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In plants, the cortex is a relatively undifferentiated cell type. 
Proliferation of cortex tissues initially appeared to be a simple 
process of repetitive cell division. However, our recent studies 
showed that in the Arabidopsis root cortex proliferation involves 
complex regulatory mechanisms. First, it requires the combined 
activity of the transcriptional regulators SHORT-ROOT (SHR) 
and SCARECROW (SCR), but SCR also plays a role in 
restricting the number of cell divisions. The two opposing activi-
ties appear to be mediated by different domains of SCR through 
physical interaction with distinct partners, and whether SCR 
behaves as an activator or repressor depends on the relative level 
of the two protein complexes. We confirmed previous findings 
that GA plays a major role in cortex proliferation, but also found 
distinct roles for GA signaling components in this process. We 
showed that ABA and ethylene also play a role in cortex prolif-
eration, but in an unexpected manner. Finally, we identified an 
epigenetic component of the regulation, and our data suggested 
that this is likely the common basis on which various pathways 
converge. There is evidence that similar mechanisms to those 
found in Arabidopsis are employed in other plant species.

Introduction

Regulated cell division is critical for normal growth and devel-
opment of multi-cellular organisms, as it affects organ size and 
shape. In plants, the cortex is a relatively undifferentiated cell type 
and is part of what is called the ground tissue. The number of 
cortex cell layers varies among species and developmental stages, 

but remains almost constant for a particular species at a specific 
developmental stage. This suggests the existence of a mechanism 
that strictly regulates the number of cell divisions during plant 
morphogenesis. Although seemingly a simple process, our recent 
studies on the Arabidopsis root1 showed that cortex proliferation 
involves complex regulatory mechanisms, ranging from plant 
hormone signaling to epigenetic regulation.

SCR has Dual Activity in Cortex Proliferation

In the Arabidopsis root, the cortex and endodermis are 
derived from the cortex/endodermis initial cell (CEI), through a 
longitudinal asymmetric cell division.2 Initially there is only one 
cortex cell layer, but later (about 2 weeks after germination) the 
endodermis undergoes another round of asymmetric cell divi-
sion, giving rise to a second layer of cortex, termed middle cortex 
(MC).3 Two transcriptional regulators, SHORT-ROOT (SHR) 
and SCARECROW (SCR), are essential for the longitudinal 
asymmetric cell divisions.4,5 SCR also has a role in suppressing the 
second division.3 Our data suggested that SCR executes these two 
opposing functions by interacting with different partners through 
different domains—it activates cell division by interacting with 
SHR through its central domain, but represses subsequent cell 
divisions by forming a complex with the transcriptional repressor 
LIKE HETEROCHROMATIN PROTEIN 1 (LHP1)6,7 through 
its N-terminus, which has a strong nuclear localization signal.

Conceivably, whether SCR behaves as an activator or repressor 
could be determined by the ratio between the concentrations of the 
SCR/LHP1 and SHR/SCR complexes. Since SCR transcription is 
under the control of a feedback loop that depends on the SHR/
SCR complex and is reset in every nascent CEI,8 the ratio would 
not be a constant in all endodermal cells; rather, it is predicted to 
form a gradient along the root longitudinal axis—lowest at the 
root tip when the feedback loop is initiated, and higher in more 
differentiated cells with the buildup of SCR protein, as depicted 
in Figure 1A. As a consequence, initially SCR would behave as 
an activator, but above a certain threshold it would turn into a 
repressor. The expression pattern of MGP, a common target of 
SCR and LHP1, is consistent with this model (Fig. 1B).
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GA has a Major Role in Cortex Proliferation

An important role for the phytohormone Gibberellin 
(GA) in cortex proliferation was identified in a previous 
study, which showed that exogenously applied GA delays 
MC formation, whereas Paclobutrazol (Pac), a GA biosyn-
thesis inhibitor, enhances the precocious MC phenotype.3 
They also showed that the GA-deficient mutant, ga1-3, 
has an earlier onset of MC formation. Extending these 
findings, we found that other GA signaling mutants such 
as gid1 and rgaΔ17 also have the premature MC pheno-
type. Moreover, GA appears to have a dominant role over 
SCR and LHP1, as exogenous GA suppresses the MC 
phenotype in both the scr and lhp1 mutants.

Distinct Roles of GA Signaling Components in Cortex 
Proliferation

Although GA generally suppresses cortex cell division, 
our studies also revealed distinct roles for GA signaling 
components in cortex proliferation. For example, the 
sleepy (sly), and the sneezy (sne) mutants, in which DELLA 
proteins that block GA signaling cannot be degraded,9 
did not produce MC precociously. Since SLY and SNE 
are the closest homologs in the Arabidopis genome, the 
lack of a MC phenotype could be due to gene redundancy. 
To investigate this possibility, we generated sly1-10 sne-1 
double mutant. However, we detected no root radial pattern defects 
in the mutant (data now shown), suggesting that they might not 
be involved in cortex proliferation. Intriguingly, we found a severe 
MC phenotype in the spindly (spy) mutant. This is unexpected, as 
the spy mutant has enhanced GA signaling.10 The MC phenotype 
in the spy mutant was not rescued by GA treatment, suggesting 
that the MC phenotype in the spy mutant is likely due to a defect 
in GA signaling.

Interplay between Different Phytohormones in Cortex 
Proliferation

Since ABA generally acts as an antagonist of GA signaling in 
plant growth and development, we next determined its role in 
cortex proliferation. Surprisingly, we found that MC formation is 
not enhanced, but rather delayed, by ABA. Recently we found that 
the eto1 mutant, which manifests enhanced ethylene signaling,11 
also has a premature MC phenotype (Fig. 2). This result suggests 
that ethylene signaling may play a role in cortex proliferation.

Epigenetic Regulation of Cortex Proliferation

Another key component of the mechanism regulating cortex 
proliferation uncovered in our studies is epigenetic regulation. 
This is obviously the case for the SCR/LHP1 pathway, but is 
also likely the molecular basis for SPY in cortex cell division. In 
animals, the SPY homolog was found in a repressor complex that 
contains histone deacetylases (HDAC),12 raising the possibility 
that SPY may also modulate the activity of HDAC in plants. 
Supporting this hypothesis, we observed premature MC formation 
in wild-type Arabidopsis roots treated with Trichostatin A (TSA), 

a histone deacetylase inhibitor. Moreover, although GA, ABA and 
SPY antagonize each other in many aspects of development, it is 
likely that they act in a similar manner in cortex proliferation with 
epigenetic regulation being the unifying principle. Interestingly, 
a recent report showed that AGO1, a major player in the small 
interfering RNA (siRNA) biogenesis pathway,13 also plays a role 
in cortex proliferation.14 Thus, it seems likely that epigenetic 
regulation is the common basis for the various pathways in cortex 
proliferation. To test this hypothesis, we need to identify the genes 
that control cortex cell division and examine their histone modi-
fication status.
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Figure 1. SCR activates first, but represses subsequent, asymmetric cell divisions in 
the Arabidopsis root. (A) Schematic depicting the spatial distribution of SHR/SCR 
and SCR/LHP1 complexes along the longitudinal axis of the Arabidopsis root. The 
ratio between SCR/SHR is low in CEI, favoring formation of the SHR/SCR activa-
tor complex; the ratio would increase rapidly due to SHR/SCR dependent positive 
feedback regulation of SCR transcription and, above a certain threshold the SCR/
LHP1 complex will dominate, thus turning SCR into a repressor. CEI, cortex/endo-
dermis initial cell; Cor, cortex; End, endodermis. (B) in situ hybridization showing the 
expression pattern of MGP, a common target of SCR and LHP1.

Figure 2. Confocal microscope image of the root of a 6 day-old eto1 
seedling, showing middle cortex (MC) formation. End, endodermis; Cor, 
cortex. Scale bar: 20 μm.
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There is evidence that at least some of the components of the 
mechanisms regulating cortex proliferation in the Arabidopsis 
root are utilized as well in other plant species. In potato (Solanum 
tuberosum), for instance, the tuber forms from cortex and pith cells in 
the underground stem.15 Although a number of environmental cues 
such as photoperiod, nitrogen and temperature affect tuberization, 
they all appear to exert their effects by modulating endogenous GA 
levels in the plants.15 In Lotus japonica, GA inhibits nodule forma-
tion, which is largely a process of cortex proliferation.16 However, 
it is presently unclear whether other pathways are also conserved. 
Ethylene promotes MC formation in the Arabidopsis root, but it 
does not seem to affect potato tuberization.15 Despite a conserved 
role of SHR and SCR in defining a single layer of endodermis in 
land plants,8 most plants have multiple layers of cortex, suggesting 
that SCR homologs in these species may not repress cell division. 
However, it is noteworthy that the SHR and SCR genes have dupli-
cated in these plants, which could dramatically alter the SHR/SCR 
regulatory pathway. Further studies are warranted to clarify whether 
this reflects differences between different organs or species.
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