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Different conditions faced by algae and plants

Supportive medium (water) 

Photosynthesis in most cells 

Direct access to minerals and water 

Non supportive medium (air) 

No photosynthesis in root cells  

Aerial parts not in direct contact with 
minerals and water



3 400 mya



Early plant fossils, Rhynie chert (~400 Mya)
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Evolution of root systems



Auxin flow and accumulation regulates patterning in the embryo

Origin of the root apical meristem during embryogenesis



Changes in PIN1 in distribution during Arabidopsis embryogenesis



Immunolocalisation of PIN4 in Arabidopsis embryos

Immunolocalisation of PIN7 in Arabidopsis embryos





Auxin triggered gene expression during embryogenesis 

DR5::GFP



Mutations that affect auxin traffic or perception give 
rise to plants with altered body plans.





wild type

Immunolocalisation of PIN1 in Arabidopsis embryos

gnom mutant





embryo development, from synthesis of the
hormone to the activation of transcription.

In the next sections, we discuss the two
auxin-dependent processes that have been stu-
died in most detail: Root meristem formation
and the specification of the shoot apical meris-
tem and cotyledons.

ROLE OF AUXIN RESPONSE IN ROOT
INITIATION

MP activity is required to specify the hypo-
physis, and a loss-of-function mp mutant
shows aberrant hypophysis division resulting
in a rootless phenotype (Fig. 2) (Berleth
and Jürgens 1993; Weijers et al. 2006). The
gain-of-function bdl/iaa12 mutant encoding a
stabilized version of BDL/IAA12 has the same

phenotype (Fig. 2) (Hamann et al. 1999;
Hamann et al. 2002). It was shown that BDL
binds to MP and inhibits its transcriptional
activity. In the early globular stage, embryo
MP and BDL proteins accumulate in all subepi-
dermal cells, but not in the hypophysis (Weijers
et al. 2006). Hence, MP acts non-autonomously
in hypophysis specification as MP activity is
required in the cells adjacent to the hypophysis
to specify this cell (Fig. 4). Interestingly, among
the nonautonomous signals that could mediate
MP-dependent cell communication in hypo-
physis specification is auxin itself. DR5 activity
in the hypophysis is lost in the mp mutant and
PIN1 levels are reduced in the mp mutant.
However, because exogenous auxin treatment
does not restore hypophysis specification in
mp or bdl mutant embryos, auxin alone does
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Figure 4. Hypophysis specification in the globular-stage embryo. MP activity is required non-cell-autonomously
in the provascular cells (light blue) adjacent to the uppermost suspensor cell (pink) to specify this cell as
hypophysis. In the provascular cells, high auxin levels release MP from its inhibitor, the Aux/IAA protein
BDL, and the corepressor TPL. Subsequently, MP induces the expression of PIN1 in the provascular cells,
resulting in auxin transport to the uppermost suspensor cell. MP also promotes the transport of a
hypothetical signal (S) to the future hypophysis. Here, auxin releases another yet unidentified ARF from a so
far unknown Aux/IAA protein to elicit an auxin response that converges with S to specify hypophysis fate.
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BODENLOS (IAA12) and MONOPTEROUS (ARF5) are required for the 
establishment of the root apical meristem during embryogenesis



Cell-cell communication during specification of the root apical meristem



Figure 5 | Dynamics of auxin responses. a | Shown on the left-hand side is a schematic of the auxin receptor 
complex SCFTIR1, which consists of the E3 ubiquitin-protein ligase RING-BOX PROTEIN 1 (RBX1), S PHASE 
KINASE-ASSOCIATED PROTEIN 1 (SKP1), CULLIN 1 (CUL1) and TRANSPORT INHIBITOR RESPONSE 1 (TIR1). On the 
right-hand side is a heterodimer formed of an auxin response factor (ARF) and an AUX/IAA protein. ARF and AUX/
IAA are shown in an inactive form (shown in grey) or an active form (coloured). b | Auxin enhances the association 
of AUX/IAA with the F-box protein TIR1 within the SCFTIR1 complex, which leads to degradation of AUX/IAA. This 
releases ARF proteins so that they can function as transcription activators or repressors. c | The response to simple 
activation of a single protein by a stimulus (auxin) is shown. Minor fluctuations in auxin concentrations will 
immediately cause a response (i) (downstream gene expression) that rapidly reaches a steady state (ii). d | When 
several proteins work as a complex, the input–output graph has a Hill function shape. If hormone levels are low as a 
result of natural features of the system but not necessarily as a consequence of a real stimulus, the response is 
minimal (i). Subsequently, when sufficient amounts of auxin have accumulated owing to a true signal, gene 
expression can rapidly reach a steady state (iii). A desired and well-known characteristic of hormonal signalling is 
that the fold change in input signal is amplified (ii). e | An ultrasensitive bistable (on and off (i and ii, respectively)) 
response occurs when repressive mechanisms sequester a protein and release it in response to a stimulus or when 
the Hill coefficient is very high. These models have been generated from non-plant systems, but the concepts are 
applicable in this context. Two postulated network motifs in auxin signalling are shown. f | Hypophysis determination 
during embryogenesis is shown. A schematic structure of an Arabidopsis thaliana embryo in the globular stage is 
shown (left-hand side). A postulated feedforward loop during hypophysis specification is shown (right-hand side). 
The dashed arrow represents the movement of TARGET OF MONOPTEROS 7 (TMO7) from its site of transcription 
and translation in the provascular cells to the adjacent pro-hypophysis. g | A negative feedback loop motif between 
the AUX/IAAs and the ARFs can stabilize a system; for example, when a constant level of gene expression is 
required in the root tip.

Nature Reviews | Genetics

CUL1

SKP1
RBX1

TIR1

SCFTIR1

AUX/IAA

ARF

AUX/IAA

ARF

IAA

AUX/IAAp

i iii ii

IAAIAA

i ii iii

No cooperativity

R
es

po
ns

e

d

R
es

po
ns

e

R
es

po
ns

e

With cooperativity Ultrasensitivity (repression and 
sequestration mechanisms)

c

CUL1

SKP1
RBX1

TIR1

ARF

f   Hypophysis determination

Negative feedback loop

ba

Hypophysis

Embryo

Suspensor

ARF9AND

BDL AUX/
IAA10AUXIN

MP

TMO7

TMO7

IAA

IAA

e

AUX/IAAm

g

REVIEWS

640 | SEPTEMBER 2013 | VOLUME 14  www.nature.com/reviews/genetics

© 2013 Macmillan Publishers Limited. All rights reserved

Mechanism for auxin-mediated specification of the root apical meristem



Continued growth of shoot and root meristems 
produces the adult plant body 





Indeterminate growth of the Arabidopsis  root  meristem



Auxin flux from 
shoot to root



PIN1 localisation



pin2 mutant seedlings show 
loss of gravitropism in the 
root

Family of PIN genes in 
the Arabidopsis root



PIN2 localisation



PIN3 localisation PIN4 localisation
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Modelling of auxin dynamics in the root
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Gravity and PIN3 mediated redirection of auxin flow at the root tip regulates the direction of root growth



PID/WAG-mediated phosphorylation of the Arabidopsis PIN3 auxin transporter mediates 
polarity switches during gravitropism. Peter Grones, Melinda Abas, Jakub Hajný, 
Angharad Jones, Sascha Waidmann, Jürgen Kleine-Vehn & Jiří Friml. Scientific Reports
8: 10279 (2018) 

Gravitropic relocalisation of PIN3 
protein in the Arabidopsis root 
columnella

https://www.nature.com/srep




It provides both long-range 
coordination of plant architecture, 
and a short-range mechanism for 
controlling individual cell fates. 

•Embryo patterning 
•Meristematic growth 
•Vascular development 

Feedback-regulated traffic of auxin coordinates 
polar coordination of plant cell growth

“Canalisation” of auxin flow





Elaboration of vascular cell fates in developing Arabidopsis leaves

ATHB8:GUS expression



Inhibition of auxin transport by application of NPA



Defects in auxin transport or response affect 
patterning of the plant vascular system



Figure 1

Current Opinion in Plant Biology

Regulators of cotyledon vein formation (a) Schematic illustration of a revised view of the auxin canalization model. The blue arrowhead indicates the
narrow channel with high auxin-transport capacity that will become the vascular cells. (b) Schematic showing phosphorylation of PIN1 by CAMEL for
auxin canalization during cotyledon vascular formation. The absence of CAMEL-mediated phosphorylation in the PIN1 cytosolic loop leads to a failure in
PIN1 polarization in response to auxin. CANAR, which does not exhibit kinase activity, antagonizes CAMEL-mediated phosphorylation of PIN1. (c) PAT
regulation in developing protophloem sieve elements. At low level of auxin inside the cell, BRX inhibits PAX-mediated PIN1 activation and also recruits
PIP5Ks to reinforce PAX and its own polarity. Reduced auxin efflux gradually increases intracellular auxin levels, resulting in PDK1/2-mediated PAX
activation. PAX then phosphorylates BRX and its displacement from the plasma membrane allows PAX to phosphorylate PIN1 to promote PAT. The
subsequent gradual decrease in auxin levels facilitates BRX association with the plasma membrane, once again inhibiting PAX activity. (d) Schematic
representation of the branching sites of distal and proximal secondary veins in a wild-type cotyledon. Note that distal vein branching is formed from the
base to the tip, whereas proximal vein branching can occur in both directions (base-tip, tip-base). (e) Schematic representation of secondary vein for-
mation in cvp2 cvl1 cotyledons. Note the absence of the proximal vein branching that emerges from the tip towards the base as well as the presence of
‘gap cells’ and ‘vascular islands’.
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The CANALIZATION-RELATED AUXIN-REGULATED MALECTIN-TYPE RLK (CAMEL) cell-surface transmembrane 
receptor and  CANALIZATION-RELATED RLK (CANAR) can mediate extracellular signalling to regulate PIN 
trafficking and polarity through PIN phosphorylation. This affects the polar localization of PIN1 and results in defects 
in the vein pattern of cotyledons.

Extracellular feedback promotes auxin canalisation during canalisation



“Canalisation” of auxin flow







Traffic of auxin plays a key role in coordination of whole plant growth


