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Cortex proliferation in the root is a protective
mechanism against abiotic stress
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Although as an organ the root plays a pivotal role in nutrient and water uptake as well anchorage, individual cell
types function distinctly. Cortex is regarded as the least differentiated cell type in the root, but little is known about its
role in plant growth and physiology. In recent studies, we found that cortex proliferation can be induced by oxidative
stress. Since all types of abiotic stress lead to oxidative stress, this finding suggests a role for cortex in coping with
abiotic stress. This hypothesis was tested in this study using the spy mutant, which has an extra layer of cortex in the
root. Interestingly, the spy mutant was shown to be hypersensitive to salt and oxidizing reagent applied to the leaves,
but it was as tolerant as the wild type to these compounds in the soil. This result lends support to the notion that cortex
has a protective role against abiotic stress arising from the soil.

Plants are sessile; therefore, to survive in a precarious environ-
ment, they need to cope with various kinds of stress, biotic and
abiotic. Although much has been learned about the genes and sig-
naling pathways involved in stress responses,' how plants respond
to stress developmentally is poorly understood. Our recent stud-
ies suggest that root cortex proliferation is a protective mecha-
nism against abiotic stress.”

The initial evidence suggesting this role for root cortex is
derived from our studies of the spy mutant. In the root of one-
week-old wild-type seedlings of Arabidopsis thaliana, there is a
single layer of cortex; in contrast, in the spy mutant, an additional
layer of cortex is produced from the endodermis within 3 days of
germination.” To determine how SPY affects root development,
we conducted transcript profiling with roots from spy-3 mutant
and wild type plants.” This transcriptome analysis showed that
genes involved in redox homeostasis are enriched among the
genes whose expression is altered in the spy mutant. Consistent
with this, we found that the spy mutant has an elevated level of
reactive oxygen species (ROS). Based on these observations, we
hypothesized that cortex proliferation might be caused by
changes in cellular redox status. We confirmed this in further
experiments showing that cortex proliferation was induced in the
root of wild-type seedlings by hydrogen peroxide and that the
extra cortex phenotype in the spy mutant root was suppressed by
glutathione, a potent reducing agent.

Unexpectedly, we also found that the receptor kinase
ERECTA is required for ROS-induced cortex proliferation.” No
cortex proliferation could be induced in plants with a mutation
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in the ERECTA gene (the Ler ecotype or the ¢r/05 mutant),
regardless of the concentration of hydrogen peroxide for the
treatment. Interestingly, further studies showed that STOMA-
GEN, but not other ERECTA ligands, is essential to this redox-
mediated developmental response. Thus, cortex proliferation in
response to oxidative stress is a regulated, not just a passive
response.

Our finding that redox-mediated cortex proliferation is a reg-
ulated process raises a question about cortex proliferation’s role
in plant growth and physiology. Conceivably, the extra cortex
cell layer could act as a water reservoir and thus help the plant
survive in drought. Supporting this notion, extra cortex layers
have been found in the roots of Arabidopsis plants that have
experienced water deficiency (unpublished results).

The major sources of ROS in plants are the mitochondria and
chloroplasts. Normally ROS are generated at low rates as by-
products of the respiratory and photosynthetic reactions in these
organelles, but they build up under stress and can reach levels
lethal to plants. Cortex proliferation in response to oxidative
stress is therefore likely to be a general mechanism protecting the
plants from abiotic stress. Indeed, supporting this hypothesis, a
recent study showed that the spy mutants are more tolerant of
high salt in the soil.*

However, this seems to be at odds with our recent observation
that the spy mutant develops a shorter root in normal growth
medium than the wild type and its root growth is reduced to a
greater extent in salt-containing medium.” One plausible expla-
nation for this paradox is that the extra cortex cell layer in the spy
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mutant root, along with its shorter length, causes reduction in
salt uptake from the soil, thus maintaining a normal level of salt
in the shoot. To test this hypothesis, we sprayed salt solution
directly onto the leaves of the spy-3 mutant and wild type shoots.
The leaves of the spy mutant became wilted when exposed to
50 mM NaCl, but the wild type showed no sign of stress under
the same treatment (Fig. 1A). We also performed a similar exper-
iment with methyl viologen, a ROS-inducing herbicide, and
found that the spy-3 mutant was also more sensitive (Fig. 1). Sim-
ilar results were obtained with the spy-8 and spy-12 mutants,
which are in the Ler background (Fig. 1B). These results support

the notion that cortex proliferation in the root plays a role in
counteracting abiotic stresses derived from the soil only. The tol-
erance of the spy mutants to salt in the soil cannot be attributed
solely to the extra layer of cortex, though. Because mutants with
short roots only, such as the sc» mutant, are more sensitive to
high sugar and salt (Cui et al 2012; and unpublished results), we
think cortex contributes significantly to counteracting soil-based
abiotic stress.

It is noteworthy that, in the wild-type root, cortex prolifera-
tion is induced only within a narrow range of hydrogen peroxide
concentrations (0.5 — 2 mM).> Above 2 mM, hydrogen peroxide

causes cell damage, which explains the
lack of cortex proliferation. This finding
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also means that cortex proliferation
serves as a protective mechanism against
50 mild but not acute stresses. Nevertheless,
we believe that cortex proliferation is the
predominant mechanism for plant crops
to deal with abiotic stress, as mild,
chronic stress occurs much more fre-
quently than acute stress in agriculture.
By forming an extra cell layer, plants
would acquire permanent protection.
Because there is no need to maintain the
costly expression of proteins and antioxi-
dants, plants can invest more resources
in growth and development. Since cor-
tex proliferation also takes resources, no
extra cortex would be produced when
the stress level is low. When stress is

10 50

intense, the plants have to mount an
array of responses to deal with it, but in
this situation the plants’ priority is to
survive.

Another intriguing observation from
our studies is that only one extra layer of
cortex is produced in the spy mutant or
wild type plants treated with hydrogen
peroxide. Two possible mechanisms can
be conceived. First, this could result if
the root has the energy to produce only
a single extra cell layer, even though the
cells can further divide. Alternatively,
and more likely, if the endodermal cells
that give rise to the extra cortex layer
pause in a certain stage of the cell cycle,
the ROS signal could reignite the cell
cycle but be unable to reinitiate another
cell cycle. Further studies are needed to
distinguish between these possibilities.

As an organ, the root plays a pivotal

role in nutrient and water uptake as well

anchorage, but individual cell types

Figure 1. The spy mutant is hypersensitive to salt and methyl viologen. (A) Col and spy-3, (B) Ler
(upper row), spy-8 (middle row), and spy-12 (lower row) plants, 9 h after spraying with water (control),
20 wM methyl viologen (MV), or 10 mM or 50 mM NaCl. Note that the shrunken leaves are due to
wilting.
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function distinctly. For example, the
endodermis acts as a gateway for selec-
tive nutrient uptalke,S whereas the
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columella cells are responsible for gravitropic response.é In addi-
tion to long-distance transport of water and nutrients, the vascu-
lar tissue also has a role in nutrient storage and homeostasis,
particularly for iron and sulfur.® Among all root cell types, cortex
is regarded as the least differentiated. Whether cortex has a role
in plant growth and physiology is still unclear. This present study
provides evidence that one function of cortex is protection
against abiotic stress.

Materials and Methods

All plants used in this study are grown in soil at 20°C under a
16 h light/8 h dark regime in growth chambers. The spy mutant

alleles used in this study were described previously (Jacobsen and
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