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

• From these instances can we extract general 
principles - perhaps at a higher level than 
morphogens and mechanics?

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



Common features of plant lateral organs - 
periodicity and a flattened shape
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Turing applied his diffusion-
reaction mechanism to 

create phyllotactic patterns
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The Arabidopsis shoot meristem



Organogenesis at the shoot meristem
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How does the plant actually 
create such a spacing?



Indole-3-acetic acid (IAA)

Auxin - Master regulator of plant 
development



Auxin is directionally transported from 
cell to cell via PIN1
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pin1 mutants fail to 
form primordia

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

Wild type apex

Auxin transport is required for 
organ formation  

5159PIN1 and phyllotaxis

RESULTS

Organ initiation is strongly affected in the pin1-6
mutant 
The recessive allele pin1-6 in the WS background, isolated
in our laboratory, produced a very similar phenotype to
previously described strong pin1 alleles (Fig. 1; Okada et al.,
1991; Bennett et al., 1995). The phenotype became visible
during embryogenesis as the position of the cotyledons was
usually perturbed (Fig. 1B). This often led to the formation of
completely or partially fused cotyledons. The wild-type plants
initiated 4-6 leaves (5.1±0.3, n: 167) during the vegetative phase.
The number of leaves initiated by the mutant was variable (1-5)
with an average of 1.7±0.5 (n: 127), which represents a
significant reduction compared to the wild type (Table 1). Leaves
were also often fused and were abnormal in shape and size. Most
strikingly, the inflorescence stem produced by the pin1-6 mutant
was naked (Fig. 1D and E). Next to the summit of the pin stem
small bulges could be observed, but these flattened out during
further elongation. Occasionally a flower was formed, in
particular at the more slowly growing apex of older plants.
Flowers, like the other organs, were usually fused and/or had
abnormal architectures. Occasionally, fasciation of the mutant
inflorescence stem was observed. This confirmed earlier
observations (Okada et al., 1991; Bennett et al., 1995; Gälweiler
et al., 1999) that pin1 mutants are severely impaired in organ
initiation and also in lateral organ separation during both the
vegetative and the floral stages. 

The overall organisation of the meristem is not
affected in pin1 mutants
The defects in lateral organ formation in pin1-6 suggested a

specific role of the PIN1 gene in the control of primordia
formation per se. However, this role could also be indirect,
and the defects in organ formation could be due to other
abnormalities, such as meristem patterning and self-
maintenance. To discriminate between these two possibilities,
we first studied the structure of the meristem in the pin1-6
mutant. Conventional staining of plastic embedded sections or
optical sectioning of the inflorescence apex in the confocal
microscope, showed a layered meristematic zone and a clearly
recognisable rib zone (Fig. 2 and data not shown). Similar
observations were also made on vegetative meristems (not
shown), which indicated that a normal organisation of the SAM
is maintained throughout development in pin1 mutants.

We then studied the expression of meristem-specific genes
in the pin1-6 mutant (Fig. 2C-F). STM is a marker for
meristematic cells as the gene is expressed specifically in the
meristem. Initially it is excluded from the flower primordia, but
later it is expressed in the zones that have not been allocated
to the flower organ primordia (Fig. 2C; Long et al., 1996). STM

Table 1. Number of leaves produced during the rosette
stage

Number of leaves
Genotype n Range Mean ± s.e.m.
Wild type (WS) 167 4-6 5.1±0.3
pin1 127 1-5 1.7±0.5
clv3 132 6-9 7.0±1.1
pin1 clv3 48 0-3 1.2±0.7

n, numbers of plants analysed.

Fig. 1. Morphology of wild-type and pin1-6 plants. 10-day old wild-
type (A) and pin1-6 (B) seedlings. Leaf production is reduced in
pin1-6 seedlings and fusion at the base of the cotyledon petioles can
be observed. Wild-type (C) and pin1 (D) inflorescence stem. Note
the complete absence of cauline leaves, lateral branches and flowers
on the pin1-6 stem. (E) Electron micrograph of a pin1 inflorescence
apex. Scale bar, 200 µm.

Fig. 2. Structure of the meristem and expression of meristem-specific
genes in the inflorescence of wild-type and pin1-6 inflorescence
apices. Inflorescence apices of (A,C,E) wild-type and (B,D,F) pin1-6
plants. (A,B) Histological section of meristem stained with Toluidine
Blue. An organisation into different layers (L1, L2 and L3) can be
observed in both wild-type and pin1-6 meristems. Below the L3 layer
the typical cell files of the rib meristem can be distinguished in pin1-
6 apices. (C,D) STM expression pattern. (E,F) WUS expression
pattern. IM, inflorescence meristem; FM, floral meristem. Scale bars,
100 µm.
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How are cell polarities 
patterned?



is able to spontaneously redistribute auxin to generate a
characteristic spacing (Reinhardt et al., 2003). This spontaneous
patterning is reminiscent of the creation of regularly spaced floral
organs from flower meristems as well as the formation of oppositely
positioned cotyledons during plant embryogenesis. Together, these
findings indicate that organogenesis in plants involves a polar

transport system that spontaneously generates patterns of auxin
accumulation that are periodic.

Models that might explain cell polarity patterns in the shoot
Immunolocalization studies of the PIN1 protein, as well as live-
imaging studies of GFP-labeled PIN1 reporters, reveal that PIN1
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C Organ regenerative zoneA Phyllotaxis of dicotyledon families B A typical spiral arrangement

Fig. 1. Spiral phyllotactic patterns are common in nature. (A) The percentage of dicotyledonous families exhibiting opposite or whorled leaf phyllotaxis
only, mixed (including whorled, opposite and spiral) phyllotaxis, and spiral phyllotaxis only. Adapted and modified from Symmetry in Plants, Jean and Barabè
(1998), ©1998 World Scientific. (B) Typical spiral arrangement of leaves. (C) The output of a computer simulation that shows that organs form in a
specialized organ generative zone (blue) located at a radial distance (R) from the tip of the shoot meristem. V, velocity with which the initiated primordia drift away
from the organ initiation zone. Adapted and modified with permission from Douady and Couder (1996).
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Wild type IM SEM Fig. 2. Local auxin accumulation is required
for localized organogenesis. (A,B) Photograph
(A) and a scanning electron microscopy (SEM)
image (B) of the inflorescence meristem (IM) of a
wild-type Arabidopsis plant. Note the lateral
organs (flower primordia) originating at the
periphery of the meristem. (C) SEM image of a
pin1-1 mutant IM lacking organs at the flanks.
(D) SEM of a pin1 mutant IM after local auxin
(1 mM IAA) application (red) at the periphery.
Note the formation of a localized outgrowth at the
site of local auxin application. (E) SEM of a pin1
mutant IM after slightly broader auxin application
at the meristem periphery, resulting in a broader
organ than that shown in D. (F) SEM of a pin1
mutant IM after auxin application at the meristem
summit, resulting in a ring-shaped organ initiating
along the periphery of the meristem. (G) SEM of a
pinoid mutant IM after local auxin (1 mM IAA)
application (red) at the periphery, showing a
localized organ primordia originating at the site of
auxin application, similar to that in D. (H) SEM of a
pinoid mutant IM after slightly broader auxin
application at the periphery, resulting in two
separated organ primordia (compare with E).
(I) SEM of a pinoid mutant IM after auxin
application at the meristem summit. Note the
separated organ primordia (arrowheads)
originating from the periphery of the meristem
(compare with F). Scale bars: 100 μm in C-I. B is
adapted and modified from Meyerowitz et al.
(1991); C is adapted with permission from
Reinhardt et al. (2000); D-I are adapted with
permission from Reinhardt et al. (2003).
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A periodic spacing is generated no matter the initial 
distribution of auxin

Reinhardt et al (2003) Nature
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Auxin distribution

Could auxin act as a polarity cue? 

If so, how?
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A candidate pathway for the “up-the-gradient” 
model

AUXIN

ARF

PIN1

Polarity cue?



MPUBQ10 promoter LOX LOXSPACER

MPUBQ10 promoter

Cre 
recombinase

Using Cre-Lox to create cell-cell 
differences in MP activity
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continuous spirals of organ tissue 
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Lack of Sub epidermal MP activity results in the 
formation of mobile auxin maxima
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• Plant phyllotaxis is an example of a periodic patterning mechanism that 
is self-organising 

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

• 1) Turing reaction diffusion (e.g. digit spacing in vertebrates) 

• 2) Cell-cell interactions (fish stripes, lateral inhibition) 

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

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

Summary



The role of cell type 
boundaries in regulating 

organogenesis
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Plant organs have distinct dorsal and 
ventral cell types
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Adapted from Eshed et al. 2001

Plant organs have distinct dorsal and 
ventral cell types

REV and other 
Class III HD-ZIPs

miRNA 165/66
KAN genes

ventral

Ventral

dorsal

dorsal
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How are dorsal and ventral cell types 
first specified?

Adapted from Eshed et al. 2001

Auxin
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Organ positioning occurs on the boundary between 
“dorsal” and “ventral” transcription factors



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

Organs

KAN1

HDZIPIII
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Boundary position is relatively stable 
during organ inception 



The establishment adaxial/abaxial boundaries is 
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The establishment adaxial/abaxial boundaries is 
itself indirectly patterned by auxin

Figure 12. Auxin depletion alters boundary position. (A and B) Confocal projections of the IMs showing

expression pattern of REV-2 ! YPet (red), KAN1"2 ! GFP (green) and PIN1-CFP (blue) before (A) and 18 hr (B)
after the application of 100 mM auxinole. Inset shows close-up of the primordium outlined with the dotted

rectangle. Similar colored dots mark the same cells at 0 hr and 18 hr time-points. Note the presence of KAN1

expression in the proximity of the cells marked with colored dots in the inset in (A) and its absence in the inset in

(B). Similar color arrowheads in (A and B) mark the same cells that showed REV expression at 0 hr but KAN1

expression at 18 hr after treatment with auxinole. (C and D) Confocal projections of the IMs showing expression

pattern of REV-2 ! YPet (red), KAN1"2 ! GFP (green) and PIN1-CFP (blue) before (C) and 18 hr (D) after the
combined application of 100 mM auxinole, 100 mM KYN and 100 mM Yucasin (auxin depleting drugs). Note KAN-

Figure 12 continued on next page

Caggiano et al. eLife 2017;6:e27421. DOI: https://doi.org/10.7554/eLife.27421 19 of 32

Research article Developmental Biology and Stem Cells Plant Biology
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Research article Developmental Biology and Stem Cells Plant Biology

Auxin levels according to R2D2
PIN1



The establishment adaxial/abaxial boundaries is 
itself indirectly patterned by auxin

Figure 12. Auxin depletion alters boundary position. (A and B) Confocal projections of the IMs showing

expression pattern of REV-2 ! YPet (red), KAN1"2 ! GFP (green) and PIN1-CFP (blue) before (A) and 18 hr (B)
after the application of 100 mM auxinole. Inset shows close-up of the primordium outlined with the dotted

rectangle. Similar colored dots mark the same cells at 0 hr and 18 hr time-points. Note the presence of KAN1

expression in the proximity of the cells marked with colored dots in the inset in (A) and its absence in the inset in

(B). Similar color arrowheads in (A and B) mark the same cells that showed REV expression at 0 hr but KAN1

expression at 18 hr after treatment with auxinole. (C and D) Confocal projections of the IMs showing expression

pattern of REV-2 ! YPet (red), KAN1"2 ! GFP (green) and PIN1-CFP (blue) before (C) and 18 hr (D) after the
combined application of 100 mM auxinole, 100 mM KYN and 100 mM Yucasin (auxin depleting drugs). Note KAN-

Figure 12 continued on next page

Caggiano et al. eLife 2017;6:e27421. DOI: https://doi.org/10.7554/eLife.27421 19 of 32

Research article Developmental Biology and Stem Cells Plant Biology

Auxin levels according to R2D2
PIN1

Figure 10. Effect of auxin on the expression patterns of REV and KAN1 in the inflorescence meristem. (A and B) Confocal projections of the IMs

showing expression pattern of REV-2 ! YPet (red), KAN1"2 ! GFP (green) and PIN1-CFP (blue) before (A) and 15 hr after the combined application of

5 mM NAA and 100 mM NPA (B). Primordium (P) and incipient primordium (i) stages are numbered from i3-P2 based on convention described in

(Heisler et al., 2005). Note up regulation and expansion of REV expression 15 hr after the combined application of NAA and NPA (n = 6). (C and D)
Longitudinal optical sections along the dashed white lines in (A) and (B) respectively. Note the presence of REV expression in the epidermal cells

Figure 10 continued on next page

Caggiano et al. eLife 2017;6:e27421. DOI: https://doi.org/10.7554/eLife.27421 15 of 32

Research article Developmental Biology and Stem Cells Plant Biology
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The boundary corresponds to a “gap” between HD-ZIPIII and 
KAN expression 



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

Organs

KAN1

HDZIPIII



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
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Proposed relationship between boundary 
configuration in founder cells and leaf shape

 38 

 999 
Figure 7. 1000 

KANADI1 expression boundaries in the shoot specify organ position and 1001 

orientation. 1002 

(A and B) Confocal projections showing organ initiation marked by REV-2×YPet (red) 1003 
and PIN1-CFP (blue) at border of KAN1-2×GFP expression (green) in wild type (A) and 1004 
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Boundary regulated development in the 
fly wing
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Figure 5. ap- Clones in the Wing 
(A) ap clone in the ventral surface of the wing. The clone is marked by forked trichomes (the difference between wild-type and mutant trichomes 
is not visible at this magnification). The border of the clone is outlined. 
(6) ap- clone in the dorsal surface of the wing. The clone is located near the alula in the posterior compartment. The normal alula produces a 
row of bristles that derive exclusively from the ventral wing margin (small arrow). The dorsal margin of the alula does not produce bristles, Note 
the cluster of forked bristles produced by the clone (large arrow). These bristles indicate that the identity of the ap- cells has been transformed 
from dorsal to ventral. 
(C-E) ap- clone in the dorsal surface of the wing. The clone is located near the wing margin in the anterior compartment. An ectopic wing margin 
encircles the clone, which lies at the top of an outgrowth of wing tissue (the clone is indicated by the arrow in [Cl). The ectopic margin appears 
as a double margin, since both surfaces of the flap are in focus. (D) Detail of the clone showing the forked trichomes within the clone (f-) as 
compared with the wild-type (P) trichomes outside the clone. A schematic drawing of this clone is presented in (E). The ectopic margin consists 
of three rows of cells, two dorsal (D) and one ventral (V). The ventral row is made by ap- cells (marked with fofkeo) that derive from the clone. 
The adjacent dorsal rows are made by wild-type cells that lie outside the clone. The ectopic margin is identical in structure to the normal wing 
margin, but encircles the clone. 
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(Diaz-Benjumea and Cohen, 1993)
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from dorsal to ventral. 
(C-E) ap- clone in the dorsal surface of the wing. The clone is located near the wing margin in the anterior compartment. An ectopic wing margin 
encircles the clone, which lies at the top of an outgrowth of wing tissue (the clone is indicated by the arrow in [Cl). The ectopic margin appears 
as a double margin, since both surfaces of the flap are in focus. (D) Detail of the clone showing the forked trichomes within the clone (f-) as 
compared with the wild-type (P) trichomes outside the clone. A schematic drawing of this clone is presented in (E). The ectopic margin consists 
of three rows of cells, two dorsal (D) and one ventral (V). The ventral row is made by ap- cells (marked with fofkeo) that derive from the clone. 
The adjacent dorsal rows are made by wild-type cells that lie outside the clone. The ectopic margin is identical in structure to the normal wing 
margin, but encircles the clone. 

(Diaz-Benjumea and Cohen, 1993)

(Tanaka et al., 1997)

Transplantation 
of dorsal tissue 

into ventral 
domain leads to 
ectopic limb bud 

(AER)
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Non-cell 
autonomous 
up-regulation 
of PIN1 and 
growth does 
not absolutely 
require 
absence of 
KAN1
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Summary

HD-ZIPIII KAN/ARF3/ARF4auxin 
activity

Cell polarity

Similarities but also differences compared to boundary-localised organisers in animals
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pin1 treated with auxin

mp (arf5) mutants do not form organs 
in response to auxin

mp treated with auxin



PIN1 polarities correlate with 
microtubule array orientations

homogenously distributed on the membrane, notably in the
boundary domain where PIN1 polarities localize both towards and
away from the developing primordium, as observed in control
meristems (Figure 3B; [5]). Lastly, when conducting time-lapse
imaging of the PIN1-GFP signal, we observed that PIN1
recruitment could shift from one membrane to another several
days after oryzalin treatment (Figure 3D). Altogether, these data
are consistent with previous reports showing that phyllotaxis is not
altered several days after oryzalin treatment [11,15], and
demonstrate that the general patterns of PIN1 localization found
in the SAM are not directly dependent on microtubule
orientation.

When analyzing more closely the PIN1-GFP signal in oryzalin-
treated meristems, we observed that, while PIN1 maintained its
ability to reorient, its distribution within a given membrane was
broader after oryzalin treatment than before (Figure 3E). Notably,
while the PIN1-GFP signal was often found to be concentrated at
cell vertices in the presence of microtubules, the distribution of the
signal became more homogeneous within a membrane after
oryzalin treatment. This suggests that, while microtubules are not
necessary for PIN1 reorientation, they contribute indirectly to
PIN1 localization, as found previously [14].

Microtubule and PIN1 Reorientation in Response to
Wounding Is Robust to Changes in Auxin Distribution
and Transport

Our results so far agree with earlier studies that PIN1
localization does not depend directly on the microtubule
cytoskeleton, but our results also show that PIN1 localization
and microtubule orientation are not independent. A possible
explanation of the PIN1–microtubule correlation is that both
microtubule orientation and PIN1 polarity are regulated by auxin
gradients or transport directions. Evidence supporting this
proposal comes from the observation that locally applied auxin
is capable of influencing PIN1 polarity in a directional manner
[17]. During this process it seems likely that microtubules would be
correlated with PIN1 polarities, as they are during normal organ
development. To test the dependence of microtubule and PIN1
patterning on auxin gradients and transport we examined their
responses to wounding when auxin transport and gradients were
disrupted.

First we conducted ablation experiments in the pin1 mutant
background and observed the microtubule response. Untreated
pin1 meristems exhibited microtubule orientations similar to wild-

Figure 1. Microtubule and PIN1 orientations are correlated. (A) Immunolocalization of PIN1 (red) and a-tubulin (green) in a thick section
through the surface of the meristem. Scale bar: 10 mm. (B) Close-up of the double PIN1–microtubule immunosignal in the boundary domain: PIN1
(red) and microtubule (green) patterns are correlated. Scale bar: 5 mm. (C) Examples of different degrees of correlation between microtubule bundle
orientation and PIN1 localization, as quantified in (D). (D) Quantifications of the different classes of behavior in the center zone (CZ) and peripheral
zone (PZ) of the meristem (n = 614 cells). (E–J) Correlations between PIN1 polarities and microtubule orientations similar to those seen in (B) are
observed in living plants expressing PIN1-GFP (red) and TagRFP-MAP4 (green) in the boundary domain (E–H) and in incipient primordia (asterisk)
(I and J). Scale bars for (E), (G), and (I): 5 mm.
doi:10.1371/journal.pbio.1000516.g001

Alignment between PIN1 and Microtubules
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