirals of organ tissue




Restriction of MP activity to the epidermis resulted in two
continuous spirals of organ tissue
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Lack of Sub epidermal MP activity results in the

IN Maxima

formation of mobile aux




Summary

e Plant phyllotaxis is an example of a periodic patterning mechanism that
IS self-organising

e So far such mechanisms have been classified into three classes
including

e 1) Turing reaction diffusion (e.g. digit spacing in vertebrates)
e ?2) Cell-cell interactions (fish stripes, lateral inhibition)

e 3) Mechanical instabilities, e.g. buckling (villi), cell-substrate
interactions (hair follicle spacing)

e Plant system represents a new class that relies on feedback between
signalling molecule and its directional cell-to-cell transport



The role of cell type
pboundaries in regulating
organogenesis



Dorsoventral polarity




Dorsoventral polarity




Plant organs have distinct dorsal and
ventral cell types
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Plant organs have distinct dorsal and
ventral cell types
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Cell positions and organ positions are

time lapse
over 40 hrs



Cell positions and organ positions are

time lapse
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How are dorsal and ventral cell types
first specified?
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Organ positioning occurs on the boundary between
“dorsal” and “ventral” transcription factors

. .~
;7
|
| -
p .
2 i
'
e
&\ -
N\ |
Y L ]
~ ) s” L
~ L -
S o .,
\\ ,’
~ .”
S -
p w!
- ~
-, ~ | AR Esi e ot
5 /,’ \\ o //
27 REN 7/
P b /7
/
/7
/
/7
/
V4
/7
| / [ ]
' 8. . Abaxial
». T * ,’
$ ' ‘ & -~ , /
L R .’
& ' ’*'.l /
-:‘ .

PIN1 KANADIA1



The meristem is pre-patterned with HD-ZIPIII
and KAN gene expression

Organs




Dorsal and ventral gene expression is
propagated into developing organs
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Dorsal and ventral gene expression is
propagated into developing organs
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Boundary position is relatively stable
during organ inception
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The establishment adaxial/abaxial boundaries is
itself indirectly patterned by auxin

Auxin levels according to R2D2
PIN1
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The establishment adaxial/abaxial boundaries is
itself indirectly patterned by auxin

Auxin levels according to R2D2
PIN1
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The establishment adaxial/abaxial boundaries is
itself indirectly patterned by auxin
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Leaves arise on a pre-existing cell-type
boundary - auxin stabilises cell identities
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Leaves arise on a pre-existing cell-type
boundary - auxin stabilises cell identities




The boundary corresponds to a "gap” between RHD-ZIPIIl and
KAN expression

KAN

KAN1




Do HD-ZIPIlIl and KAN genes repress
organogenesis where they are expressed!?

Organs




Loss of dorsal or ventral gene expression
leads to ectopic organ formation
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Ectopic dorsal or ventral gene expression
represses organ formation

WT oML1>REV ~ pML1 > KAN1

KANI



DV patterning in the meristem also
influences organ morphogenesis

REV KAN



DV patterning in the meristem also
influences organ morphogenesis
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Boundary configuration in SAM
determines organ morphogenesis
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Boundary configuration in SAM
determines organ morphogenesis
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Boundary configuration in SAM
determines organ morphogenesis
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Proposed relationship between boundary
configuration in founder cells and leaf shape

Q

J &

)

=/

S

—
I 4

-



Summary



Summary



Summary

e HD-ZIPIlIl and KAN gene expression restrict the
activity of auxin to specific domains.



Summary

e HD-ZIPIlIl and KAN gene expression restrict the
activity of auxin to specific domains.

® |[n doing so they position lateral organs on boundary
domains, enabling the propagation of the DV
boundaries into developing organs where they
subsequently help shape morphogenesis



Summary

e HD-ZIPIlIl and KAN gene expression restrict the
activity of auxin to specific domains.

® |[n doing so they position lateral organs on boundary
domains, enabling the propagation of the DV
boundaries into developing organs where they
subsequently help shape morphogenesis

e The evidence so far indicates that boundary
function is mediated by the local absence of HD-
ZIPIll and KAN expression



Summary

e HD-ZIPIlIl and KAN gene expression restrict the
activity of auxin to specific domains.

® |[n doing so they position lateral organs on boundary
domains, enabling the propagation of the DV
boundaries into developing organs where they
subsequently help shape morphogenesis

e The evidence so far indicates that boundary
function is mediated by the local absence of HD-

ZIPIll and KAN expression
e



Boundary regulated development in the
fly wing

(Diaz-Beniumea and Cohen. 1993)
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Boundary regulated development in the

fly wing
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Transplantation
of dorsal tissue
into ventral
domain leads to
ectopic limb bud

(AER)



Boundary organizers in animals and
plants - similar mechanisms?

Meinhardt (1983)
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Boundary organizers in animals and
plants - similar mechanisms?

Meinhardt (1983)



Can juxtaposition of dorsal and ventral gene
expression induce ectopic leaf tissue!?
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Juxtaposition of DV gene expression provokes
ectopic leaf lamina
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Juxtaposition of DV gene expression provokes
ectopic leaf lamina
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Short range signals from REV cells can promote
boundary associated gene expression
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REV triggered outgrowth is variable

Centro-peripheral

e s

Frequency of sectors
associated with “bump-
like” growth

27%
(18%)

Proximo-distal

Ventral (bottom)



REV
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Non-cell

autonomous . il
up-regulation
of PINI and
growth does
not absolutely
require
absence of T
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Two adjacent REV clones also promote
outgrowtn
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Summary

~auxin |
activity

HD-ZIIII KAN/ARF3/ARF4

Cell polarity

Similarities but also differences compared to boundary-localised organisers in animals



Combining periodic patterning with boundary
oriented growth creates diversity
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Self-organizing periodic system
operates to position digits

 (Constrained to 2D plane
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Auxin mediated transcription

Constitutive domain AuxRE
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mp (arf5) mutants do not form organs
In response to auxin

pini treated with auxin mp treated with auxin



PIN| polarities correlate with
microtubule array orientations
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Mechanical stresses orient microtubules
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Auxin may polarise cells via mechanics

Heisler, Hamant and Krupinski et al (2010)



Auxin - cell polarity feedback probably involves mechanics

Heisler, Hamant and Krupinski et al (2010)



Auxin - cell polarity feedback probably involves mechanics




PIN1 polarity patterns follow NP expression
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PIN1 polarity patterns follow MP expression
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